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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. In 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 caracteristiques potentiellement plus utiles de la surveillance de remission acoustique 
est la possibility de tocaliser la source. Divers algorithmes existent pour le traitement de structures 
math^matiquement simples, et ils peuvent §tre combines pour des geometries plus complexes. 
Cet article decrit la methode de localisation de la source basee sur les temps d'arrivee relatifs de 
signaux d'EA aux divers capteurs, et etudie les facteurs qui creent des erreurs m§me pour des 
geometries simples. Les probiemes de Vitesse de I'onde et de mesure des temps d'arrivee sont 
plus particuli&rement discutes. La valeur des erreurs attendues peut etre developpee theorique-
ment, et verifiee par experience. La precision de la localisation de la source peut etre donnee par 
un reseau complexe independant de I'aigorithme utilise. Les considerations sur ces facteurs 
fournissent les grandes lignes pour optimiser les reseaux de capteurs et les techniques de mesure, 

ZUSAMMENFASSUNG 

Die M6glichkeit der Ortung ist eine der vorteilhaftesten Merkmale in der Uberwachung der 
Schallemision (SE). Es existieren verschiedene Algorithmen, die die mathematisch einfach zu 
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beschreibenden Strukturen behandein und die sich miteinander kombinieren lassen, wenn kompli-
ziertere Strukturen uberwacht werden. Dieser Artikel beschreibt eine Ortungsmethode, die auf der 
relativen Laufzeitdifferenz der SE-Signale von verschiedenen Aufnehmern beruht und es werden 
Fehlermogiichkeiten untersucht Speziell werden Probleme bei der Bestimmung der Fort-
pflanzungsgeschwindigkeit der Welle und der Messung der Ankuftszeit des SE-Signals untersucht. 
Die GroBenordnung der zu erwartenden Fehler laBt sich theorethisch bestimmen und im Experi
ment bestatigen. Die Ortungsgenauigkeit ISBt sich graphisch als ein komplexes Muster darstellen 
und ist vom benutzten Algorithmus unabhangig. Aufgrund dieser Faktoren laBt sich die optimale 
Anordnung der Aufnehmer sowie die optimale MeBtechnik ermitteln. 

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 ijt 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 signals 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 to 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 ^ * 
^ ^ . x ^ 1 P ° i n t ^ > ^ 

^ s ^ Transducer 1 - r 

Transducer 2 
801019 

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 plane, the difference in distance travelled by the wave to a pair of 
transducers can be calculated from the measured time difference: 
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5 = At . v (1) 

where <5 is the path difference, v is the wave velocity and At is the measured 
time delay. The same path difference, <5, 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 hyperbolae 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-

.} Region with ambiguous solutions Q Transducer 

801012 

Fig. 2. Regions with ambiguous solutions exist near and "behind" each 
transducer 
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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 
additional 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, tables, 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 different 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 
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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. 
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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 

Fig. 4. The two basic wave modes in a solid 
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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 calculated 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, so, and asymmetric, ao, 
wave modes; the particle displacement is either longitudinal (so) or trans
verse (ao) in the plate centre line. As wavelengths become shorter relative to 
the plate thickness, higher order symmetric and asymmetric modes are 

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 

Propagation ^ 

Asymmetric i.e. transverse in centreline 

801024/1 

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. 

Fig. 7. Surface wave modes in a steel plate 
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Various sources generate different 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 plate 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 signal 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 (xs. 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 pulse trains recorded on the two sides of the plate. 
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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 

14 



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 
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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 ^s and 36 i^s 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 sides of 
the plate, and a slower transverse wave arriving shortly before the Rayleigh 
wave. 

After some time, waves which are reflected from the boundaries of the plate 
appear. The shortest echo path has been calculated on the basis of the 
longitudinal wave velocity and the time of the earliest possible reflection is 
indicated in the figures, although it is not possible to clearly distinguish the 
echoes. 

■ ^ — ^ ■ ^ 1 ^ ^ ^ f c - M | , | . l l ^ ^ » ^ — M l ■ ■ ■ ■ ■ ■ ^ — » D » I ■ ■ 1 II ■■■ ■ ■ | ■ J I U M ^ ^ ^ ^ — 1 1 1 I I . I - ^ M f c ^ » ^ ^ ^ — 

Transducer Type 8312 8313 8314 

Voltage of transducer crystal (mV peak) 8,4 24 7,2 
^ ■ ^ ^ ^ l ^ ^ ^ H ^ ^ ^ ^ ^ M A M ^ H - H ^ i ^ H ^ ^ l ^ n V ^ ^ ^ H ^ ^ ^ ^ A ^ ^ W n ^ H ^ ^ H I ^ ^ ^ i H H ^ ^ t e ^ M ^ m ^ V W m ^ ^ ■ n - V M B ^ H H H ^ ^ i W ^ ^ ^ ^ W H M ^ ^ ^ ■ ■ W ^ ^ H ^ ^ ^ ^ ^ ^ ^ ^ ^ M W I f r ^ ^ f t l f W W r t ^ H H ^ H ^ ^ ^ ^ ^ H ^ ^ ^ ^ R ^ i P a ^ l ^ P V I ^ ^ l ^ ^ ^ 

Vertical velocity of the 
surface wave (m/s peak) 7.10~5 | 5.10"5 9 .10"5 

810031 

Table 1. Peak signal voltages and corresponding peak vertical surface 
velocities of the surface waves 

The absolute amplitude of the signal is measured in terms of voltage 
referred to the transducer crystal. Using the absolute surface wave calibra
tion of the transducers this can be referred to the vertical velocity of the 
plate surface. Table 1 shows the peak values of the surface waves measured 
by the three transducers on the 50 mm plate at a distance of 100 mm from 
the point of excitation. 

Pao et al. [11] have studied the wave generated by a step function force 
theoretically. Figs. 12 and 13 show the calculated surface response of a plate 
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Fig, 12. Theoretical surface response of a plate of thickness h to a vertical 
surface force (r = 2h) 

of thickness h to a vertical surface force; the near field response of both 
sides of the plate at a distance r = 2h (Fig. 12) and r = 4h (Fig. 13) from the 
point of excitation is shown. The vertical displacement, Uz, is plotted as a 
function of time, the upper surface of the plate being the plane z = 0 of the 
cylindrical coordinates (r, 0, z). The curves showing the response on the 
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Fig. 13. Theoretical surface response of a plate of thickness h to a vertical 
surface force (r = 4h) 

opposite side of the plate to the excitation force have been reflected about 
the time axis from Pao's original curves for comparison with the measured 
results given above (so that the vertical axes have the same direction 
relative to the transducer). The continued increase in displacement with time 
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Fig. 14. a) Step function force produced by breaking a 0,5 mm pencil lead, b) 
Mathematical step function (Heaviside function) as used in Pao's 
calculation 

shown in Figs. 12 and 13 is due to the theoretical step function force used by 
Pao (Fig. 14) which results in a continuous motion after the step occurs. For 
comparison of Fig. 9 with Figs. 12 and 13 it should be noted that the 
experimental results correspond to a velocity response while the theoretical 
curves show a displacement response. It can be seen that the experimental 
results verify the prediction of a small forerunning wave followed by a 
distinctive Rayleigh wave on the same side of the plate as the excitation 
force. 

Results in the far field (Figs. 15 to 17) show approximately equal signal 
amplitudes on opposite sides of the plate. For lower frequency signals (i.e. 
those detected using transducer types 8312 and 8313) it can be seen that the 
leading wave ("front") appears with the same phase on either side of the 
plate. Later waves appear with opposite phase. This confirms the expecta
tion that the leading waves are of the faster symmetric (longitudinal in plate 
centre line) type and the later waves are of the slower asymmetric (trans-
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Fig. 15. Pulse trains recorded in the far acoustic field using Broad-Band 
Transducer Type 8312. Each figure shows the pulse train detected 
on opposite sides of the plate at a distance of 
a) 120 mm from the point of excitation 
b) 240 mm from the point of excitation 

verse in centre line) type (Fig. 7). Calibration of the time scales is achieved 
using the source-to-transducer distance and the maximum zero-order sym
metric (so) wave velocity to calculate the time elapsed since the pencil lead 
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Fig. 16. Pulse trains recorded in the far 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) 120 mm from the point of excitation 
b) 240 mm from the point of excitation 
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Fig. 17. Pulse trains recorded in the far 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) 120 mm from the point of excitation 
b) 240 mm from the point of excitation 
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was broken. Using the surface wave velocity, the expected arrival time of a 
Rayleigh wave can then be found. The resulting time differences between the 
arrival of the symmetric wave and the expected Rayleigh wave are shown in 
the figures. In fact, it is not possible to identify a Rayleigh wave in this case. 
For transducer Type 8313 two distinct wavefronts can be identified whereas 
the results using Type 8314 show a less distinct front. Referring to the plate 
wave mode diagram (Fig. 7), it can be seen that two wave modes exist for 
a 6 mm plate at 200 kHz (thickness —frequency product = 1,2 mmMHz) and 
five modes are present at 800 kHz (thickness — frequency product = 
4,8 mmMHz). It should be noted that although the plate wave mode diagram 
shown in Fig. 7 is valid for steel, the values are only slightly different for 
aluminium. 

The arrival time differences can be established by correlation techniques, 
first threshold passage or using the peak level of the pulse. However 
reflections can cause complexities in correlation and peak measurements. 
None of the methods is ideal when one considers such factors as varying 
frequency bandwidth of the detector and varying type, size and position of 
events. It will also be apparent that calibration with an artificial source may 
be misleading and a random source, capable of producing various types of 
event, should be used, preferably on both sides of the plate. From experi
ments and extensive studies of real AE data, it has been found that good 
results can be obtained using software that considers two velocities corre
sponding to the two fundamental wave modes. 

2. Secondary Problems: 
Apart from the problem of determining the wave modes present, difficulties 
arise due to phase uncertainty and superposition of multiple events. 

Since the phase of the source is not known there will always be some 
uncertainty, even under otherwise ideal conditions. With a 200 kHz transduc
er this is of the order of 3 ^s or 10 to 15 mm. 

Electromagnetic interference should be minimized by the use of proper 
instrumentation although it may not be possible to completely eliminate it. 
Since such signals tend to trigger several channels simultaneously, the 
transducers should be arranged in arrays which cannot be simultaneously 
triggered by real AE events. The rectangular array shown in Fig. 18a) has 
multiple symmetry; an event occurring at the mid-point of the array will 
trigger all four channels simultaneously. By moving one of the transducers 
(Fig. 18b) the multiple symmetry is avoided and an AE event cannot possibly 
trigger all the channels at the same time. The software can then easily 
recognize and reject most types of signals caused by electromagnetic 
interference. 
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Fig. 18. Symmetry of transducer arrays, a) The rectangular array has multi
ple symmetry and an event at the centre will trigger all channels 
simultaneously b) This can be avoided by moving one of the 
transducers 

In practice, the signals triggering the different channels may not originate 
from the same event. Such false data may yield no location at all or a 
location which, almost certainly, will be incorrect. The probability of this type 
of data occurring depends on the ratio between the event rate and the travel 
time from one AE source to another, or to a transducer. If the event rate is 
very high the distance between the transducers should be reduced or the 
threshold of detection (i.e. the trigger level) should be raised to reduce the 
event rate. Although the problem cannot be completely avoided, it is not very 
significant in practice. 

Accuracy Of The Resulting Location 
Errors in the measurement of the relative arrival times will affect the source 
location calculations in a complex manner. This may be shown mathemati
cally by considering a pair of transducers situated at the polar coordinates 
(0,5; 90°) and (0,5; 270°) as shown in Fig. 19. The spacing of the transducers 
is taken to be unity. From the measured time delay, At, the path difference (<5) 
can be calculated: 

5 - At . v (1) 
where v = the wave velocity. 
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Fig. 19. Pair of transducers with unity spacing located at the polar coordi
nates (0,5; 90°) and (0,5; 270°) 

The polar coordinates of the source (r; 6) must satisfy the equation of a 
hyperbola: 

r " 2 V s i n 2 0 - S 2 ( 2 ) 

or the equivalent: 

sin0 = — v 1 - 52 + 4r2 (3) 
2r 

Both equations define a hyperbola with the transducers at the focii. 

Differentiating these equations with respect to 6 we obtain: 

dr 54 + (1 - 2 5 2 ) s i n 2 6 
— = „ _ _ _ _ (4) 
dS 2 \ (sin2 6 - §2)3 (1 _ 52) y ' 

and 

60 _ 1 - 252 + 4r2  

d5 " v (1 _ 6
2 + 4r2) ( 4 r 2 - S 2 ) (1 - S2) ( 5 ) 

respectively. 

Using equations 4 and 5 the accuracy in determining the position of the 
source using this pair of tranducers can be plotted in terms of r and 9. 
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Fig. 20. Accuracy of distance (r) for a known direction (6). dr/dS is plotted as 
a function of r for various values of the parameter 6 
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Fig. 21. Accuracy of direction (0) for a known distance (r). dO/dS is plotted 
as a function of 0 for various values of the parameter r 
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Fig. 20 shows curves of dr/d<5 against r for some values of 0, i.e. assuming 
the direction (0) is known, the curves show how accurately the distance (r) to 
the source can be determined. It can be seen that apart from angles near 0°, 
the accuracy is good within a radius extending to the transducers. Outside 
this range the error increases rapidly. It is evident that the accuracy is 
greatest near the midpoint between the two transducers. The curves illus
trate the case for a constant accuracy in At and correct assumption of the 
wave velocity. dr/d<5 should be multiplied by r to account for a situation in 
which an error is introduced in the wave velocity since <5 is proportional to r. 

Fig. 21 shows curves of d9/d<5 against 0 for some values of r, i.e. assuming 
the distance (r) is known, the curves show how accurately the direction (0) of 
the source can be determined using these transducers. The directional 
accuracy is good except near the axis through the transducers and, in 
general, does not depend significantly on the distance from the origin except 
at a distance of r = 0,5 resulting in singularity at the transducers. 

Both figures confirm that there are large variations in the spatial resolution. 
In practice this means that source location algorithms based on iterative 
methods or tables may run into problems (numeric instability). It can also be 
concluded that a pair of transducers cannot accurately locate a source 
which is near to or "behind" either transducer since the uncertainty tends to 
infinity in this region. 

The resolution pattern obtained using a set of three transducers is perhaps 
best visualized in Fig. 2. In this figure hyperbolae are drawn for constant 
intervals of 8. The form and shape of the area between the intersecting 
hyperbolae illustrate the pattern of resolution. In conclusion it may be said 
that high location accuracy can only be expected inside the region spanned 
by the transducer array. 

Some Guidelines for Measurement Procedure 
In practice, AE source location procedure reduces to measuring the relative 
arrival times of the AE signal and calculating the path differences defined in 
equation 1 and the intersection of the associated hyperbolae. 

Relative arrival times, referred to one of the transducers, can be measured 
using an analyzer such as the B & K Acoustic Emission Pulse Analyzer Type 
4429 (Fig. 22). The arrival times may be recorded for later analysis or fed 
directly via a digital interface bus for on-line processing using a calculator. 
Programming normally allows for the transducer coordinates and wave 
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Fig. 22. Measurement of AE source location 

velocity value to be written in after calibration procedures on the structure 
are made. Sophisticated programs exist which consider two wave velocities. 

Optimum performance from an AE source location system is achieved by 
minimizing the errors which may occur in determining the wave velocity and 
the measured arrival times used in the algorithm. By dividing the structure 
into homogeneous sections and segmenting transducer arrays accordingly, 
the wave velocity can be assumed to be uniform within that area. Areas 
which are of particular interest should be covered by the mid-region of the 
array where the spatial resolution is best and ambiguous solutions are 
avoided. The wave attenuation and velocity should be checked in each 
section and wave mode diagrams referred to, according to the structure 
dimensions and frequency range of detection. Different types of calibration 
sources should be used, preferably at various positions on the surface, and 
the channel triggering adjusted. Event rates which are excessive relative to 
the transducer spacing should be avoided by raising the trigger level (or 
decreasing the size of the array) and electromagnetic interference should be 
minimized. The extent to which these guidelines will prove effective is 
necessarily dependent on the individual conditions of the experiment and 
some compromise is unavoidable. 

Conclusion 
An examination of the uncertainties that, in theory, may occur even in 
relatively simple structures illustrates the difficulty in applying AE source 
location methods and perhaps explains the mixed success of the technique. 
Experience shows, however, that although some incorrect data is unavoid
able, it is possible to obtain good results by applying statistical methods to 
the measured data. 
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APPENDIX A 

Algorithm for Source Location [6] 
The algorithm given below provides a method for direct solution of the point 
of intersection of two hyperbolae. Appendix B contains a program listing for 
a HP-41C calculator based on this algorithm for a particular transducer 
array. The algorithm itself, however, is not resricted by the array geometry. 

Three transducers are arranged in an array at the cartesian coordinates 
(0,0), (x-i,y-i) and (X2, y2). The hyperbolae are defined by the measured 
relative arrival times 0, t i and t2 at the respective transducers and the wave 
velocity v. The source location (x, y) is given as follows: 

( x ^ + y , 2 ) - (v2 ■ t 1
2 ) ^ A 1 (I) 

(x2
2 + y2

2) - (v2 t 2
2 ) ^ A 2 (||) 

A i yo — Aoy-i 
If A i x 2 - A 2x i > 0 , then tan~1 - ^ n => B (III) 

A i x 2 - A 2 X 1 

1 AiVo - A9V1 
If A^x2 - A 2 x 1 < 0 , then t a n - 1 ' l ±1L + ir => B (IV) 

A1*2 - A2x1 

Ao ■ v ■ t i - Ai ■ v ' t2 

COS~1 = ~ r - A ^ — _ =» C (V) 
v (A1x2 - A2x-,)2 + (A1y2 - A 2 y 1 ) 2 

which give two solutions (r-i; G1) and (r2; 62) for the source location in polar 
coordinates (r; 0): 

Ai 
r1 = ' wheret f i = B - C (VI) 

2(x-| cos0-| + y1 sin0-| + v * t-j) 

a n d r2 = _ L _ _ „ _ ^ Where 92 - B + C (VII) 
2(x-| cos # 2 + y - | S i n 0 2 + v ' t 2 ) 

If either r-i or X2 is negative, then that solution is invalid. 
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The corresponding solutions in cartesian coordinates are given by: 

( x ^ = ( r i c o s ^ , r i sin 0-,) (VIII) 

and 

(x,y)2 = (r2 cos 62 , r2
 s i n 02> (IX) 

The double solution only occurs in the areas close to and "behind" the 
transducers. To resolve the ambiguity, a fourth transducer at the point 
(*3, Y3) w ' th measured relative arrival time t3 is used and the correct source 
location is found as follows: 

X ( X - X 3 ) 2 + ( ^ - y 3 ) 2 r x x 2 + y 2 - V t 3 _ ^ ^ ( >< ) 

\ ( x - x 3 ) 2 + ( y - y3)2 

D should be calculated for both solutions of (x, y) found above and the 
coordinate pair resulting in the smallest numerical value of D should be 
preferred. 

APPENDIX B 

Program For Source Location 

Fig. B1. Right-angled triangular array of transducers 
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A program listing for an HP-41C Alphanumeric Programmable Scientific 
Calculator is given below. * The program calculates the source position in 
rectangular coordinates (X, Y) for the right-angled triangular array of three 
transducers shown in Fig. B1 when the arrival times at the three transducers 
(T1, T2, & T3) are given in micro-seconds. The program yields values in the 
1'st quadrant (i.e. only positive values of X and Y). Standard data already 
written into the program is as follows: 

X2 = 50 (length unit) 
Y3 = 40 (length unit) 
V = 0,3 where V is the wave velocity in (length unit)/micro-second. 

The standard data is optional and other values of X2, Y3 and V may be 
chosen whilst running the program. The procedure for running the program 
once it is loaded is as follows: 

1. Turn the calculator on. 
2. Assign the program name "LOCAL" to X ^ Y by keying the following 

instruction: ASN ALPHA "LOCAL" ALPHA X ^ Y. 
3. Assign the program name "NEW" to SIN by keying the following instruc

tion: ASN ALPHA "NEW" ALPHA SIN. 
4. Assign the program name "NCAL" to R 4 by keying the following instruc

tion: ASN ALPHA "NCAL" ALPHA R|. 
5. Put the calculator into the USER mode. 
6. Press X ^ Y. The calculator display will briefly show "NEW DATA > 

SIN" to indicate that new data can be inserted in place of the standard 
data for X2, Y3, and V by pressing SIN. (If new standard data is chosen 
by pressing SIN, go to step 6a). If this is not done the standard data given 
above for these parameters is loaded and the calculator asks for the 
measured arrival time at transducer 1 by displaying "T1 ?". 

7. Insert the arrival time for transducer 1 (e.g. 0) and press R/S. 
8. The calculator asks for arrival time 2 by displaying "T2 ?". Insert the 

value for T2 (e.g. 80) and press R/S. 
9. Calculator displays "T3 ?". Insert the arrival time T3 (e.g. 60) and press 

R/S. After approximately 10 seconds calculation the source location is 
displayed (e.g. "X, Y = 12, 10"). If a printer is used the coordinates will 
also be printed. If the input data does not yield a valid solution, the 
display shows "INVALID". This is also printed. 

10. To repeat the calculation for new values of arrival time using the same 
standard data for X2, Y3 and V, press X ^ Y. If new standard data is 
required, press R4 (this turns the calculator off in a neutral mode), turn 
the calculator on again and proceed from step 5. 

* A similar program is available for a Texas TI-59 instrument. 
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Fig. B2. AE source location program listing for HP-41 C pocket calculator 
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95 STO 65 142 STO 69 
96 X<>Y 143 RCL 18 
97 X<8? 144 Xt2 
93 GTO 61 145 STO 15 
99 .5 146 RCL 19 

100 + 147 XT2 
101 INT 148 STO 16 
102 RCL 05 149 RCL 19 
103 X<0? 150 ENTERt 
104 GTO 01 151 RCL IS 
105 ENTERT 152 / 
106 .5 153 CHS 
107 + 154 STO 14 
108 100 155 "NEW DOT fl>SIN" 
109 s 156 OVIEW 
110 + 157 PSE 
111 "PRX" 158 GTO "LOCRL" 
112 "ODV" 159+LBL "NCflL" 
113 "X,Y=" 160 CF 00 
114 flRCL X 16 1 DEG 
115 OVIEW 162 OFF 
116 STOP 163+LBL "NEW" 
117+LBL ©1 164 "XI, V I = 0 . 0 " 
118 " I N V A L I D " 165 OVIEW 
119 PRH 166 PSE 
120 PROMPT 167 "X2,Y2=?,0" 
1 2 U L B L fa 168 PROMPT 
122 X>0? 169 STO 18 
123 GTO 02 170 "X3,Y3=0,?" 
124 1 171 PROMPT 
125 + 172 STO 19 
126 X<0? 173 "V=?" 
127 GTO 01 174 PROMPT 
128 RCL 09 175 STO 17 
129+LBL 02 176 RCL 18 
130 RTN 177 XT2 
131+LBL a 178 STO 15 
132 SF OO 179 RCL 19 
133 ROD 130 XT2 
134 FIX 2 18 1 STO 16 
135 50 182 RCL 19 
136 STO 13 183 ENTERT 
137 40 184 RCL 18 
133 STO 19 185 s 
139 .3 186 CHS 
140 STO 17 187 STO 14 
141 .1 138 GTO "LOCRL" 

189 . END . 810030 
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6. a) If new standard data for X2, Y3 and V is required, i.e. after pressing 
SIN in step 6, proceed as follows: 

b) The display shows briefly "X1, Y1 = 0,0" to indicate that transducer 1 
must remain at the point (0, 0). The display then shows "X2, Y2 = ?, 
0". Insert the new value for X2 and press R/S. 

c) Display shows "X3, Y3 = 0, ?". Insert the new value for Y3 and press 
R/S. 

d) Display shows "V = ?". Insert the new value for V and the display 
shows "T1 ?". Continue as from step 7 above. 

To turn the calculator off in a neutral mode, press R|. 

APPENDIX C 

In-Situ Sensitivity Calibration of Acoustic Emission Systems 
The European Working Group on Acoustic Emission agreed to the following 
at its meeting in Senlis, France, Oct. 9'th 1980: 

It will be a great help if reports of A.E. studies give the sensitivity of A.E. 
systems to a reference source (at the site of the real source). The recom
mended reference source is the Nielsen pencil lead break. * (It is asked that 
this sensitivity is reported, where practicable, as an addition to any alterna
tive normally used by the investigator). 

This calibration method was developed through experimentation by Arved 
Nielsen as described in the report: "Acoustic Emission Source Based on 
Pencil Lead Breaking", Report 80.15 which is available from the Danish 
Welding Institute, Park Alle 345, DK-2600 Glostrup, Denmark. A condensed 
review of this report is given in the following: 

Introduction 
Having recognised the necessity for a common reference AE signal, differ
ent methods have been investigated. Breaking a pencil lead on a structure 
surface has proved to be a suitable method; a simple device was developed 
and a paper presented at an EWGAE meeting in Rome, Sept. 1977. 

The pencil is a commercial 0,5 mm lead type with a 4 mm fixed guide tube on 
which a PTFE ring is mounted as shown in Fig. C1. This ensures that the 

* 2H Pentel, 3 mm length, 0,5 mm diam., with teflon guide ring. 
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Fig. C1. The Nielsen reference source showing the teflon guide ring and the 
pencil position on a structure surface just before the lead is broken 

breaking angle is constant and prevents spurious signals which occur if the 
guide tube touches the structure surface. * 

The recommended application procedure is as follows: 
1. The lead feed button on the pencil is pressed repeatedly until the lead 

protrudes. 
2. The end of the lead is levelled with the end of the guide tube by pressing 

the tip of the pencil perpendicularly towards an even surface while the 
feed button is pressed down. 

3. The button is pressed 6 times causing the lead to protrude 3 mm. 
4. The pencil is guided obliquely towards the structure until the guide ring 

rests on the surface. 
5. The pencil is pivoted about the point of contact towards a steeper 

position thus causing the lead to break. 

Note: The pencil lead may be crushed in the guide tube resulting in acoustic 
signals which differ considerably in appearance from the normal signals. It is 
easy to observe such crushing by the reaction of the pencil when the lead is 
broken and acoustic signals from such events should be disregarded. 

Experiments 
In order to investigate the repeatability of this AE source an experimental 
method was established using the instrumentation shown in Fig. C2. The 
measurements were carried out by L. Hoff Hansen at Rise National Labora
tory, Denmark. 

* Replicas of the Nielsen reference source are available from B & K (order no. UA 0663). 
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Fig. C2. Measurement of repeatability of the pencil lead break AE source 

A commercial transducer is magnetically fixed to the ground surface of a 
steel bar and the pencil lead is broken on the surface at a distance of 
approximately 150 mm from the transducer. After an initial amplification of 
60 dB, the numerical time integral of each detected signal is generated. The 
integrated signal, which has a decay time constant of 0,1 s (100 ms to e~1, 
230 ms for 20 dB decay), is then recorded as a single line on a pen recorder, 
the length of the line being proportional to the logarithm of the integrated AE 
signal. 

During the experiments 10 identical pencils were used. Plastbound leads 
were used with hardness levels of 2H, 3H, 4H, 5H, and 6H. 

Results 
The following conclusions are made: 

1. More than a couple of thousand observations result in a relative stan
dard deviation in groups of about 100 events of 3 to 4%. 

2. The hardness of the lead had no significant influence on the magnitude 
of the generated AE signal. Other types of pencil leads may act 
differently. 
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3. It is convenient to standardize 6 steps in forwarding the pencil lead 
before the breaking process. If another number is used, both the pro-
truding length of lead and the angle between the lead and the steel 
surface is changed, although little effect is observed on the magnitude of 
the AE signal. 

4. The recorded signals correspond to AE peak signal amplitudes of about 
4 mV referred to the transducer output. The preamplifier input noise level 
is 3 MV rms. The AE signals are, therefore, 60 dB higher than the rms 
noise (this has to be referred to the particular experimental conditions). 
When applied to steel structures a lower efficiency has to be expected. 

5. The amplitude of the detected signal is approximately linearly related to 
the AE signal amplitude. However, the decay time of the detector is 
100 ms and the penrecorder takes 1 s to reach 90 % full scale deflection, 
thus causing nonlinearity between the amplitudes of the detected signal 
and the penrecording. This is convenient for practical applications as the 
large range of signal amplitudes is compressed on the penrecordings, 
but the standard deviation indicated may be slightly misleading. On the 
basis of a linear relationship a factor of approximately 2 should be 
added, increasing the relative standard deviation to 7-10%. (This is of 
the same magnitude as the relative standard deviation of 6,3 % in the 
1,6 N load required to fracture the pencil lead which has been measured 
in other experiments.) A standard deviation of 10% is by no means 
negligible; it implies that in 1 of 20 identical experiments the result will be 
more than 20 % from the average. This is not suitable for transducer 
calibration, but to control the operation of AE instrumentation on a steel 
structure the pencil lead source is very convenient. It is very helpful to 
repeat the lead breaking process, e.g. 5 times, to reduce the standard 
deviation of the average to half the standard deviation of single break. 

Application of the Pencil Lead Source 
Since its introduction the lead source has been used extensively in applica
tions of the AE technique within the industry. 

In a particular application the propagation of AE signals in pressure vessels 
and the influence of material type and experimental conditions were investi
gated. The pressure vessels were 0,5 m in diameter and 1,3 m in length. 

The experiments resulted in relative standard deviations distributed over a 
wide range from 2 % to 16% with an average of 5%. This value is the 
standard deviation of an average of 10 observations; consequently the 
standard deviation of a single observation is about 15%. 
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The value of 15 % is higher than the standard deviation of 7-10 % estimated 
from the experiments on the small steel specimen mentioned previously. The 
results obtained from the pressure vessels under various experimental con
ditions indicate that the type of experiment itself influences the resulting 
standard deviation. 

In this discussion the detector output peak voltage has been considered. 
This represents the time integral of the AE signal. When the peak voltage of 
the AE signal was measured, the standard deviation was found to be 
approximately twice that obtained from the time integral of similar AE 
signals. 

Acknowledgement 

We would like to thank Mr. Arved Nielsen from the Danish Welding Institute 
for permission to publish material from his report and Mr. J. C. Hansen and 
Mr. T. Licht for editing the article. 

42 



News from the Factory 

Measuring Amplifier Type 2636 

The B & K Measuring Amplifier Type 2636 is an easy to use calibrated 
amplifier-voltmeter having measuring ranges from 10 ^V to 300 V FSD. It 
contains all the features of the Measuring Amplifier Type 2610, plus a variety 
of extra facilities. These greatly expand its useful range of applications in 
measurement and analysis set-ups for investigation of sound, vibration and 
voltage signals. 

When used together with a half-inch B & K Condenser Microphone and 
preamplifier, it serves as an impulse precision sound level meter conforming 
to IEC 651 (Type 0), DIN 45 633 (part 1) and ANSI S1.4-1971 (Type 1) 
standards. It has a linear frequency range from 1 Hz to 200 kHz, built-in "A", 
"B" , "C" and ( 'D" weighting networks, and a 22,4 Hz high pass and a 
22,4 kHz low pass filter. 

For RMS measurements its Log Rectifier has a dynamic range of 70 dB and 
± 0,5 dB overall (± 0,2 typical) indication accuracy for signals with crest 
factors up to 10 (up to 50 with reduced meter deflections). In addition to 
"Fast", "Slow" and "Impulse" time weighting functions, six averaging times 
between 0,1 and 30 s can be selected manually or remotely via the Averag
ing Time or Digital Interface sockets on the rear panel. 

For comprehensive measurement of peak levels, "+ Peak", " -Peak" and 
"Max. Peak" indicating modes are available. To accommodate for different 
types of signal, independent selection of 5, 0,5 and 0,05 dB/^s rise rates plus 
"Fast", "Slow" and "0,5 s Hold" decay functions is possible. A separate 
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"Hold" mode permits the maximum Peak, RMS or Impulse level of short 
duration signals and single events to be captured and displayed. 

For feeding magnetic tape as well as level and X—Y recording equipment 
there are two AC and one DC calibrated signal outputs from the Amplifier. 
Supplementing the analog outputs of the Amplifier is a Digital Interface bus 
conforming with IEC 625-1 for programmable measuring apparatus, and is 
for output of measurement data transmitted via a 10 bit A/D Converter in the 
instrument. Besides output of results, information can be sent of which front 
panel control settings are selected. The 2636 may also be controlled remote
ly via a programmable desk top calculator. Control lights on the front panel 
show which control settings are chosen as well as the status of the IEC 
interface. 

In addition to a special program for automatic operation with a Band Pass 
Filter Type 1617 a program is provided for automatic self test of the 2636. 
This provides a basic check out of most analog functions available with the 
front panel control switches, testing the attenuator and detector linearity, 
filter thruput and noise, as well as the detector time constants, if a fault is 
detected, a warning is provided and a print out of the fault can be obtained. 

Other facilities included in the 2636 are: Interchangeable meter scales for 
sound, vibration and voltage measurement; Automatic LED indication of 
gain, measuring range, and overload conditions; Built-in reference signal 
source for calibration; plus Direct and Microphone inputs (with selectable 
polarization voltage). 
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