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Abstract: This paper explains producing a novel ultrasonic system to remove/prevent biofouling
growth from wind turbines’ access ladders by means of producing local ultrasound cavitation.
Using bespoke hardware, an array of high-power ultrasound transducers (HPUTS) and optimally
synthesized signal types to remove/prevent biofouling growth from the ladder without violating the
standard noise level in the sea is explained. This is a non-toxic and non-invasive solution to detach
biofouling and prevent biofilm initiation on offshore structures. It is shown that the marinisation of
the HPUT slightly shifts the main resonance frequency from 28.1 to 27.5 kHz. The vibration output
from the HPUTs with different mounting systems showed that the transducer with the horn could
vibrate the plate at 20 cm from the excitation point, with 300 pm, six times higher than the vibration
output from the marinised HPUT. A transducer array and attachment are proposed to make the
ultrasound noise below the standard underwater noise limits. The produced sound pressure level
(SPL) and sound equivalent level (SEL) from the proposed ultrasonic system was measured. It was
specified that the SPL came below 120 dB at 25 m from the excitation point and the SEL value below
the 173 dB limit. Finally, the effectiveness of the marinised HPUTS on biofouling removal has been
demonstrated with an in-situ measurement, and it was indicated that local biofouling removal could
be achieved.

Keywords: ultrasound vibration; biofouling removal; cavitation noise

1. Introduction

A layer of an organism called biofilm rapidly covers any surface submerged in the
sea. They work as a foundation for biofouling growth. Biofouling is the accumulation
of microorganisms, plant algae, or small marine animals that are not wanted on marine
structure surfaces. Marine biofouling can be divided into two phases or types; micro
and macro biofouling. Microfouling refers to biofilm formed on a material surface due
to bacterial activity. Macrofouling refers to the adherence of organisms such as oysters,
barnacles, soft corals, and seaweed to produce a fouling community (Figure 1a). It is
estimated that 5.7 billion US dollars are spent by governments every year to remove
biofouling. Biofouling occurs mainly in the shipping and offshore industry [1]. Traditional
techniques to prevent fouling build-up include coating the offshore structure with Teflon
and alloys [2–4], nanocomposites, plastics, fiber-reinforced polymers, and alloys. However,
using chemicals or changing the water pH is not feasible due to environmental concerns.
Therefore, water jets are predominately used in the marketplace for biofouling removal.
However, as shown in Figure 1b, using such a technique is costly and requires a marine
vessel. Furthermore, biofouling removal through a high-pressure water jet cleaning method
might damage the coating and add chemicals to the water [5,6].

Exposing the structure to the magnetic and electric field can also remove biofouling [7,8].
In addition, removing biofouling through cavitation generated by ultrasonic waves has
been studied by several researchers [9,10]. Cavitation can be defined as small vapor- filled
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bubbles or voids due to the reduction in the static pressure of the fluid below the liquid’s
vapor pressure [11].

Figure 1. The accumulation of (a) biofouling on the ladder and (b) access to the turbines for mainte-
nance (Source Windcat Workboats B.V.).

Two types of cavitation exist, inertial cavitation and non-inertial cavitation. Inertial
cavitation is when a liquid bubble quickly collapses, producing a shock wave [12,13]. It
occurs in nature in the strikes of mantis and pistol shrimps and the vascular tissues of
plants. Non-inertial cavitation, on the other hand, is the process in which a bubble is forced
to oscillate due to some form of input, such as an acoustic field. This type of cavitation is
often employed in ultrasonic cleaning baths [14,15].

Inertial cavities collapse and generate shock waves when they enter higher-pressure
regions or are exposed to pressure waves [16]. The shock waves are very strong, close to the
imploding bubble but attenuate rapidly compared with a typical acoustic wave in the fluid.
It is mainly the shock wave energy that removes biofouling from the marine structure [17].
The attenuation value from the shock wave is estimated by the inverse square of the
distance until the wave becomes so weak that it follows the underwater acoustic law [18].
Due to such a quick reduction in the shock wave amplitude, Lais et al. [19] recommended
using an array of transducers for biofouling removal. When microbubbles are exposed to
even low-intensity ultra-sonification, a shock wave, and water jet can be produced. Such a
phenomenon was used by Agarwal et al. [20] for biofouling removal. Therefore, to detach
biofouling from marine structures, it is crucial to understand the interaction between the
microbubbles and ultrasound waves.

High-power ultrasound transducers can be optimized to produce high amplitude
vibration for different applications [21], namely in welding [22–24], sonochemistry [25],
cutting [26], cleaning of different food fouling materials [27], and biofouling removal [17]. A
detailed review of power ultrasound’s application has been studied by several researchers.
For example, see [28,29]. Moreover, the generation of cavitation by these transducers is
exploited in different applications [30]. The threshold for producing cavitation in the water
is investigated by several researchers based on broadband noise level [31,32] and other
techniques, which are well explained in reference work [33]. Heikkola et al. [34] used an
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interactive multi-objective optimization method combined with numerical simulation to
suggest the transducer shape with the maximum output vibration.

Lais et al. [21] investigated the effect of different horn shapes; cylindrical, conical,
exponential, and stepped were investigated to identify the one that could produce the
higher vibration amplitude; it was suggested that using a conical shape can produce
a higher vibration. A new configuration of the ultrasonic transducer is proposed by
Lin et al. [35] to produce high amplitude vibration from the piezoelectric crystal in the
longitudinal and radial directions for ultrasonic cleaning purposes.

Moreover, the use of ultrasonic excitation for emitting ultrasound cavitation and
hence removing biofouling from the ship hull [36] and boat [37] was achieved by attaching
the transducer to the inner part of the ship. Low-intensity ultrasound at 23 kHz was
applied by Guo et al. [38] to remove barnacle cyprid. Scherba et al. [39] used a 26 kHz
transducer to remove biofilms, such as bacteria, fungi, and viruses, in an ultrasonic bath.
In addition, Lee et al. [40] suggested using 28 kHz as an optimal excitation frequency to
remove cyanobacteria and algae in an ultrasonic reactor. For biofouling removal from
marine structures, the ultrasound vibration produced from the HPUT in the ocean should
pose no significant threat to marine animals [41,42].

In this paper, a novel electrical system to simultaneously run an array of marinised
HPUTs is explained. The characterizations of the marinised transducer are discussed,
and a solution was proposed to prevent transducer heating for its continuous operation.
As shown in the literature, when HPUTs operate in the air, they can remove biofouling
close to the excitation point [43]. Hence, to remove biofouling from the access ladder
of wind turbines, an array of HPUTs are required. A specific transducer mounting and
array were proposed to make the sound pressure level and sound exposure level below
the limit Sullivan gave [44] and pose no significant threat to marine animals. Finally, an
experimental investigation was conducted to illustrate the successful operation of the
marinised ultrasonic system for removing local biofilm from a rectangular plate.

2. Electrical Equipment and Assembly to Power the Transducer

The components needed to make a system for biofouling prevention include power
ultrasonic cleaning transducers (that are marinised so they can be used in a submerged
environment), a power amplifier, a signal generator, firmware, and control software.

2.1. Marinised Power Ultrasonic Transducers

To perform biofouling prevention with ultrasonic, it is required to generate ultrasound
cavitations using HPUTs that are marinised for underwater operation. This is necessary
to prevent water from entering the internal of the transducer and prevent water from
contacting the electrical transducer terminals. As the system is intended to be used under-
water for extended periods, the marinisation process should last for a long time and be
able to operate at depths of up to 10 m. Figure 2 shows the marinised and non-marinised
transducers used in these experiments. The transducers are the 28 kHz 100 W piezoelectric
ultrasonic transducers (PZT-4) provided by Beijing Ultrasonic Ltd. in Beijing, China [45],
which are designed for ultrasonic cleaning applications and have a frequency of 28 kHz
and a power output of 100 W (without marinisation). The “PZT-4” designation refers to the
piezoelectric material used in the transducer, lead zirconate titanate (PZT). The transducer’s
parts, frontal and back mass and piezoceramics are attached with a prestressed bolt. The
frontal radiating surface has a diameter of 68 mm and involves a built-in 10 mm thread for
horn attachment.

However, marinisation has one main disadvantage: the mechanical performance
of the transducer is degraded. There are two parameters that show this performance
loss. The electrical impedance of the transducer is affected by the marinisation, as shown
in Figures 3 and 4.

As shown in Figures 3 and 4, at the resonance point of the transducer, electric
impedance increases for the marinised transducers from 37.8 to 129 ohms. The effect
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of marinisation on the transducer is increased damping and a reduction in the effective
Q value at resonance. The implication is that the transducers need to be driven with higher
voltage to achieve the rated power and exhibit more heat losses.

Tests were performed to measure the mechanical performance of the marinised trans-
ducers. In addition, they were compared with a non-marinised version using a laser
vibrometer to measure displacements on a plate driven by the transducer. The experimen-
tal rig and configuration are illustrated in Figure 5.

Figure 2. Transducers used in tests: (a) plain and (b) marinised transducer.

Figure 3. Non-marinised transducer, main resonance frequency is 28.1 kHz and 33.4 Ohms.

Three plain mount configurations were used magnetic holder for straight, straight with
resonant horn, and straight screw mount. The Polytec 3D-CLV Vibrometer can measure two
types of displacements: average (FFT method) and Peak to Peak (Time domain method).

The displacements were taken at 20, 30, 40, and 50 cm distances from the transducer
mounting position. The displacement values in picometers obtained for different mount
configurations can be seen in Figure 6.

This indicates that the screw mount configuration, on average, is best for maximizing
mechanical power from the transducer to the plate, while the horn mount shows more
power being delivered at a short distance.
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The graph in Figure 7 shows the maximum averaged peak-to-peak displacements
values obtained using a marinised and non-marinised version of the same transducer in
different configurations. The measurement was done in by 16 times averaging to reduce
the inclusion of the error.

Figure 4. Marinised transducer, main resonance frequency is 27.5 and 119.8 Ohms.

Figure 5. Experimental set-up plate and transducer with horn and magnetic mounting system.
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Figure 6. Maximum averaged displacements for different transducer configurations.

Figure 7. Maximum averaged peak-to-peak displacements for plain and marinised
transducer configurations.

These results show a loss in mechanical energy of the marinised transducers. To
counter the effect of the mechanical losses, the electrical power to the transducer should
be raised. As shown in Figure 4, the marinised transducer presents higher impedance at
resonance. This means that the power used by the transducer is lower when driven with
the same voltages used for the non-marinised transducer. The power can be raised by
increasing the signal voltage accordingly for marinised transducers. Brunel Innovation
Centre (BIC) in TWI in Cambridge has developed a second-generation power amplifier
that can produce more power and fully drive marinised transducers. The power amplifier
is coupled with a programmable signal generator that can generate signals to drive any
ultrasonic power transducers (Figure 8).
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Figure 8. Multi-channel power/signal generator for power ultrasonic applications.

Details of BIC system components specifications are presented below.

2.2. Power Generator Specification

• Fixed power generation, 160 Wrms (or over 1400 W peak), with 300 Vpp (100 Vrms),
4.5 App (1.6 Arms, fuse protection) transducer drive capability.

• High power gain bandwidth (200 kHz)
• Module provides two single channels or one Bridge mode channel.
• Supports a step-up transformer to further increase voltage drive and isolation for

transducers that require ground isolation to operate safely.
• System can drive any UT (Ultrasonic Transducers) at frequencies between 20–200 kHz.

2.3. Signal Generator Specification

• Digital Signal Generators provide maximum flexibility like
• Dual independent signal output channels.
• Digitally synthesized waveforms for maximum flexibility.
• Uses 12-bit DACs running up to 2 MHz sampling frequency.
• Selection of any frequency (20–200 kHz)
• Sweep mode, any rate and frequency range.
• Pulse mode with duty cycle control for all signals generated.
• Arbitrary signal generation by importing synthesized signals from a file (useful for

research purposes).
• Bespoke firmware supported by BIC and can be upgraded with new features and

bug fixes.

2.4. Transducer Design Electrical Connection Precautions

One important aspect of this work is that the transducer vibration face is electrically
connected to one of the electrically driven terminals. To avoid any power amplifier shorting
scenarios, this terminal must be connected to the power amplifier ground. This constraint
does not allow configuring the amplifier to run in bridge mode, which halves the effective
amplifier voltage output. The effect of this constraint is that marinised transducers cannot
be fully driven and will not generate enough mechanical power.

A solution for this is provided by using an output isolation transformer. With an
isolation transformer, one terminal can always be safely grounded; hence the transducers
can be driven at optimal power. The isolation transformers can be designed as a step-up
transformer to further increase the transducer drive voltage, as shown in Figure 9.
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Figure 9. Step up 300 W transformer with isolation with 1 input channel to 2 output channels split.

3. Proposing a Sweep Sine to Cool down the Transducer Automatically

Narrow-band frequency sweeps allow the system to drive the transducers for an
extended period without any tuning or adjustments. The resonant frequency of the trans-
ducers varies in small increments, within +/−500 Hz of its designed frequency, because
of its surroundings: mounting mechanism, water, and attachment onto the structure. To
accommodate for the small adjustments in its resonance, a frequency sweep will excite
between a range of expected frequencies of the deployed transducer.

There are also some practical advantages of using a frequency sweep. Firstly, an
array of transducers can be driven with the same sweep as the resonance frequency of the
transducers. It is not the same between transducers, but their resonance is always covered
by the sweep. Second, the transducers at resonance frequency provide a particularly
challenging reactive load to the power generator, causing strain on the generator and
the transducer, which can start to overheat and get damaged. Using a frequency sweep
indirectly protects the transducer and power generator from damage. A typical sweep
signal can be synthesized using a configuration tool, as seen in Figure 10.

Figure 10. kHz sweep centered at 28 kHz for driving ultrasonic transducers.

Other signal parameters that can be configured for the sweep signal are amplitude,
sampling frequency, and the number of samples used for creating the core sweep signal.
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The signal generator will then output the core sweep signal in a repeat signal to generate a
continuous sweep.

4. Noise Levels in the Ocean Generated by Horn and Non-Horn Marinised Transducers

The objective of this section is to evaluate the noise level produced by the steel and
aluminum marinised transducers with and without a horn. As the cavitation produced by
the transducers is local to the transducer position [46,47], the ladder should be instrumented
with a number of HPUTs to cover the whole ladder for biofouling prevention. Hence, the
noise produced by a different number of sensors is assessed in the measurements described
in this section.

The test rig consisted of a ladder attached to a number of transducers. The transducer
location and the grid of measurement points are illustrated in Figure 11. Transducer 1 has
an aluminum horn, and Transducer 2 has a steel horn; both are rear-mounted to the front
face of the ladder. Transducers 4–6 have no horns and are front-mounted to the ladder.
Transducer 4 is the only transducer that is attached to the rear face of the ladder. As shown
in Figure 11c, the ladders were suspended into the dock from a telehandler on the dock side.

Figure 11. Preparing the test rig, (a) attached transducer to the ladder with (b) their corresponding
number and (c) suspending the ladder into a pool—courtesy of Offshore Renewable Energy, Catapult.

The experimental rig consists of an 80 × 20 × 3 m deck. During the measurements, all
HPUTS were fully submerged in the water, and the ladder was positioned approximately 1 m
away from the quay walls. The measurement grid consists of five rows spaced 14 m apart and
four columns spaced 4 m apart, shown in Figure 12a. A hydrophone survey was undertaken
in the following stages; stage 1—running just transducer 1, stage 2—running transducer 2,
stage 3—running transducer 3, stage 4—running transducer 4, stage 5—running transducers
3 and 4, stage 6—running transducers 5 and 6, stage 7—running transducers 3, 4, 5, and 6.

The produced noise from each stage is recorded through a Porpoise hydrophone. The
standard porpoise hydrophone sensitivity is −204 dB. A Porpoise automatically adds ap-
proximately 10.62 dB gain (Gain 0 = 10.62 dB). This would make the sensitivity −193.38 dB
without adding any gain (Gain 1, Gain 2, Gain 3). The highest gain setting is approximately
Gain 3 = 45.74 dB. Therefore, the sensitivity would be approximately −158.26 dB using
Gain 3.
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Figure 12. Measurement configuration, (a) the grid of measurement points (b) placing the hydrophone
into the pool for the measurement and (c) the hydrophone type used to collect the pressure wave
emitted at each stage—courtesy of Offshore Renewable Energy, Catapult.

To estimate the impact of the produced noise on marine life, the vibration outputs
from the HPUTs’ arrays are analyzed based on power spectrum density and the sound
equivalent value. The PSD can be estimated by

PSD( f ) = lim
T→∞

1
T

E


∣∣∣∣∣∣

T∫
0

x(t)ej2π f tdt

∣∣∣∣∣∣
2
, (1)

where x(t) is the time histories of the signals and E[] is the mathematical expectation in the
interval of [0, T].

Sound exposure level (SEL) is the integration of squared sound pressure over a period
of time, T, and is estimated by

SEL( f ) = PSD + 10 logt
10 (2)

Table 1 gives the minima and maxima associated with the noise produced by the
transducers for each stage. It includes the sound exposure level (SEL) and sound pressure
level (SPL) values associated with each step. As shown in Table 1, the noise was reduced
by approximately 5 (dB) in SEL and SPL for the front mount without a horn compared
with the rear mount with a horn. The aluminum horn transducer was not vibrating at its
resonance frequency; hence, a lower noise level was expected. There is a minor difference
between the noise level at stage 7 compared with stage 6. Therefore, noise cancellation
works. The measurement field is highly reverberant, and the presented maximum value
contains reflections of signal from the rear walls.

The background noise, called noise level, and the noise produced by the transducers
at each stage are presented in Figures 13 and 14. The peaks in the noise level plot are
associated with the sudden operating external sound source close to the pool. From most
of the data demonstrated in stages 1 to 7, a reduction in the SEL can be seen from grid
numbers 1 to 4. However, owing to the reflection of the pressure wave from the other
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end of the pool, the SEL increases in most measurements compared with the SEL at grid
number 4.

Table 1. Minima and maxima sound exposure level (SEL) and sound pressure level (SPL).

Stage Number Max SEL (dB) ref 1 µPa Min SEL (dB) ref 1 µPa Max SPL (dB) ref 1 µPa Min SPL (dB) ref 1 µPa

1 160.3 (dB)—grid point 1 c 148.9 (dB)—grid point 5d 142.5 (dB)—grid 1c 131.1—grid point 5d
2 163.9 (dB)—grid point 1a 155.1 (dB)—grid point 5c 146.7 (dB)—grid 1 a 137.4 (dB)—grid point 5c
3 162.3 (dB)—grid point 1d 149.2 (dB)—grid point 4c 144.5 (dB)—grid 1 d 131.4 (dB)—grid point 4c
4 163.4 (dB)—grid point 1a and 1c 152.4 (dB)—grid point 4a 145.6 (dB)—grid 1 a and c 134.7 (dB)—grid point 4a
5 167.7 (dB)—grid point 1d 158.7 (dB)—grid point 5a 149.9 (dB)—grid 1 d 140.9 (dB)—grid point 5a
6 SEL: 166.1 (dB)—grid point 1c 153.4 (dB)—grid point 5a 148.3 (dB)—grid 1c 135.6 (dB)—grid point 5a
7 SEL: 169.4 (dB)—grid point 1d 159 (dB)—grid point 4a and 5a 151.6 (dB)—grid 1 d 141.2 (dB)—grid point 4a and 5a

The PSDs of the signals for grid 1a at stages 1–7, including the ambient noise, are
plotted in Figure 15. In Figure 15, the maximum sound pressure level is associated with the
one at stage 7, where four transducers are vibrating the ladder. Some other peaks appeared
at very low frequencies, between 20 to 100 Hz. These peaks could be associated with the
resonance frequency of the measurement pool.

To prevent any harm to marine life, an estimation of the sound pressure level is carried
out. To find an approximate attenuation value, free field measurements are recommended.
The attenuation estimated by Fisher, F.H., and Simmons [48] is used for received level
estimations. As illustrated in Figure 16a, the sound pressure level goes below the 120 dB
limit recommended by Sullivan [44] for non-impulsive sounds at approximately 25 m from
the excitation point. Driving eight transducers simultaneously increases the noise level
by 6 dB; hence, the distance at which the sound pressure level falls below the standard
limit is approximately 125 m. It is stated in [44] that if the sound source is in a significant
location for cetaceans, it is not a great concern when the sound source exceeds the threshold
to a range of hundreds of meters. The plotted data in Figure 16b shows that the SEL
produced by the transducer is well below the 173 dB limit recommended by Sullivan [44]
for non-impulsive sounds. Doubling the time will add 3 dB to the SEL value.

Figure 13. Sound exposure levels (SELs) calculated for (a) noise level, (b) stage 1, (c) stage 2, and
(d) stage 3.
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Figure 14. Sound exposure levels (SELs) calculated for (a) stage 4, (b) stage 5, (c) stage 6, and
(d) stage 7.
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5. The Effect of HPUT Vibration on Removing Biofouling from a Plate

To check the effect of ultrasound vibration from a marinised 28 kHz HPUT on remov-
ing biofouling, a rectangular plate was instrumented with it and submerged into a deck
at Hatston Pier, Kirkwall, on 19th March 2021 and removed from the water after approx-
imately 3 months. The electronic system used for this measurement was industrial and
therefore was not matched with the marinised transducer. Hence a lower vibration output
from the transducer, approximately five times, compared to those shown in Figure 15a for
stage 2 was expected. The reduction in the vibration output is associated with a shift to the
resonance frequency due to the marinisation of the HPUT, shown in Figures 3 and 4.

As seen in Figure 17, using a single HPUT with a very low amplitude can prevent
biofouling from attaching to the plate local to the transducer location. The 28 kHz vibration
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frequency is nominated by Lee et al. [40] as an optimal excitation frequency to remove
biofilm. However, owing to the reduction of the plate vibration level at a further distance
from the transducer, biofouling formation occurred. Furthermore, the biofouling removal
can be seen at the boundaries of the plate. This is due to the reflection of the waves at the
boundaries and hence a higher vibration level at such areas [49].

Figure 17. Biofouling removal using an HPUT. The green arrow shows the location of the HPUT at
the back of the plate.

6. Conclusions

In this paper, the design and instrumentation for detaching biofouling from marine
structures using an array of marinised HPUTs have been described. It was indicated that
ultrasound transducers had reduced mechanical efficiency when submerged in the sea.
The marinisation process to protect the transducers from exposure to water is the main
contributor to this mechanical loss. Additionally, the electrical equipment designed for
the typical HPUTs is unsuitable for effectively driving marinised ones, resulting in further
reduced performance. Therefore, an electronic system that delivers better performance and
can drive marinised HPUTs was demonstrated. The developed bespoke signal generator
allows the generation of optimal signals, including the increase in voltage needed to drive
the marinised HPUTs.

A number of experimental studies were carried out to identify the noise level from
different HPUT arrays attached to a ladder. Based on the results, a specific HPUT array and
attachment were proposed to reduce the noise level in the sea. The sound pressure level and
sound equivalent level from the proposed HPUT array are below the 120 dB limit, at 25 m
from the excitation point, and at the 173 dB limit, respectively. Limited biofouling removal
achieved in this study is attributed to the fact that the manufacturer’s amplification is
matched to non-marinised transducers. Nevertheless, the results and discussions presented
in this study suggest that future work could progress on deploying the system again in the
coming summer to test its performance in removing biofouling from a ladder.
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