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Abstract

CrossMark

Flexible composite marine propellers can aid the marine industry in reducing carbon emissions
and underwater radiated noise pollution. The structural integrity of the blades can be assessed
using structural health monitoring. One of these methods is the measurement and analysis of
damage-induced acoustic emission signals. This paper experimentally investigates the
feasibility of using embedded piezoelectric sensors for the measurement of acoustic emissions
throughout a submerged flexible composite marine propeller blade. A full-scale glass-fibre
reinforced polymer blade has been manufactured with 24 embedded sensors. While suspended
in artificial seawater, acoustic emissions were simulated on the blade. The measurements show
that the embedded piezoelectric sensors can measure acoustic emissions while the blade is
submerged. Further, the distance from source to sensor over which the acoustic emission is
measurable was investigated. For a noise level of 40 dB and a source amplitude of 70 dB
between 100 and 250 kHz, an average maximum measurable distance of 124 mm was obtained.
For higher frequencies, the distance drops and for lower noise levels the distance increases.

Keywords: acoustic emission, embedded sensor, composite marine propeller,

piezoelectric sensor, damage detection

1. Introduction

The marine industry is in the process of improving its envir-
onmental footprint. This involves reduction of carbon emis-
sions as well as reduction of underwater radiated noise (URN)
for the protection of marine mammals [1, 2]. The use of
flexible composite marine propellers is envisioned to help in

* Author to whom any correspondence should be addressed.
Original content from this work may be used under the terms
BY of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOIL.

obtaining these reductions. The directed flexibility of such
propellers enables the blade shape to be adaptable to differ-
ent loading conditions [3, 4]. This can improve efficiency [5].
Furthermore, pressure peaks on the blade are reduced due
to blade-tip flexibility. This can lead to reduced URN [6].
Additional advantages of composite propeller blades are a
reduced electromagnetic signature, lower weight, and the abil-
ity to have sensors incorporated [7].

The development of flexible composite marine propeller
blades has encountered uncertainty regarding their behaviour
in fatigue and failure. This matters as unanticipated failure of
a propeller blade will considerably limit a vessel’s manoeuv-
rability. Prominent causes to the uncertainty are deviations
and imperfections during fabrication, the varying loading of

© 2024 The Author(s). Published by IOP Publishing Ltd
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the blade, and a complex internal stress state imposed by the
thick intricate geometry and spatially-varying material layup
[8, 9]. Additionally, depending on their location and load his-
tory, different damage types may grow to gross failure or cause
a stress redistribution that leads to different failure [10]. Given
the complexities and the involved risk, there is a need for struc-
tural health monitoring (SHM) of flexible composite propeller
blades.

In an advanced state of damage, the changes in mater-
ial properties lead to global effects, such as an increased
deformation or changes in vibrational response. This could
be measured using externally mounted measurement devices
such as cameras and hydrophones. Deformation behaviour of
full-scale flexible propeller blades was measured in-situ by
Maljaars et al [11] using digital image correlation (DIC). The
cameras were installed on a ship rudder. Blade deformations
were successfully captured, albeit hindered by underwater dis-
turbances. The DIC method was similarly used in a cavitation
tunnel for flexible propeller blades by Su ez al [12]. Using laser
beam irradiation and an image registration method, Shiraishi
et al [13] were able to estimate the full-blade deformation
shape of a flexible propeller in a cavitation tunnel. Kluczyk
et al [14] described damage identification in flexible propeller
blades by monitoring of hydroacoustic behaviour using hull-
mounted hydrophones.

Sensors mounted onto or embedded into the blade can be
used for the same purpose. There is a strong incentive to
have the sensors embedded into the composite laminate. The
blades are subject to harsh loading and environmental condi-
tions, which would pose great challenges for surface-mounted
sensors. Furthermore, surface-mounted sensors can obstruct
the hydrodynamic performance of the blade. Investigations
relating to composite hydrofoils include the use of embed-
ded strain gauges, fibre-Bragg gratings (FBGs) and distrib-
uted optical fibres for strain measurements and accelerometers
and piezoelectric sensors for modal assessments. Strain gauges
were placed on flexible and metal model propeller blades by
Tian et al [15]. They were able to measure vibratory responses.
Zetterlind et al [16] compared the use of surface-mounted
strain gauges and fibre-optic sensors for strain monitoring
during fatigue assessment of composite aerospace propeller
blades. The research described increased survivability of fibre-
optic sensors compared to strain gauges. For a composite mar-
ine propeller blade, Seaver et al [17], embedded FBGs during
manufacturing and demonstrated the feasibility of measuring
strains in a water tunnel. Complexities were noted regarding
the embedding procedure. FBGs were also used by Javdani
et al [18], who placed these on the surface of a full-scale
metal propeller. Modal analysis with the propeller submerged
showed a good agreement with simulated results. Ding et al
[19] measured strains on a model of a propeller blade using
surface-mounted FBGs. Reconstructed deformations of the
blade were created using an inverse finite element method.
Error between reconstructions and deformation measurements
was below 7%. Maung et al [20] embedded distributed optical
fibres into a carbon-fibre composite hydrofoil. It was noted that
the measured strains were in reasonable accordance with simu-
lations. This research was continued by Shamsuddoha et al [8]

who embedded distributed optical fibres into a full-scale com-
posite hydrofoil loaded under fatigue. In that work, also piezo-
electric accelerometers were placed to perform modal ana-
lysis. No notable change in modal properties was measured
during the fatigue loading. The feasibility of using embedded
piezoelectric sensors for the use of dynamic strain measure-
ment of composite marine propeller blades was assessed by
the authors from finite element simulations and small-scale
experiments [21]. Hamada et al [22] placed piezoelectric line
sensors on flexible propeller blades and tested them in opera-
tion. Changes in the vibration response of the propeller blade
were measured for detection of damaged blades.

In early stages of damage the global effects become less
pronounced and other methods for SHM in composite pro-
pellers become relevant. One promising method is the meas-
urement and processing of acoustic emissions (AE). An AE
signal is an ultrasound elastic burst emanating from mater-
ial degradation. Fibre-reinforced composite materials have a
multitude of damage mechanisms such as matrix cracking,
fibre-matrix interface debonding, fibre breakage and fibre pul-
lout. Each of these mechanisms have distinct AE character-
istics, such as specific frequency content and amplitude [23—
25]. Conventionally, AE has been measured using piezoelec-
tric sensors. These sensors allow for a high enough sample rate
for measuring AE. Additionally, they can be miniaturized and
embedded into various structures, including fibre-reinforced
composites [25, 26] and concrete [27, 28].

In marine applications, simulated AE signals have previ-
ously been measured on a submerged steel half rudder blade.
Measurement and localisation of an AE source was performed
while comparing different sensor types [29]. Furthermore, AE
investigations on composite tidal turbine blades are emerging
[30]. Next to a preliminary feasibility study by the authors
[21], no published research on AE in full-scale composite mar-
ine propeller blades is known to date.

The localisation of the AE ([31, 32]) and the character-
isation of the damage mechanism can be fundamental in the
assessment of the structural health and in the estimation of
remaining lifetime of the structure. To enable localisation and
characterisation, the measured signals need to be of suffi-
cient signal to noise ratio. The evaluation for the signal to
noise ratio requires estimations of the expected noise level
and the AE source signal amplitude, and indication of the loc-
ation of the degradation with respect to the sensor location.
Further, the knowledge of the attenuation behaviour of AE
for different degradation mechanisms is instrumental for this
assessment.

Hence, wave propagation attenuation will influence the
quality of the measured signal and the maximum measurable
distance between a sensor and an AE source. This implies that
wave propagation attenuation over the blade is of profound rel-
evance for the assessment of the feasibility of localisation and
characterisation of AE.

This paper investigates the measurement and attenuation
of AE signals in a submerged composite marine propeller
blade using embedded piezoelectric sensors. The research is
believed to be the first reported investigation on the topic
demonstrating AE measurement in an underwater composite
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marine propeller blade using a network of embedded piezo-
electric sensors.

The paper encompasses the experimental excitation, meas-
urement and assessment of AE signals on a full-scale sub-
merged propeller blade. A glass-fibre reinforced polymer
blade has been manufactured using vacuum-assisted resin
transfer moulding. During the production, 24 piezoelectric
wafer sensors have been embedded into the blade. AE sig-
nals have been simulated by applying pencil lead break (PLB)
excitations at several locations on the propeller blade. This
has been done while the propeller was submerged in artificial
seawater. For each PLB, the AE signal is measured for each
connected sensor and assessed for their spectral content. The
spectral content and the change in spectral content over excit-
ation locations are used to obtain a measure of amplitude drop
throughout the blade. These values can be used to assess the
feasibility of measuring specific types of AE signals relating
to specific types of damage mechanisms.

Regarding the organisation of the paper, firstly a descrip-
tion of the measurement and assessment of an AE signal is
given. This includes the definition of an amplitude drop and
the assumptions that are associated with that. Secondly, the
experimental procedure is explained. This provides details on
the manufactured propeller blade and measurement specifics.
Next, results of the measurements are presented, combined
with an assessment of the amplitude drop throughout the blade.
Finally, conclusions are drawn and recommendations are given
for future research.

2. Method

The measurement of an AE signal can be described as an
AE source signal that has been distorted by wave propaga-
tion effects, sensor transfer function, and noise. For plate-like
structures, the AE can propagate in the form of guided waves.
These waves appear in a multitude of through-thickness
deformation (wave) modes and propagate in in-plane direc-
tion. In a mathematical sense, the measurement P (Xg,Xg,w)
can be written as the convolution of AE source signal S; (xg,w)
with wave propagation transfer function W;(xg,Xs,w) and
sensor transfer function D; (xg,w), and the addition of noise
Py (xg,w) [33, 34]. When propagating in the form of guided
waves, each component can be dependent on the wave mode
i = [1..n] for n modes, the source location Xg, sensor location
xg and frequency w. For the source signal S;(xs,w), multi-
modal contributions are captured by modal amplitude ¢; (Xs).
The frequency and phase content of the source is represented
by S (xs,w). This is elaborated in equations (2.1) and (2.2).

8,‘ (Xs,w) =g (Xs) S(xs,w) . (21)
P(xg,Xs) = Y _ Di (Xg,w) Wi (Xg, Xs,w) i (Xs) S (x5, )
i=1

+ Py (Xg,w) . (2.2)

Here, the wave propagation transfer function W; (xg,Xs,w)
includes attenuation, dispersion, cut-off of higher modes
(weur,i) and skewing of waves as a function of location, distance

and direction. Sensor transfer function D;(xg,w) includes
electromechanical behaviour relevant to embedded piezoelec-
tric sensors, such as the aperture effect [35, 36].

Assessment can be performed regarding the components
W; (xg,Xs,w) using measurements P (xg,Xs,w) from different
known source locations to different measurement locations
over the blade. Further, assessment of Py (xg,w) is used to
examine the quality of P (xg,Xg,w).

2.1. Assessment of wave propagation

For a given sensor layout and an arbitrary source location, the
drop in amplitude for specific frequency components from a
sensor adjacent to the source to a sensor further away can
be considered as a measure of frequency-dependent atten-
uation along the blade. This drop can be calculated as per
equation (2.3),

A (Xg,Xs,w;)
P (Xg,Xs,wr)

P (XRrefs Xsref, wi)

= (ZD,- (xr,wr) W; (Xg,Xs,wr) i (XS)S(XS,WI)+PN(XR7W1))
i=1

n
+ (Z Di (Xgrefs 1) Wi (XRrefs Xsre r) i (Xsrer) S (Xsreps wr)
i=1

+ Py (Xgrep, wl)) . (2.3)

In this equation, for each relevant frequency w; the amp-
litude drop in dB,v A (Xg,Xg,w;) is calculated for a sensor
at location xg with respect to a reference sensor at Xgyr
that was adjacent to a reference source Xg,r. Amplitude
drop A (xg,Xs,w) can be seen as an approximation for wave
propagation transfer function W; (xg,Xs,w) (equation (2.10)).
This is considered valid under five assumptions.

As afirst assumption, wave propagation effects from source
to reference can be regarded negligible (equation (2.4)) when
the considered wave mode exists (W > wWeur,i),

0 for w < Weut,i

1 forw > weyri 2.4

Wi (XRref7 XSrefaw) ~ {

For the second assumption, the sources of both the
reference and the other signals are considered similar
(equation (2.5)),

Gi (x5) S (Xs,wi) = i (Xsref) S (Xsref, wi) - (2.5)

The third assumption is that at frequency w; there is
one dominant wave mode m. Here, the description of the
wave propagation transfer functions simplify (equations (2.6)

and (2.7)) and summation over wave modes i = [l..n] is
eliminated,

Ofori #m

1fori=m" (2.6)

Wi (XRrefs Xsrep, 1) & {
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0 fori #m

XR,Xs,OJ]) fori=m"’ (27)

Wi (Xg,Xg,w;) &~

l( Ry AS, l) { Wm(
The fourth assumption is that the sensor transfer func-

tion of the measurement is the same as that for the reference

(equation (2.8)),

D; (Xg,w;) = D (Xgref,wr) - (2.8)

As a fifth assumption, the noise amplitude is regarded
significantly smaller than the measurement signals
(equation (2.9)),

Pn (Xg,w) = Py (Xpyep,w)

<> D; (xg,wr) Wi (Xg, Xs,w1) i (Xs) S (Xs,01)
i=1

2.9
Given these assumptions, equation (2.3) is reduced to

equation (2.10):

Dm (XR7w1) Wm (XR,XS,UJ[) Sm (Xs) S (Xs,wl)
Dy, (Xqu/} Wl) Wi (XRref: XSrefs wl) Sm (XSr(,{f) N (XSrejvwl)
(2.10)

A(XR,Xs,wl) ~

~ Wm (XR7XS7"-)I) .

2.2. Assessment of noise level

The noise level can be used to define the minimum measurable
signal amplitude as a reference. In the current work, the pre-
trigger period Py (Xg,w;) of a measurement is regarded as an
indication of the noise level. Values of P (xg, Xs,w;) are used in
the assessment when they are complying with equation (2.11),
given a positive value for criterion Ay,

P(Xr,Xs,wr)
P} (X, wr)

> Ay. @.11)

2.3. Comparison between measurement and reference AE
signals

The attenuation A (xg,Xs,w;), in conjunction with a noise
level Py (xg,w;), can then be compared to reference amplitude
levels and frequency content of types of AE from literature
that are associated with different damage mechanisms. This
comparison gives insight in the maximum distance between
AE signal source location and sensor location for different
regions of the blade. This is in general relevant for the place-
ment of embedded sensors with respect to the location and type
of damage-induced AE signal to be measured.

2.4. Experimental procedure

For the experimental procedure, first the manufacturing of a
composite marine propeller blade with a network of embed-
ded piezoelectric sensors is described. This followed by a
description of the experiment itself, including AE signal excit-
ation and measurement specifics.

A glass-epoxy composite blade was produced based on
the proposed geometry and stacking sequence by Maljaars
et al [11]. The blade has a length of about 450 mm, width of
400 mm, and maximum thickness of 45 mm at the root. The
production method was vacuum-assisted resin transfer mould-
ing using a closed mould. The lay-up consists of woven fabrics
at the outer layer, followed by alternately stitched unidirec-
tional laminae and chopped strand mat (CSM) layers. In the
middle of a laminate, multiple layers of CSM make up the
core. In figure 1 a general overview of the manufacturing is
shown. Further details on dimensions, layup and material of
the blade may be found in Maljaars et al [11].

A total of 24 transducers were embedded at a quarter
of the thickness of the blade (ply 18-25, closest to suction
side). The concept and transducer distribution can be seen
in figure 2. The transducers were of the PRYY + 0398 type
(PIC255, @5 mm, t0.25 mm). The distribution pattern has
been chosen such that the transducer-to-transducer distance is
lower than 100 mm, as a conservative estimate (made a priori)
for the measurement range of each transducer. Furthermore,
the region near the hub has been left free of sensors in order
to not create stress concentrations ([21, 37, 38]) at this gen-
erally highly loaded region. The exact locations have also
been chosen to be away from ply drops in the laminate. This
has been done to prevent tilting, shifting and uneven load-
ing of the sensor during manufacturing. Wiring was through
bifilar copper cables (0.15 mm). Before placement into the
blade, the sensors were cleaned using isopropanol to ensure
proper adhesion during infusion. During lay-up of the lam-
inae, the wiring was pulled through above laminae up to the
core. Here the wiring was routed towards the hub end of the
blade. After resin infusion and curing, the wires were connec-
ted to a fixture with SMA connectors. Note that for the applic-
ation to the rotating propeller, this fixture is to be replaced by
a slip ring or digital connection with a sufficiently high data
transfer rate in the propeller hub (outside the scope of this
paper).

Before and after the manufacturing, the functioning of the
transducers was tested by measuring their static capacitance.
In total, 22 transducers were operational. Two transducers
were noted to be defective due to wiring breakage during
embedding and demoulding.

The experiment involved simulation of AE signals and
measurement of the propagated waves using the embed-
ded transducers in submerged conditions. A schematic
overview and the final experimental setup are shown in
figure 3.

The blade was suspended into the water tank
(600 x 600 x 600 mm) with blade hub and connectors of
the transducers remaining above the waterline. The tank was
filled with salt water (53 mS cm™!, reference at 25 °C).

The excitations were based on PLBs. These are non-
destructive and generate a wide-band excitation in the fre-
quency range typical for damage-related acoustic emissions.
Five locations on the blade were selected on the pressure side
surface of the blade (A-E). The PLBs are denoted as red
plusses in figure 2. A standard Hsu—Nielsen source was used
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Figure 1. Production of a GFRP marine propeller. The left photograph shows the glass-fibre laminae inside the mould. The right
photograph shows the mould under vacuum for the process of resin infusion. Photographs by W de Bles.

GFRP
propeller blade

Embedded
piezoelectric
sensors

Blade contour
Transducer (number)
Defective transducer
Sensor

PLB (letter)

+0Oxe

-200 -100 0 100

X [mm]

200 300

Figure 2. A GFRP marine propeller blade with embedded piezoelectric sensors: the general concept (left), and expanded view of the blade

with transducer labelling and distribution (right).

Figure 3. The experimental setup: on the left a schematic of the broader setup showing main devices and excitations (left). In the centre a
photograph of the setup, where numbers 1—4 denote the measurement laptop, data acquisition system, preamplifiers and submerged
propeller blade respectively. On the right photograph, the execution of an underwater pencil lead break (PLB) at position E is visible.

(Leads ©0.35 mm, 2 H, extension 3.5 & 1 mm). The PLBs
were repeated at least five times. The PLB excitations were
created by manually submerging the pencil into the water and
bringing it into contact with the blade. During the excitation,
motions were kept minimum to prevent additional radiated
acoustic noise.

During each excitation, 12 out of 22 transducers were used
(since the data acquisition system had total of 12 channels).
The transducers can be seen in figure 2 as blue squares. They
were connected to AEPHS preamplifiers (40 dB), and from
there to an AMSY-6 data acquisition system. The data acquis-
ition system was grounded to the water in the tank. The data
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acquisition system and preamplifiers are shown in figure 3
as parts 2 and 3 respectively. The sampling frequency was
2.5 MHz. The acquisition was hit-based and had a rearm and
duration discretization time of 50 us, and a pre-trigger period
of 50 ps. A digital band-pass filter was applied ranging from
20 kHz to 850 kHz. This ensured that lower-frequency noise,
such as disturbances in the water, were not measured. A detec-
tion threshold of 20 dB (with reference to 1 ¢ V) and a float-
ing threshold (or threshold-to-noise ratio) [39] of 6 dB were
applied.

3. Results and discussion

3.1. Measurements of PLBs

The PLBs from the five locations were detected by all sensors.
An example of a measurement set from PLBs in salt water is
shown in figure 4. The signals are arranged from top to bottom
with increasing arrival time. Note the sequence with respect to
the source location.

For each of the signals, the amplitude is shown in table 1. It
is noticeable that the amplitudes drop when the measurement
location is further away from the source location. The meas-
urements of sensor 4 for source location A are considered as
reference measurements P (XR,ef, Xsrer,wy). This is because the
high amplitudes indicate low attenuation and it is known that
the distance from source to sensor is small, around 30 mm.

3.2. Drop in amplitude spectra along the blade

From the measurements described above, the drop in amp-
litude for specific frequency content is assessed. This follows
the method of equation (2.3) described in section 2. The amp-
litude spectra for both the signals and pre-trigger periods are
obtained through a Fast Fourier Transform. For location A,
mean values of the amplitude spectra of five PLBs are given
in figure 5. Note that for higher frequencies at sensors that
are away from the source, values drop and approach noise
levels. Furthermore, there are peaks discernable in the 100 kHz
and 250 kHz region. These are visible in the measurements
of P (Xgref, Xsrefswi), P (Xg,Xs,w;), and noise Py (Xg,Xs,w;).
Given its presence in both the noise and the reference meas-
urement, these peaks are expected to be caused by the reson-
ance frequencies of the sensors captured in the transfer func-
tion D; (Xg,w).

Individual values from measurements are only used when
compliant with equation (2.11), using an Ay of 3 dB. Mean val-
ues 1 (P (xg,Xs,w;)) are deduced from these individual meas-
urements and used in further analysis. For a more compre-
hensive assessment, a moving average with a span of 10 kHz
is used. Corresponding standard deviations are typically well
below 5 dB.

Since reference and assessment amplitude spectra,
1 (P (Xgref, Xsref,wy)) and p (P (Xg,Xs,w;)), are now defined, it
is possible to determine amplitude drop P (xg,Xs,w;) through
equation (2.10). For PLB locations A—E in salt water and fre-
quencies 100 kHz, 250 kHz and 500 kHz, contour graphs are

made. These frequencies are considered to be representative
of the frequencies associated with different types of failure in
composite materials. The lower and mid frequency are com-
monly related to delamination and matrix cracking, while the
mid and the higher frequency are typical for fibre breakage,
respectively [23]. The contour plots are shown in figure 6.
Here P (xg,Xs,w;) defines the isolines and colour.
From the figure, several observations can be made:

(1) Acoustic emissions are successfully measured by the
embedded sensors when the blade is submerged

(2) The drop in amplitude over distance seems to be gener-
ally monotonic. This may be explained through geomet-
rical spreading and damping effects. Interesting exceptions
to this are at sources B, C and E. Here sensors along the
leading edge (4,6) have relatively large values compared to
sensors deeper in the blade (11,14). This is expected to be
due to the lower stiffness at the edges of the blade, which
can locally magnify the amplitude.

(3) For 500 kHz, there was a limitation in the distance that
the amplitude drop can be quantified. This is due to the
low signal-to-noise ratio at larger distances and higher fre-
quencies. It is noticeable through the smaller domain that
is covered by the sensors.

(4) For 500 kHz, attenuation is higher than for 100 kHz and
250 kHz. Besides shown in figure 6, this is also illustrated
in table 2. Here, amplitude drop is normalised with the dis-
tance between source and sensor to provide an attenuation
metric. Note that the values for 500 kHz are influenced by
point 3.

From table 2, further it can be seen that PLB C has relat-
ively low attenuation values. This is mainly due to the meas-
urement at sensor 14. This sensor is close to source C, yet has
a comparatively low value.

For illustration, acoustic emissions can be assessed
for an indication of their maximum measurable distance
max ||xg — Xs||. Here, specific trajectories are disregarded
by averaging values of p (P (xg,xs,wr)) / ||Xg — Xs||. Further,
different values for the reference amplitude P (Xgyef; Xsref; W)
and noise level Py (xg,w) are considered. An Ay of 3 dB is
taken into account. Values for max ||xg — Xg|| are shown in
table 3.

Table 3 illustrates that for both higher and lower frequency
content and noise level, a distance of 85 mm between source
and sensor typically would be sufficient. However, for a high
noise level and low signal amplitude, a shorter distance would
be necessitated. It should be noted that these values are indic-
ative in nature and that a sensor lay-out can be drastically
optimised. This optimisation can take place when there is
specification of:

(1) The expected location and type of occurring damage

(2) The frequency content and amplitude of these damage
mechanisms

(3) The expected noise level
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Figure 4. Measurements from a PLB at location A-E in salt water: note the general delay in arrival time and increase in dispersion from top
to bottom waveform signals. The waveforms are normalised. The annotation numbers denote the sensor number.

Table 1. Amplitudes belonging to the measurements of figure 4. A grayscale is added to denote low to high amplitude values.

Sensor No. PLB A (dB,v) PLB B (dB,v) PLBC (dB,y) PLB D (dB,y) PLBE (dB,v)

AN BN

11
14
16
18
20
22
24

60
92
81
55
57
71
48
54
47
49
45
50

68
62
60
58
86
63
56
77
60
53
55
49

41
53
55
60
47
54
77
57
75
64
65
56

41
54
53
66
47
56
70
51
64
81
66
68

51
54
57
59
54
52
56
66
67
57
64
57
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Figure 5. Amplitude spectra for measurements P (Xgref, Xsref, wi), P (Xr,Xs,wy) and noise Py (Xg,Xs,w;). Here source Xg = Xgyef is at PLB
location A. The left graph shows the variation in frequency content for reference measurements P (Xgref, Xsref, wr) and its mean. On the right
graph, the mean values of P (Xg,Xs,w;) and noise Py (Xg,Xs,w;) for different measurement locations are given. Note that the subscript
denotes the sensor number as per figure 2.
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Figure 6. Mean drop in amplitude g (I_’ (XR,Xs,wl)) for pencil lead breaks at A-E for frequency components 100 kHz, 250 kHz and

500 kHz. The location of the pencil lead break is denoted by the upright cross. Relevant sensor locations are labelled in black. The white
labelling refers to the isolines.

Table 2. Attenuation p (I_’ (xR,xs,w)) /||xr — xs|| averaged over sensor location in terms of dB 1V mm™'. A grayscale distinguishes low
and high values of attenuation.

fi (kHz) PLB A (dB xV mm™') PLB B (dB #V mm™') PLB C (dB xV mm~') PLBD (dB xV mm~') PLBE (dB xV mm™})

100 —0.18 —0.23 —0.28 —0.19 —0.23
250 —0.22 —0.18 —0.26 —0.21 —0.20
500 —0.28 —0.31 —0.33 —0.36 —0.28
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Table 3. Indication of maximum measurable distance max ||xg — Xg|| for acoustic emissions with reference amplitude P (Xgref, Xsref; W),

noise level Py (Xg,w) and frequency component f;.

P(XR;'ef'7 XSrefvw) (dBMV)

90 70 50 9 70 50

PN (XR,LU) (dBuV)

max ||xg — Xs|| (mm) for f; = (100, 250) kHz

max ||Xg — Xs|| (mm) for f; = 500 kHz

20 20 20 40 40 40
307 216 124 216 124 32
215 151 87 151 87 22

The results indicate that acoustic emissions can be meas-
ured in a submerged composite marine propeller blade using
embedded piezoelectric sensors. Further, typical values for
amplitude drop and attenuation are given. These can in later
research be used to enhance sensor locations.

4, Conclusion

For the purpose of SHM, feasibility of measuring acous-
tic emissions is assessed for a composite marine propeller
blade. In an experimental set-up, a blade with embedded
piezoelectric sensors was submerged into salt water and
excited with PLBs. It was noted that:

(1) Embedded piezoelectric sensors can measure acoustic
emissions on the blade when underwater.

(2) Amplitude drop has a generally monotonic behaviour over
the distance from the source along the blade.

(3) There is more attenuation for higher frequency (500 kHz)
components of an acoustic emission than for lower fre-
quency components (100 kHz and 250 kHz).

(4) For typical source amplitudes and noise levels at 500 kHz
frequency, a lower limit of the maximum distance between
source and sensor was approximated around 87 mm. For
frequencies between 100 and 250 kHz, this is 124 mm. In
the case of high noise (40 dB) and low amplitude (50 dB)
a shorter distance is required. It should be noted that the
source-to-sensor distance can be much improved upon
through anticipation of source location, type, amplitude
and frequency content and noise level.

These observations highlight the feasibility of measuring
acoustic emissions in composite marine propeller blades using
embedded piezoelectric sensors. The presented results open
up further research opportunities, such as optimisation of the
sensor lay-out for different damage types, and damage local-
isation and characterisation methodologies for composite mar-
ine propeller blades. Moreover, these analyses can be used in
conjunction with the measurement of damage-related acoustic
emissions when the blade is in operation or subject to repres-
entative fatigue loading.
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