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Abstract 

 
In order to explore potential acoustic emission (AE) applications for piezoelectric active-

fiber-composite (AFC) sensor elements made from piezoelectric fibers, a model experiment for 
leak testing on pipe segments has been designed. A pipe segment made of aluminum with a di-
ameter of 50 mm has been operated with compressed air (gaseous medium) for a range of operat-
ing pressures (between 400 and 800 kPa). Leaks have been simulated by use of screws with 
holes of various diameters (between 0.1 to 1.2 mm). One AFC sensor has been mounted directly 
on the pipe surface, complemented by two conventional AE sensors mounted on waveguides. AE 
signal parameters and waveforms were recorded at different pressures with and without simu-
lated leaks. The experiments to date show distinct differences in the power spectra obtained from 
fast Fourier transform of the AE waveforms depending on whether a leak is present or not. 
 

Keywords: Leak testing, pressurized pipe, gaseous media, active-fiber-composite sensors, com-
parative analysis 
 
1. Introduction 

 

Leak testing can be performed with various non-destructive test methods, among them acous-
tic emission (AE), on both, pressure vessels [1-4] and pipes or pipelines [5]. Leak testing with 
AE can be performed to indicate the presence of leaks and/or to locate the leak position, as well 
[6]. The references indicate that AE leak testing can be performed on pressure vessels made from 
metal [2, 3] or composites [4], containing either gaseous [2] or liquid media [3].  

 
Based on a model experiment for detecting the presence of a leak in a pipe segment pressur-

ized with fluid (water) and gaseous media (compressed air) using conventional AE sensors [7], 
the present contribution investigates the feasibility of performing leak testing with piezoelectric 
active-fiber-composite (AFC) elements instead of AE sensors. AFC are made with commercially 
available piezoelectric fibers that are embedded in an epoxy matrix and sandwiched between in-
terdigitated electrodes. Originally developed as anisotropic piezoelectric actuators [8], AFC ele-
ments can also be used as piezoelectric sensors. The tests are monitored with the same AE sen-
sors as in the previous experiment [7] for comparison. AFC sensors are thin, planar elements and 
offer an advantage compared with conventional AE sensors since they are conformable to curved 
surfaces [9]. Mounting AFC sensors on pipes or pressure vessels does hence not require the use 
of waveguides, simultaneously reducing time required for mounting and attenuation.   
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2. Experimental  

 

The model pipe system for the laboratory tests was similar to that reported in [7], i.e. using 
an aluminum pipe segment, but with a length of 60 cm and a diameter of 50 mm, with a wall 
thickness of 2 mm (Fig. 1). Leaks were simulated by inserting screws with a hole into a bore-
hole in the wall of the pipe segment, located at about one quarter length (Fig. 2). The diameters 
of the holes in the screws comprised about 0.1, 0.2, 0.35, 0.50, 0.80 and 1.2 mm (Fig. 3). The 
holes were manufactured by conventional drilling, except for diameters of 0.1 and 0.2 mm, 
which were made by laser drilling. For the screws with hole diameters below 0.5 mm, the nomi-
nal diameter extended about 1 mm into the screw, opening into a hole with a larger diameter (1-
mm diameter for the 0.1-and 0.2-mm leaks, 2 mm for the other leaks). The pipe segment was 
then equipped with fittings connected to the supply of the medium (pressurized air). Pressure in 
the pipe segment was read off a pressure gauge and noted for each test. The flow of the medium 
was not recorded and the pressure adjusted by the outlet valve mounted between pressure gauge 
and supply pipe. The pipe segment was put on wooden supports for the tests.  
 

 

Fig. 1: Overview of the laboratory-scale model system for AE leak monitoring with conventional 
AE sensors and AFC elements. The inlet valve is on the left, the T-joint on the right connects to 
the pressure gauge (not shown), the outlet valve is further to the right (not shown).  
 

 

Fig. 2: Simulated leak by inserting a screw with a hole of a specified diameter into a bore-hole at 
one-quarter length of the aluminum pipe segment; screw-insert without hole for reference shown. 
 

AE data have been recorded with three channels using a system with transient recording ca-
pability (type AMS-3 from Vallen Systeme GmbH). One channel was used with the AFC sensor, 
the others with conventional AE sensors (type SE45-H from Dunegan Engineering Corp). 
Thresholds were set at 50 dBAE, preamplifier gain at 34 dB, the rearm time to 3.2 ms, and 
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frequency band-pass filtering between 30 and 1,000 kHz was used in the preamplifiers and the 
data acquisition channels. Beside the AE signal parameter set, AE waveforms were recorded (5 
MHz sampling rate) with the same threshold. AE data were analyzed with the equipment specific 
software (VisualAE and VisualTR from Vallen Systeme GmbH). The AFC sensor was mounted 
directly on the surface of the pipe using a commercial, thermosetting two-component epoxy-
based adhesive, while the AE sensors were mounted on waveguides using a silicone-free vacuum 
grease as coupling agent and duct tape for applying the contact pressure. The AFC sensor was 
electrically shielded by a self-adhesive aluminum foil, simultaneously connected to its ground 
wire and the electrical ground of the AE equipment (Fig. 4). The position of the AFC sensor was 
about one quarter from the outlet end of the pipe segment on the top position (12 o’clock) that of 
the first AE sensor in the bottom position (6 o’clock) shifted towards the leak by about 6 cm 
from the center of the AFC. The second AE sensor (9 o’clock) was mounted 180° opposite the 
bore-hole simulating the leak (3 o’clock) one quarter length from the inlet end of the pipe seg-
ment. 
 

 

Fig. 3: Screws with holes drilled for simulating leaks in the pipe segment model system. Leak 
diameters of 0.1 mm and 0.2 mm extend over a length of about 1 mm and then open into a di-
ameter of 1 mm, larger leak diameters extend over a length between 2 and 5 mm. 
 

The conventional AE sensors selected for this study and AFC elements do differ somewhat in 
their spectral sensitivity [9]. In addition, AFC elements show a higher sensitivity along the direc-
tion of the piezoelectric fibers than normal to it [10]. There are also indications that AFC ele-
ments may have a higher sensitivity to in-plane (shear) waves relative to that for out-of-plane 
waves than the conventional AE sensors. For the experiment, the AFC element was mounted 
with the fiber direction parallel to the axis of the pipe segment (compare Fig. 4, center). 

 
Each leak diameter was tested for a range of pressures between about 400 and 800 kPa. The 

upper pressure was limited by the supply of compressed air available in the laboratory and 
showed some variation (typically about 20 to 30 kPa). Before recording AE signals and wave-
forms at a selected pressure corresponding to a setting of the outlet valve, the pressure was al-
lowed to equilibrate for about one to two minutes. Nevertheless, for some tests, pressure varia-
tions during data acquisition were observed. This variation, however, was less than the pressure 
change between different tests. For each setting, data were recorded for about 5 to 10 seconds. 
Power spectra of selected AE waveforms within the frequency range between 0 and 400 kHz 
were visually compared for the two types of sensor for a given leak and pressure, as well as for 
increasing pressure for a given leak diameter and for increasing leak diameter at constant 
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pressure, respectively. This is analogous to an investigation reported for leaks with other geome-
try and size [11]. 
 

 

Fig. 4: AE sensor mounting on the pipe segment for leak testing; (left) conventional AE sensor 
on waveguide with duct tape for applying the contact pressure; (center) AFC element adhesively 
mounted with a commercial two-component adhesive; (right) AFC element after shielding with 
an adhesive aluminum foil. 
 
3. Results 

 

 Figure 5 shows the power spectra for the pipe without a leak (screw without hole inserted 
into the bore-hole of the pipe) indicating frequency contributions between about 30 kHz (limit of 
high-pass filter) and about 150 kHz for both types of sensor, essentially independent of the pres-
sure of the air (varied between about 400 and 800 kPa). As expected, the power spectra for AE 
sensors and AFC elements are somewhat different for comparable pressure values, and the 
dominant contributions appear at frequencies around 50 kHz. There are no contributions signifi-
cantly exceeding the noise level at frequencies above about 160 kHz. For a pressure of 800 kPa 
both sensors (AE and AFC) show a distinct peak with comparable amplitude just above 150 kHz 
(note the difference in scale of the graphs for the AE and AFC sensors).  
 

Figure 6 shows power spectra for one leak diameter (0.35 mm) at different pressures between 
about 400 and 800 kPa. Compared with the spectra shown in Fig. 5, there are clear contributions 
at frequencies above 150 kHz for all pressures that have been tested. These can be observed for 
both types of sensor (AE and AFC element). It can be noted that a noticeable contribution to the 
power spectra above about 160 kHz appears for the chosen leak diameter of 0.35 mm at about 
165 kHz. This contribution can be noted in the power spectra of both types of sensors (AE and 
AFC element). A further contribution appears at a frequency around 275 kHz for the AE sensors 
and between about 280 and 300 kHz for the AFC element. The latter also shows indications of 
another contribution at about 375 kHz. Indications of that are also observed for the AE sensor, 
but are less apparent in the graphs because of the difference in scale. Further, the intensity (am-
plitude relative to maximum peak in power spectrum) of these contributions is changing with the 
pressure of the medium (compressed air). Compared with the peak contribution between about 
30 and 100 kHz, the peaks at frequencies above 160 kHz are increasing with increasing pressure. 
This increase is more pronounced for the AE sensor than for the AFC element. 
 

Figure 7 shows power spectra for selected leak diameters at a constant pressure of about 600 
kPa. The graphs in Fig. 7 can be complemented with the center part of Fig. 6 showing the power 
spectra for a leak diameter of 0.35 mm at a pressure of 600 kPa. Compared with the spectra 
shown in Fig. 5, there are again clear contributions at frequencies above 160 kHz. These can be 
observed for both types of sensor (AE and AFC element). Contrary to the case of constant leak  
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Fig. 5: Power spectra (0 to 400 kHz) from fast Fourier transform of selected AE waveforms re-
corded with the AE sensor (left) and with the AFC element (right) for the pipe segment pressur-
ized without simulated leak. The pressure is increasing from about 400 kPa (top) to 600 kPa 
(middle) and 800 kPa (bottom). Note the difference in amplitude for the different sensors and 
graphs. 
 
diameter tested with different pressures, the frequencies are now changing with leak diameter (if 
tested at constant pressure of about 600 kPa). For a leak diameter of 0.2 mm, a small, but distinct 
contribution occurs at about 195 kHz (observed with both sensors), complemented by a weak 
contribution around about 330 kHz. For the leaks with diameters of 0.35 and 0.5 mm the fre-
quency contributions shift to about 165 and 275 to 280 kHz, respectively, and an additional con-
tribution around 370 kHz appears. For the leak with 0.8 mm the frequency contributions shift 
again to lower frequencies, namely 130 and 265 kHz. The AE sensor indicates additional 
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Fig. 6: Power spectra from fast Fourier transform of selected AE waveforms recorded with the 
AE sensor (left) and with the AFC element (right) for the pipe segment pressurized with a simu-
lated leak (nominal diameter 0.35 mm). The pressure is increasing from about 400 kPa (top) to 
600 kPa (middle) and to 800 kPa (bottom). 
 
contributions centered around 265 and 340 to 350 kHz and the AFC sensor around 230 and 270 
kHz, respectively. 
 
4. Discussion 

 

Independent of leak diameter (or more general, leak geometry) and operating pressure of the 
simulated pipe, leaks yielded additional contributions in the power spectra of recorded AE sig-
nals at frequencies above about 150 to 160 kHz for both types of AE sensor. Of course, this 



 48  

 

Fig. 7: Power spectra from fast Fourier transform of selected AE waveforms recorded with the 
AE sensor (left) and with the AFC element (right) for the pipe segment pressurized with a simu-
lated leak at constant pressure of about 600 kPa. The leak diameter is increasing from about 0.2 
mm (top) to 0.5 mm (middle) and to 0.8 mm (bottom). 
 
statement holds for the range of leak diameters (0.1 to 1.2 mm) and pressures (about 400 to 800 
kPa) that have been investigated to date. 
 

A specific leak diameter (geometry) does seem to yield power spectra contributions at the 
same frequency, independent of the operating pressure. However, the intensity (amplitude) of the 
power spectra contributions indicating the leak is increasing with increasing pressure. At an in-
termediate, but roughly constant pressure (600 kPa) the power spectra contributions do seem to 
shift to lower frequencies with increasing leak diameter (geometry). These observations imply 
lower bounds for the size of leaks that can be detected within specific operating conditions. For 
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small leaks (below 0.1 mm diameter) the indication of the leak may not differ sufficiently from 
the noise in the power spectrum. 
 

Based on the leak testing performed with gaseous and fluid media using conventional AE 
sensors on a similar system with the same type of leaks [7], it is expected that AFC elements 
would also yield indications of leaks, if the pipe were operated with a fluid medium (water) in a 
similar pressure range. Since the pipe used in the previous experiments [7] was of a different di-
ameter (60 mm instead of 50 mm) and shorter, it is expected that changes in the pipe geometry 
would not affect the results significantly. Changing to pipes made of a different material has not 
been explored yet. Pipes made of another metal are expected to yield similar results, while for 
composite or polymeric pressure pipes, the pronounced frequency-dependent attenuation in the 
material may affect the sensitivity for leak detection. The dependence of the sensitivity on the 
distance between leak and sensor has not been investigated (fixed leak and sensor position in the 
tests reported here). Depending on the pipe material and the distance of the sensor from the leak, 
attenuation effects may also reduce the sensitivity. Noise interference from operating conditions 
or environment may further affect the sensitivity for leak detection. 
 

As a last remark, it can be noted that the AFC elements permanently mounted on the pipe can 
also be used for other types of nondestructive testing or structural health monitoring; for exam-
ple, electrical impedance measurements [12] by simply connecting the wires to another meas-
urement system. 
 
5. Conclusions 

 

Experiments with a laboratory-scale model system for leak testing of pipes first indicates that 
piezoelectric active-fiber-composite (AFC) elements yield acoustic emission signatures (power 
spectra) comparable to those recorded with conventional AE sensors. Conformable AFC ele-
ments, however, can be mounted directly on pipes without the use of special waveguides. Simu-
lated leaks yield additional frequency contributions mainly above about 160 kHz, while tests 
without leaks do not show significant contributions above this limit. Varying leak diameter at 
constant test pressure shifts the additional frequency contributions to lower frequencies, while 
varying the test pressure for constant leak diameter changes the intensity of the additional fre-
quency contributions relative to the dominant peaks in the power spectrum at frequencies below 
150 kHz. This indicates that there may be a lower limit of the leak diameter (size) that can relia-
bly be detected. 
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