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Abstract

Biofouling results in a range of adverse issues for ships and boats such as an increase in
hydrodynamic drag force and fuel consumption and increased maintenance cost. To address
this issue, toxic antifouling coatings have been developed. However, these toxic coatings can
pose threats to marine life. This has led to research on less harmful techniques such as
acoustic methods in the main implemented as laboratory trials. In fact, there have been
relatively few sea trials and these are poorly documented. The current work has performed
one of the few implemented field trials and the only one to be fully documented. In this sea
trial, an optimised array of transducers generating ultrasound guided waves was attached to a
hull representative plate in a port environment. The results of this work are evidenced by the
significant reduction in-situ of a wide range of biofouling materials and organisms. The
documented photographical evidence makes up for its scarcity in the published records of
antifouling advances using acoustic techniques.

Keywords: Biofouling, antifouling, sea trials, ultrasonic guided waves, ship hull.

1. Introduction

1.1.  Biofouling consequences for underwater, man-made surfaces

Biofouling is the adhesion, growth and reproduction of biological materials and living
organisms on artificial surfaces, such as ship hulls, in a marine environment. It has two main
components: microfouling, which is the formation of a biofilm and adhesion surface; and
macrofouling, which is the attachment of larger organisms such as barnacles, seaweed,
mussels, and diatoms [1]. Microfouling usually appears within seconds on a ship’s hull after
it is immersed in the sea water [2].

The effects of biofouling can be very problematic for underwater structures especially ship
hulls and submarines. The marine industry spends billions of dollars worldwide in the
prevention and removal of marine fouling. Without using a protective system against marine
fouling deposits, it takes only 6 months that fuel consumption in ships raises up to 40% due
to increased hydrodynamic drag [3]. For example, heavy calcareous fouling is calculated to
increase parasitic shaft torque by 86% in comparison with a hydraulically smooth hull at



cruising speed [4]. The more torque needed from the engine, the more fuel is consumed and
the more environmental contamination may occur. Higher rates of corrosion are another
major concern with biofouling. A hull protective coating may be damaged due to biological
reactions, which makes the hull surface more vulnerable to seawater corrosion [5]. As a
result, the structural integrity of the ship’s hull is compromised sooner. Another consequence
of biofouling is the increase in costs and loss of operation time for maintenance. Moreover,
the substances generally used in the current cleaning processes are usually toxic and released
in the sea [6].

1.2.  Antifouling techniques and associated drawbacks

Biofouling is a significant issue in the marine field, as described above. There has therefore
been considerable interest and attention paid to developing an efficient, environmentally safe
antifouling strategy. Until now a wide range of technologies to control biofouling has been
attempted. A common technique is the use of antifouling toxic coatings. One of these
coatings, for example, included Tributyltin (TBT) compounds and was used worldwide,
reaching almost 70% usage of world voyages [7, 8]. This substance was extremely toxic to
marine life and has now been banned.

A non-toxic alternative against fouling uses acoustic methods. These techniques use
transducers emitting mechanical waves with operating frequencies ranging from audible
(20Hz — 20 kHz) to ultrasonic (above 20 kHz) frequencies. Multiple transducers can be used
cooperatively to form an array that optimises antifouling performance. The topology of arrays
is of high importance due to the effects of nodes and anti-nodes, which cause destructive and
constructive interference respectively at different positions in the interference pattern.
Transmission frequency is another important factor as the change in frequency can change
the magnitude and dominant direction of vibrations and also the position of the antinodes
which then degrades the effectiveness of antifouling [9]. One of the main problems is that the
efficacy of acoustic biofouling prevention decreases with distance from the transducer as the
waves are attenuated as they propagate [10].

A number of studies have been carried out using high power ultrasound waves leading to
strong cavitation that kills barnacles. In research conducted by Kitamura et al. (1995), the
optimum cleaning frequency of 19.5 kHz resulted in 50% barnacle larvae mortality [11]. In
addition, there is considerable concern associated with the negative effects of man-made
noise on marine life. Sound plays a key role for many marine species to navigate and
communicate [12]. There is a number of studies carried out within the audio frequency range.
Some have reported successful results in inhibiting barnacle settlement in laboratory studies
within a low frequency range between 17 Hz and 445 Hz [13, 14]. However, the audible
acoustic techniques can cause hearing mask on some life forms if the noise is within their
hearing range. It means that the auditory tissue of the life form may become incapable of
detecting biologically relevant sounds in its environment [15]. Furthermore, some studies
have reported that the audio sound emitted by ships and vessels especially between 30 Hz and
2 kHz can attract fouling and cause faster growth of biofouling rather than deterring it [12,
16].

Regarding the power commonly consumed by these techniques, Mazue et al. (2011), for
example, were able to remove biofouler and other foulers on a boat through ultrasonic
transducers operating at 20 kHz with 1000 W power consumption [9]. Bott (2000) also used a
piezoelectric transducer with a frequency of 20 kHz and power consumption of 600 W at
three 30-sec treatment intervals per day to remove algae and fungi from a heat exchanger
tube [17].



Finally, it should be noted that many of the studies carried out so far, are within small-scale
laboratory environments with single species. Legg et al. (2015) in a comprehensive review
has discussed and concluded that more photographically documented trials need to be
performed to work out the optimum operational factors and practical conditions of use of an
efficient and environmentally safe acoustic anti-biofouling system for a wide range of fouling
organisms [18]. In fact, it has been extensively reported that the acoustic-based strategies and
technologies for fouling prevention and removal, applied on ships, vessels and docks, are
needed to be improved. To this end, final experiments were carried out as field trials in port
rather than on limited lab-scale experiments for specific life forms. Results are presented and
evidenced with in-situ photographs taken at appropriate time intervals.

In the following section, a brief introduction on the Ultrasonic Guided Waves (UGW) and its
background as a deterrent to the accretion of undesired material on surfaces is presented.
Then the approach adopted in the current work and the experimental characterisation of key
parameters such as operating frequency, wave mode, and optimal transducer array geometry
will be demonstrated. Finally the experimental setup with the results of sea trials will be
presented.

1.3.  Ultrasonic guided waves

Ultrasonic guided waves (UGW) are waves travelling through bounded structures within a
frequency range beyond the human audible range (normally > 20 kHz) and are widely used in
Non-Destructive Testing (NDT). According to wave propagation theory, propagation of
UGW induces displacements and stresses inside a structure which leads to appearing a large
number of oscillation modes [19]. Most wave properties depend on the mode of the
propagating wave. Hence, selecting the proper UGW mode and the right frequency can
generate appropriate displacements on structure’s surface which protects against
unfavourable accretion of materials such as biofouling, ice or industrial dirt. The selection of
appropriate modes not only makes the wave guided to a target for specific purposes but
unlike conventional unguided ultrasound waves, it provides long range coverage of structures
with low attenuation.

In conventional ultrasound techniques, waves propagate as bulk waves. Bulk waves can be in
the form of compression or shear movement of particles in the medium. They usually travel
with constant velocity and the pulses are launched with a wide frequency spectrum.
Conversely, an UGW can be defined as an acoustic wave transmitted via a process that limits
physical dispersion along the propagation direction. The pulses are launched with a narrow
frequency spectrum. Guided waves’ velocities vary with frequency, thickness of the structure
and wave mode. The wave modes are asymmetric and symmetric longitudinal, flexural and
torsional. One of the important steps in this study has been to determine appropriate wave
modes and to select the most effective transducer array for a particular ship hull thickness, as
explained in detail later.

The proposed biofouling prevention system uses UGW with power levels low enough not to
generate cavitation, which might kill life forms. It aims to propagate waves appropriately,
distribute energy uniformly and generate interface displacements. As the UGWs propagate
through structures and reach boundaries, the transmitted and reflected waves interfere to
attain a steady state vibration with the potential to prevent accumulation or growth of fouling
types on submerged surfaces.



2. Experimental development

2.1. Overall approach

This work is a documented investigation into the control of marine biofouling using UGW
and the development of an acoustic fouling prevention. The system consists of an ultrasound
generator and a transducer array, as shown in the Fig.l. This schematic represents the
experimental configuration including the transducer array and the components used in the
ultrasound generator. It also illustrates the details of a system used to attach single
transducers in the array, comprising transducer, structure for housing the transducer and
coupling agent.
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Fig. 1: a) proposed antifouling approach for a ship hull representative plate. ») block diagram showing
ultrasound generator components; ¢) attachment system for a single transducer

To explore this concept, impedance analysis was first carried out for the transducers,
followed by vibrometry analysis to validate the impedance analysis results and to characterise
the appropriate magnitude and direction for antifouling vibrations. Moreover, vibrometry
results evaluated the energy propagation on the contact surface of the transducers at the
selected frequencies. In the following, dispersion curve and wave mode analyses following
the principles of UGW were performed to determine the best excitation wave mode and the
geometrical arrangement of the transducer array that most efficiently deliver distributed



energy over the ship hull represented by the test plate. Finally, the plate was immersed in sea
water in a port and the results were monitored photographically.

2.2. Design of ultrasound generator

To drive the cleaning transducers, an ultrasound generator was developed. As seen in Fig. 15,
the generator is composed of four key parts; a signal generator, power amplifier, impedance
matching circuit, and protection circuit. The maximum power is about 300 W. High voltages
are achievable using this hardware since it runs from the mains supply and uses a step-up
transformer. In practice, however, it is operated well below the maximum output level. The
photographs displayed in Fig. 2 illustrate the developed generator (a), and the antifouling
approach (b) for a successful application.
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Fig. 2: Photograph of the developed ultrasound generator (a), diagram of the antifouling approach (b).

2.2.1. Signal generator

A key part of the signal generator is the pulse width modulator chip. This generates square
wave waveforms. The frequency of the output waveform may be adjusted by changing the
value of a timing capacitor and resistor. In this case, the capacitor has been kept constant and
the resistance is varied using a potentiometer as a variable resistance. The ability to generate
a frequency sweep is a useful feature as it potentially prevents the formation of null points
due to effects such as the interference of transmitted and reflected waves. The frequency
sweep also reduces the possibility of overloading the system due to the low impedance of the
transducers at their resonance frequency. A frequency sweep may be implemented by varying
the voltage across the frequency control resistor with time, using a frequency sweep circuit.
The sweep range and repetition rate are adjusted using two potentiometers.

2.2.2. Power amplifier

A power amplifier circuit is used to convert the logic voltage level waveform from the signal
generator into a high-power, square waveform.

2.2.3. Impedance matching

A voltage step-up transformer provides increased voltage and provides some impedance
matching for the transducers. This can be varied between three levels using a control knob.



2.2.4. Voltage and current protection

Ultrasound cleaning transducers exhibit resonance frequencies where they have maximum
gain. At these resonances, the voltage and current levels can become large potentially causing
damage to the generator so a protection circuit using a step-down voltage and current
transformer and a bridge rectifier circuit is used which converts the output AC voltage and
current waveforms into DC voltages. The DC voltage level is compared to a reference
voltage level. If the DC voltages go above the reference, a shutdown signal is sent to the
signal generator. Initially this required a reset button to be pressed if the protection circuit
was tripped but an auto reset feature has now been implemented that resets the protection
circuit about 10 seconds after the protection circuit has engaged.

2.2.5. Monitoring outputs

The output voltage and current may be too large to be safely monitored directly using a
standard oscilloscope. Two isolated monitoring outputs are, therefore, included. These use
voltage and current step-down transformers to convert the output waveform into low voltage
waveforms that can be safely monitored on an oscilloscope.

2.3. Characterisation of vibration of plates with transducers attached

The transducer array was encapsulated in a waterproof casing. An attachment system
composed of a pipe, flange, spring (or foam) and bolt has been used to house the
waterproofed transducer unit. See Fig. 1(c) for details.

Two types of high power ultrasonic transducers developed by Sofchem for use in fouling
cleaning of small ship hulls were provided to be studied in this work. These transducers were
studied and analysed to deliver optimal vibrations with highest normal-to-plane amplitude.
As mentioned above, the aim of this approach is not the generation of high levels of sound
pressure leading to cavitation, rather it relies on maximising the displacement of the ship hull
substrate.

2.3.1. Impedance analysis

Ultrasound cleaning transducers have narrow frequency bands where they operate efficiently.
These bands show up as minimum points in a transducer’s electrical impedance. It is
important to measure this impedance to assist in the design of the generator hardware, such as
the ultrasound generator impedance matching circuit, and also to identify the optimum
operating frequencies. The resonance frequencies and impedance of the transducers may be
measured using an impedance analyser. Mechanical impedance is a measure of how much a
structure resists motion when subjected to a given force. It relates forces to velocities acting
on a mechanical system. A transducer is a device that converts electrical energy to
mechanical energy and vice versa. Therefore, impedance analysis can be used to find the
resonance frequencies of a mechanical system where the displacement of the transducer
should be higher. These frequencies should correspond to maximum prevention of
biofouling.

Piezoelectric transducers have been modelled using an equivalent circuit [20]. They have
complex input impedance which affects their driving response, bandwidth, sensitivity and
power output. It is therefore convenient to approximate the ultrasonic transducer by an
electrical model shown in Fig. 3.

Both capacitance and inductance, determine the imaginary component of the impedance



Z=R+jX (1)

where Z is the impedance; the resistivity R is the real part, and jX is its imaginary part. At
resonance the magnitude of the impedance is at a minima and the phase between the voltage
and the current changes from approximately -90 degrees to +90 degrees. At resonance, a
large fraction of the electrical energy is converted to mechanical energy. Impedance analysis
can find the resonance frequencies of a transducer where the highest displacements occur and
also gives information about the voltage and current needed by the transducer at each
frequency.
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Fig. 3: Illustration of the electronic equivalent circuit model of a common piezoelectric transducer. Co
is the electrical capacitance of the transducer and Ly, Cn, and Ry describe the resonance mechanical
properties of the transducer.

Four piezoelectric transducers were obtained from Sofchem and their characterisation was
performed as part of the development process. Table 1 lists the transducers and their
specifications in use for fouling removal.

Table 1: Physical properties of selected Sofchem transducers

Transducer Length Diameter First resonance
No. (mm) (mm) frequency (kHz)
1&2 55 56 23
3&4 95 56 45

Each piezoelectric transducer was connected to the impedance analyser which generated a
frequency sweep between 1 kHz and 100 kHz at constant voltage amplitude while measuring
the impedance, transmittance and phase of the circuit at each frequency to be used for the
design of generator impedance matching circuit. The measured impedance is shown in Figs.
4a and 4b. It can be seen that each transducer has different resonance frequencies. The
occurring resonance frequencies are related to the dimensions and materials of the horn of the
transducer and the casing. Figure 4a indicates that the transducers 1 and 2 have the first
minimum about 23 kHz. This minimum has a double peak likely due to the encapsulation
which may affect the resonance frequency of the whole system. Transducers 3 and 4 have a
first resonance frequency about 45 kHz; see Fig.4h. In this case, a pronounced minimum
impedance can be seen.
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Fig. 4: Impedance analysis of the transducers; @) transducers 1&2, b) transducers 3&4

The first resonance frequency of transducers 3 and 4 are very close to the second resonance
frequency of transducers 1 and 2. Potentially transducer 2 could be used to generate both
frequencies which could eliminate the need for transducers 3 and 4 provided that it could
generate displacements larger than transducer 3.

2.3.2. Vibrometry analysis

The impedance analysis gives an indication of the resonance frequencies of a transducer.
However, this does not give an indication of how efficient the transducer is at converting a
voltage waveform into a mechanical waveform. For example, different sections of the
transducer head may be moving in opposite directions causing low transfer of mechanical
energy to a ship’s hull. In addition, the operating frequency to be chosen should resonate
most efficiently in the direction Z indicated in Fig. 5b. It is, therefore, important to measure
the physical displacement across the total surface of the transducer head. This measurement
was carried out using a laser scanning vibrometer. Figure 5a presents a photograph of the
vibrometer experimental setup and Fig.5h shows one of the transducers (No. 2) being tested
in this experiment. A Polytec PSV-400 laser scanning vibrometer and Teletest pulser receiver
system were used for these experiments. The piezoelectric transducers were connected to the
Teletest system and a periodic chirp (wide frequency band) produced. The vibrometer laser
heads detects the displacements at each frequency.



Transducer

(a)

Fig. 5: Photo (@) shows the vibrometer experimental setup for transducer characterisation; Photo ()
shows transducer 2 with arrows drawn on to indicating the reference frame used in the scanning
vibrometer measurements. The z-axis points out from the centre of the transducer head while the x
and y-axis lie in the plane of the transducer head.

The scanning vibrometer analyses the results as an FFT (Fast Fourier Transform) or time and
plot of the actual vibration of the analysed surface as a function of time or frequency. It
resolves the displacement, velocity, or acceleration of the surface into X, Y, and Z axis
components (refer to Fig.5b).

Figures 6a and 6b present examples of the actual vibration of transducer 2 for two different
frequencies in colour spectra. In Fig.6a, it can be observed that, at 47 kHz, the majority of the
contact surface of the transducer vibrates simultaneously. In contrast, at 56.3 kHz, as shown
in Fig.6b, the entire transducer surface is not vibrating simultaneously which means the
transducer would not be able to deliver maximum power through uniform wave propagation
to cover the areas evenly. In other words, this effect would degrade the uniformity of energy
distribution over the target area.

Another important factor is the magnitude and direction of the displacements induced by the
transducers. The displacement of the contact surface of the transducer in the x, y and z
directions, can be seen in Figs. 7a and b for transducers 2 and 3 respectively. In both
transducers, the displacement in the Z axis was much higher than the displacement in the
other two axes due to the compression waves produced by transducers at this mode.



Fig. 6: Contact surface vibration of a sample transducer for two different frequencies; a) f =47 KHz,
b) f=56.3 KHz. A black ring has been drawn over the image to roughly indicate the edge of the

transducer head.

Also, comparing the two figures shows that transducer 2 produces higher displacements than
transducer 3. In transducer 3, according to Fig. 7b, the displacement at 82.3 kHz is much
larger than the displacement at the first resonance frequency. However since the displacement
amplitude due to excitation of the second resonance of the transducer 2 (at f = 47 kHz) is
bigger than those of transducer 3, it is again inferred that transducer 2 at the operating
frequency of 47 KHz is a more appropriate choice. It is worth mentioning that the
displacement amplitude was increased by about 4000 times using the developed high-voltage
input generator in place of the available Teletest system. The displacements due to excitation
of some frequencies above 100 kHz are also high. However, the modes above 100 kHz are
dispersive which is not favourable as will be described in the next section.
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Fig. 7: Displacements in the X, Y and Z-axis of a) transducer 2, b) transducer 3, as a function of
frequency

Also, note that the results of the experiments obtained by both the impedance analyser plot in
Figs. 4 and the scanning vibrometer presented in Figs. 7match closely as expected. In other
words, both Fig. 4a and Fig. 7a indicate the resonances occurring at 23 kHz and 47 kHz.
Similarly, Fig. 4b and Fig. 7b show the resonances at 45 kHz and 82 kHz.

2.3.3. Transducer pair measurements

The geometrical arrangement of the transducers on the ship hull is of high importance as it
can significantly affect the wave propagation and power concentration. It is logical to assume
that higher displacements of the plate, particularly in the Z direction shown at Fig. 5b,
provides higher cleaning efficacy. One of the main factors affecting the displacement of a
vibrating plate is the geometry of the transducer array. In this work, the selection of
frequency, wave mode, interference considerations and the location of the transducers have
been investigated.

Perhaps the most important difference between conventional ultrasonic and guided waves is
the dispersion phenomenon. Dispersion is the change in velocity of a guided wave with
change of frequency. The dispersion curves change with the wall thickness of the propagation
media which is an important factor to be considered in the transducers’ location because it
would influence the energy distribution and attenuation over the plate.

Figure 8 shows an example of a guided wave dispersion curve of a steel plate of 1.5 mm
thickness that plots the phase velocity of each wave mode against the frequency.
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Fig. 8: Dispersion curves for a steel plate of 1.5 mm thickness

These dispersion curves are considered to find the best way to vibrate the ship hull plates. As
can be seen in Fig. 8, only three modes exist below 100 kHz. These modes are the
fundamental modes and are always generated when a plate is vibrated. The selection of wave
modes is done first by looking for a region without dispersion (no change in velocity as the
frequency changes) and with a minimal number of modes to ensure that the energy is not
dispersed. The Ao mode has higher out-planed displacement. This would appear to be a
suitable wave mode to excite as the aim is to look for a mode generating the highest
displacements. In addition, Fig. 8 indicates that frequencies above 100 kHz cannot be of
interest because of the higher number of vibration modes and thus dispersion excited above
that frequency.



The other important factor to be considered in the array arrangement is interference of waves.
Two waves can be superimposed to form a resultant wave of greater or lower amplitude.
Constructive superposition should be used to ensure the highest displacement in the hull
plate. The interference of two waves of equal frequency and phase which are placed at a
multiple of half the wave length, A/2, away from each other can create a constructive
interference.

The wavelength can be obtained through v = f. 1 while the velocity ‘v’ is determined from
the dispersion curves, Fig. 8.

The wavelength can be calculated for any ship hull if the dispersion curves are provided. The
location of the transducers will be then determined. As an example, Table 2 shows the values
obtained for the three fundamental waves using the dispersion curves working out through
the equation v = f. A at f =47 kHz which was already identified as the best frequency.

Table 2: Wave parameters obtained through the dispersion curves displayed in Fig. 8

Mode v (m/s) f(kHz) A (mm)
Ag 2208 47 47
SHo 3405 47 72

So 5676 47 121

Among the three fundamental modes, the shear horizontal wave mode (SHo) causes only in-
plane displacement which therefore is not of interest. Regarding the other two modes, some
preliminary experiments showed that excitation of asymmetric modes (Ao) cause
displacements of higher amplitude than symmetric (So).

To demonstrate this possibility for generating constructive interference, a number of
experiments were carried out using two transducers, numbered 1 and 2 in Table 1, at the
excitation frequency of 47 kHz. The experiment was carried out through 6 different setups. It
is noted that if the wavelength is shorter than the transducer diameter, any multiple of A/2 has
the same effect. For this reason, the transducers have been located in positions at 3A/2 of the
Ao mode, and for comparison also the So mode, on a 2000mm x 1000mm x 1.5mm steel
plate. For each setup, a frequency sweep between 40 kHz and 50 kHz was performed in the
transmission area with different transmitting configuration. The distance between transducers
and the orientation relative to the transmission area were varied. The transmitting transducers
were arranged horizontally, vertically and diagonally, each tested for both A¢ and So mode
wavelengths. The reception area has four sensors located randomly to measure the amount of
energy received at each location. The positions of the four sensors were fixed as displayed in
the general layout in Fig. 9b.

The signals received in the reception area were processed and analysed to understand the
effects of wave propagation. A photograph taken from one of the test configurations is shown
in Fig. 9a. Likewise, Fig. 9b represents the general layout of the experiment with detailed
dimensions.
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Fig. 9: a) Lab experimental set-up for characterising wave modes and the transducer array at f=47
kHz; b) Dimensional details of the general layout of the experiment.

3. Field trial results

The efficiency of the developed approach was evaluated using a test plate in a real marine
environment, where different types of fouling such as algae, fungi and barnacles were
present. Final trial took place at Vlissingen in the Netherlands. The site was a port
environment. It was a secured place with limited access to public and near to the offices of a
CleanShip consortium member which was very helpful in case an onsite inspection was
needed.

The idea of the experiment was to immerse two plates into water; one with the transducers
attached on (test plate) and one (a steel plate) to which no transducer was attached, used only
as a control for the test plate. The test plate setup as displayed in Fig. 10a was a steel 2m x
Im x 0.0015m plate, painted for corrosion protection on which four high power ultrasonic
transducers were mounted. Two of these transducers were operated as the main ones and the
other two played a backup role in the case of any failure. The control plate is also shown in
Fig.10b.
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Fig. 10: a) test set-up consisting of the plate coated by an anti-corrosion paint (white areas) and some
patches coated by a copper-free anti-fouling paint (blue areas), likewise four transducers, and the
underwater camera; b) control plate coated by anti-corrosion paint with no transducer used only as a
control

The position of the array, the wave mode excited by the transducers and the operating
frequency are selected according to the laboratory findings presented in the previous section.
It is mentionable that some patches on the test plate (areas in blue in Fig.10a) were covered
with a copper-free antifouling paint as an additional control. Moreover, an underwater camera
was attached to the plate for monitoring its condition. The plates, as shown in Fig. 11, were
then immersed in water at sufficient separation to deter the possibility that the ultrasonic
waves on the test plate would be affecting the control plate.

The excitation frequency output was 47 kHz at which the Sofchem transducers had the most
effective performance. The experiment was monitored remotely and the pictures taken from
the plate by the underwater camera were transmitted to a laptop in the project office.
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Fig. 11: Immersing the test plate in sea water

The plate status after 32 days in the water indicated no sign of fouling growth. Figure 13
displays a clear close-up photograph of part of the test plate, circled in dashed red in Fig. 10a,
by the diver in which there is no sign of any type of fouling. On the contrary, Figs. 14 show
two different parts of the control plate upon which fouling had already started to accumulate.
Fig. 14b shows the part of the plate circled in red in Fig. 10b.

Comparing all the monitoring photographs of the control and test plates, it could be
confidently inferred that the ultrasonic antifouling system has notable performance in
antifouling and control of fouling growth using significantly low ultrasonic power levels.

Fig. 13: A photograph of the test plate after 35 days in the water with no sign of fouling. This picture
corresponds to the part circled in red in Fig.10a



Fig. 14: Close-up photographs of the control plate after 34 days in water with biofouling growth;
Fig.14b is corresponding to the part circled in red in Fig.10b.

This fact that the developed technique on its own is considerably effective in prevention, but
ineffective in removal, implicitly indicates that the successful antifouling action of this
approach is most likely not based on cavitation which destroys marine life. Rather it most
probably relies on harmonic forces repelling the life types in a constant, gentle way which
leads to the prevention of fouling accumulation.

4. Concluding remarks

This work presented an experimental acoustic study for inhibiting the accretion of biofouling
on a ship hull representative plate using UGWs. In this experiment, a large area of 2 m? was
protected against fouling accumulation using just two commercially available transducers. In
the light of efficiency, these types of wave propagate a long distance with only small
attenuation and are thereby able to cover and protect much greater areas of the hull.

Selecting appropriate resonance frequencies for the transducers to exert a continuous, high
frequency force perpendicular to the hull surface, as observed here in vibrometry analysis,
causes a repelling mechanism to control biofouling without endangering sea life forms.

Finally, it must be noted that the study is a distinct work in terms of presenting an acoustic
experiment well evidenced by in-situ photographs by both an underwater camera and by
visual inspection by a human diver in a sea port environment. The work is one of the few sea
trials ever performed and unlike most of acoustic studies carried out so far does not rely
solely on limited laboratory results for specific type of fouling. Future work will focus on
optimisation and performance indicators such as power and frequency with a view to scale up
the field tests.
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