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Abstract. The current research investigates the measurement of acoustic emissions
(AE) signals in composite marine propeller blades using embedded piezoelectric
transducers. A full-scale glass-fibre polymer composite propeller blade is suspended
in a tank filled with artificial seawater. The propeller blade contains 24 embedded
piezoelectric sensors that were installed between laminas during manufacturing.
Additionally, the tank includes an array of hydrophones for comparison of the
results. AE signals are simulated on the blade by the actuation of one of the
embedded transducers in a manner that is representative of damage in the blade. The
measured AE signals are assessed for their amplitude and frequency content. The
results demonstrate the feasibility of measuring AE signals in composite marine
propeller blades using both the embedded and external measurement systems.

Keywords: acoustic emission, composite marine propeller, embedded sensor,
damage detection, piezoelectric sensor

1. Introduction

The reduction of greenhouse gas emissions and environmental noise is important in the
marine industry [1,2]. In this context, marine propellers can be improved to reduce both
carbon emissions as well as environmental noise. These improvements can be attained by
manufacturing marine propellers out of fibre-reinforced composites instead of metals.
Composite materials allow for a propeller blade that can alter its shape when being loaded.
This means that the blade can become more efficient in off-design conditions, reducing
carbon emissions of the propulsion system. Furthermore, the flexible blade can reduce
pressure pulses at the tip of the blade, reducing underwater radiated noise [3]. Additional
advantages of using composite materials for marine propeller blades are a reduction of
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weight, a smaller electrical signature and the possibility for the embedding of sensors [4].
Because of these advantages, there are ongoing developments in the manufacture and use of
composite marine propeller blades. One of the hurdles to successful implementation is the
lack of in-situ knowledge on the degradation and fatigue of composite marine propeller
blades.

To overcome this hurdle, a structural health monitoring (SHM) approach is considered for
the blade. Methods can be by measuring strains and vibrations through digital image
correlation [5], strain gauges [6,7], optical fibres [6,8-11] or piezoelectric sensors [12,13].
Another option could be material characterisation through ultrasonic guided waves [14].
Alternatively, a very direct indication of the creation of damage can be obtained through
the measurement of acoustic emissions.

Acoustic emissions (AE) are elastic bursts originating from the initiation and progression of
damage. In the case of composite materials, AE are typically propagating as ultrasonic
guided waves, with different damage mechanisms having specific signatures in terms of
frequency content and amplitude, among others [15]. In large-scale composite marine
structures, AE has been monitored in partial hull structures [16], while results regarding
tidal turbines are expected [17]. Regarding composite marine propeller blades, the authors
performed a prior study [18] indicating the feasibility of measuring AE using embedded
piezoelectric sensors. The first results on a full-scale composite marine propeller blade with
embedded piezoelectric sensors are presently underway.

In this research, acoustic emissions, emitted through active pulsing, have been measured on
a composite marine propeller blade using embedded piezoelectric sensors and remote
hydrophones. The use of these two measurement systems allows for the comparison of
measurement sensitivity of AE.

The paper is organised as follows: in Section 2, the methodology is explained for the
measurement of AE using embedded piezoelectric sensors and using hydrophones. Further,
the experimental procedure is clarified. Section 3 highlights the results, showing the
measured waveforms and signal amplitude changes over measurement distance and sensor
type. In Section 4, conclusions are given, followed by recommendations for future research.

2. Methodology

In this research, acoustic emissions are recorded by two different means; embedded
piezoelectric sensors and external hydrophones. Both measurement types are subject to
different forms of transfer functions and wave propagation effects.

For the embedded piezoelectric sensors, the measured signal can be described as follows
(Equation 1):

n
Py (xa X5, @) = ) Di(Xp 0)Wi (g, X5, 0)Gi(X)S (%5, @) + Py (xp,0). (1)

i=1
In this equation, the measurement signal is denoted by P, as function of source location xg,
measurement location x; and circular frequency w. For embedded piezoelectric sensors,
the acoustic emission source S(xg, w) propagates throughout the blade as an elastic guided
wave. There can be multiple guided wave modes constituting the measurement. This is
indicated by the summation over modes i = 1..n. Note that sensor transfer function
D;(xg, w), wave propagation transfer function W;(xg, Xs, @) and components of the source



¢;(xs) are dependent on the wave mode. Additionally, embedded piezoelectric sensors can
be sensitive to noise, such as electromagnetic interference, acoustic reflections and external
ultrasound sources.
For hydrophone measurement P, a different equation is set up (Equation 2):

Pp(Xg, X5, w) = Dp(Xg, @)Wy (Xg, Xs, 0) 51 (X5, 0)S (X5, 0) + Py (Xg, w). (2)
Here, the wave propagation from source to sensor is through an acoustic pressure wave
medium with transfer function W, (xz,Xs, w) and with hydrophone transfer function
Dy, (xg, w) and a source sensitivity to acoustic waves ¢, (Xg, w).
In the current work, acoustic emissions are simulated through using one of the sensors as an
actuator for sending out a signal. This means that the source function itself contains a
transfer function D;,;' (x5, w) from the electrical input signal S(xs, w) to the mechanical
excitation in mode m. This is described in Equation 3:

¢m (X5, 0)S(Xs, w) = Dpy! (X5, 0)S (X5, W). (3)

2.1.Experimental set-up

The experimental set-up was as follows: a glass-fibre composite marine propeller blade [3]
with 24 embedded piezoelectric sensors (PIC255 material, diameter 5mm, thickness
0.25mm) was lowered into a salt water tank (53mS/cm at 25°C). The tank also contained an
array of 8 hydrophones of type VS150-WIC. An illustration of the setup can be seen in
Figure 1. Detailed photographs can be seen in Figure 2.
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Fig. 1. The left figure shows a graphical illustration on exciting and measuring acoustic emissions through
embedded piezoelectric sensors and hydrophones. Note that the abbreviations AWG, DAQ and PC stand for
arbitrary waveform generator, data acquisition system and personal computer respectively. The right figure

describes the signals sent out by the waveform generator. The accompanying text mentions the centre
frequency (fc) and number of periods (np) in the signal.

For actuation, signals of 100-250-500kHz were chosen in a wide and narrow-band form.
These are visualised in Figure 1. It was considered that these ranges of frequency can depict
acoustic emissions from matrix cracking, delamination and fibre-breaking respectively.
Actuation was performed using a Siglent SDG10251 arbitrary waveform generator, with a
1V peak-to-peak amplitude, amplified 34dB by a Falco WMA-300 power amplifier. The
measurements from the embedded piezoelectric sensors were amplified 40dB using Vallen
AEPH5H preamplifiers. The data acquisition system for both embedded piezoelectric



sensors and hydrophones was a Vallen AMSY-6. These systems are denoted 1-5 in Figure
2.
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Fig. 1. Measurement set-up. On the left photograph is visible from 1 to 6: the waveform generator, the voltage
amplifier, the water tank with propeller blade and hydrophones, the preamplifiers for the sensors, the data
acquisition system and the measurement computer. The right photograph highlights the propeller blade (A)

and the hydrophone array (B).

The data acquisition was hit-based and had the following parameters: The sample rate was
2Mhz, with a total duration of 2048us. A digital frequency band-pass filter was applied,
ranging from 25kHz to 850kHz. The static threshold was set at 40dB(ref 1V) while the
dynamic threshold, or threshold to noise ratio, was set at 6dB. Rearm time and duration
discretisation time were both 250ps. Pretrigger duration was 150ps.

3. Results

The signals that are recorded are assessed in the following way: Firstly, for the embedded
piezoelectric sensors, the signals are split in time to distinguish between components. For
the hydrophones, no such separation is necessary. Secondly, the maximum of amplitudes
are assessed for the elastic guided wave measurement of the embedded sensors and the
acoustic wave measurement of the hydrophones. Spatial variation is shown by contour
plots. Thirdly, trends have been analysed from these amplitudes, using actuation signals
with different centre frequencies and bandwidth.

For an excitation at sensor 10, a visualisation of the normalised signal amplitude over time
is shown in Figure 3:
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Fig. 2. Normalised signals over time, measured by embedded piezoelectric sensors and hydrophones. In this
case, actuation was at sensor 3, using a 2.5-period 250kHz signal. Upper accoladed regions denote the
intervals in time that are related to different manifestations of measurement of the actuation signal.

In this figure, embedded piezoelectric sensors 1-24 are included together with hydrophones
H1-H8. The time axis starts when the earliest sensor starts recording. For the embedded
sensors, the signal contains multiple components. These are the pretrigger interval, cross-
talk, elastic guided wave interval, and acoustic reflection interval. The cross-talk can be
seen by the non-dispersed part of the signal around t =150ps that is being recorded by
multiple sensors without time delay. In the measurement of the elastic guided wave, the
signals show dispersive behaviour and time delays that increase with increasing distance
between actuation and sensor. Note that both cross-talk and elastic guided waves are not
recorded by all embedded sensors. The acoustic reflections from the water tank arrive later
and appear to be of fairly large amplitude, recording at sensors that did not capture the
elastic guided wave. The hydrophones measure signals at a delay in time which is roughly
half-way in between the measurement of cross-talk and acoustic reflection of the embedded
sensors. The spread in measuring hydrophone signals can be attributed to multiple
propagation paths that an acoustic wave can have in a confined tank.

To assess the amplitudes, the signals measured by the embedded piezoelectric sensors are
separated, as shown in Table 1.

Table 1: Intervals in the measurements of embedded piezoelectric sensors attributed to pretrigger, cross-talk,
elastic guided waves and acoustic reflection.

Interval [us] | Pretrigger | Cross-talk | Elastic guided wave Acoustic reflection
Wide-band 0-145 145-180 180-350 350-end
Narrow-band 0-120 120-210 210-350 350-end

The length of the cross-talk interval is comparable to the duration of the input excitation
(Figure 1). Further, for the case of narrow-band excitation, the elastic guided wave is partly
overlapping with the cross-talk. Hence for the elastic guided wave interval, the starting time
is additionally delayed. This can influence the assessment of amplitude of the elastic guided
waves for narrow-band input signals.

For the assessment of amplitudes throughout the blade, contour plots have been made. An
example can be seen in Figure 4:
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Fig. 3. Contour plots of measurements by embedded piezoelectric sensors and hydrophones. In this case,
actuation was at sensor 10, using a 2.5-period 250kHz signal. The actuation location is described by the *.
Sensor locations are denoted by a - and the sensor number. The left figure shows the maximum amplitude
measured by the embedded piezoelectric sensors in the interval 180-350ps. The middle figure shows the
maximum amplitude measured by the hydrophones. The right figure shows the time delay from first arrival of
the hydrophones.

In this figure it can be seen that when measuring with embedded piezoelectric sensors, the
sensors in the immediate vicinity of the actuation are well capturing the acoustic emission.
For increasing distance, amplitude max(|P|) decreases. For the hydrophones this behaviour
is not encountered, with the amplitudes appearing seemingly unrelated to the actuation
location. However, there is consistency when considering the time delay dt with respect to
the first hydrophone recording the signal. Here an increase in time delay relates to an
increase in distance from the actuation point.

To investigate the behaviour of the sensors (and actuation) over a range of frequencies,
three embedded piezoelectric sensors and hydrophones close by the actuator were assessed.
This can be seen in Figure 5.
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Fig. 4. Maximum amplitudes for sensors close to the actuation location, given varying actuation frequency
and bandwidth. The left graph shows the amplitude for elastic guided waves measured by embedded
piezoelectric sensors. The right graph displays the amplitudes from the hydrophones.

The results shows that in general, the measurements for 250kHz are with higher amplitude
than those of 100kHz and 500kHz. This can be due to higher sensitivity of the actuator at
that frequency. Stronger sensitivity of the sensors for this frequency is not directly
anticipated. This is because similar behaviour takes place at both the embedded
piezoelectric sensors and the hydrophones, and it is known that the hydrophones are not
particularly sensitive at this frequency. What further strikes out is the comparatively higher
sensitivity of narrow-band signals at this frequency. It is considered that a narrow-band
signal suffers less from dispersion effects but this should only manifest itself with the
embedded piezoelectric sensors.



4. Conclusions and further research

In this research, simulated acoustic emissions from a composite marine propeller blade
were assessed using embedded piezoelectric sensors and hydrophones. The acoustic
emissions were simulated using one of the piezoelectric transducers as an actuator. It was
found that the measurement of elastic guided waves using the embedded piezoelectric
sensors was contaminated by electrical cross-talk from the actuator and by reflections of the
acoustic wave from the tank walls. When windowing out these sources of noise, the drop in
amplitude over the blade correlated with an increase of distance from the source to sensor.
For the hydrophones, it was noted that there was no cross-talk being measured. Further, the
amplitude of the measurement with the hydrophones was not consistent considering its
projected location with respect to the source at the blade. However, the recorded time delay
did show a consistency, with the time delay increasing with an increasing distance from
source to hydrophone.

The investigation highlights initial results and particularities from measuring acoustic
emissions with both embedded piezoelectric sensors and remote hydrophones. It is
envisioned that the results can further be used to assess localisation of acoustic emissions
using these types of sensors.
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