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Abstract

The settlement of marine organisms on a ship's hull can significantly affect its operational costs. The growth of these
fouling organisms leads to the spread of invasive species, an increased drag caused by water friction, higher fuel
consumption and a corresponding increase in greenhouse gas emissions. Hence, it is crucial to either prevent or remove
biofouling. Traditional cleaning methods which are performed in situ underwater have some ecological and regulatory
drawbacks.

These negative consequences of fouling form the framework for the development of a laser-based underwater ship
cleaning system, whose interaction between laser radiation and its lethal effect on biofouling is investigated in this work.
Biofouling samples from the North Sea were irradiated underwater in a functional demonstrator. The post-treatment
detachment behaviour of the biofouling was investigated for different coating systems at laboratory scale using a
hydrodynamic flow cell, which simulates ship movement at speeds of up to 9.3 knots.

Keywords: blue Laser, under water, shipp hull, cleaning, Biofouling, water flow

1. Introduction

Biofouling refers to the unwanted formation of biological layers on technically relevant surfaces under
water. If a surface is exposed to natural conditions in seawater, a biofilm forms after a short time. This leads
to considerable problems, especially in shipping. The contamination of the ship's hull increases the overall
weight of the vessel, and the roughness leads to an increase in water resistance. This lengthens transport times
and increases energy consumption [1-4]. For this reason, antifouling coatings are often used in shipbuilding,
which offer limited protection against fouling. Therefore, additional mechanical cleaning procedures are used
periodically [5].
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Traditionally, fouling removal on larger vessels is achieved by using brushes that make direct contact with
the surface of the hull. Additional methods include the utilization of rotating blades, which generate a lifting
shear force above the hull surface without direct contact, as well as high-pressure water jets and cavitation
water jets. These techniques aim to mitigate the negative impacts of abrasion on antifouling coatings,
extending their lifespan and reducing the release of biocides into the water environment. Due to the frequent
removal of coating material during the cleaning process, it is necessary to collect the process water and the
removed biomaterial in order to prevent environmental pollution. [6]. A more expensive alternative to in-situ
cleaning of the ship's hull underwater is the cleaning in dry dock. This method is performed when the ship
undergoes a comprehensive examination in dry dock, typically occurring approximately every five years after
delivery. Restricting the ability to conduct in-water cleaning can impose a substantial financial burden on the
shipping industry, resulting in heightened fuel and personnel costs, expensive dry-docking expenses, as well
as income loss during relocation and docking periods [7].

Various studies have already demonstrated the damaging effects of laser radiation on biofilms and cells in
a water environment. These investigations focused on the sublethal/lethal influence of different laser
radiation types, including ultraviolet (UV) radiation [8], visible radiation (VIS) [9-18], and near-infrared
radiation [19]. Pulsed laser radiation with long exposure durations was frequently used, primarily to examine
the fundamental impact of the radiation on organisms. Previous approaches addressed the fundamental harm
caused to organisms in a aquatic environment but did not consider the combination of high-power lasers'
efficacy and the preservation of existing material protection coatings, which is crucial for industrial
applications.

The author's research has already shown that by determining the destruction thresholds of conventionally
used antifouling coatings, no damage is caused to the coating by laser treatment [20]. Furthermore, it has
already been proven that both microorganisms in the water [21] and biofouling on coating samples can be
lethally damaged by laser irradiation, resulting in a cleaning effect [22]. Current studies from other research-
groups deal with laser-induced ablation of surface layers under water [23, 24]. However, the actual research
goal differs significantly, as the results indicate that a complete removal of all layers down to the bare metal
takes place. In this paper, the main objective is to consider the influence of water flow under dynamic
conditions, in addition to the proven lethal damage to the fouling and the resulting time-delayed cleaning
effect, and to derive initial conclusions from this.

2. Experimental setup

First, the experimental setup is described in which the biofouling samples were irradiated under water with
a blue laser. Figure 1 shows a schematic illustration of the setup on the left-hand side. The samples were
moved with a sample holder inside the water tank in z- and x-direction. The blue diode laser source from
Laserline emits radiation at a wavelength of 448 nm with a maximum power of 1.5 kW. To couple the laser
beam from the air into the water, a processing head with a protection window were used. The processing
optics form a line-shaped focus with adjustable line widths to create different power densities. The working
distance between the processing head and the sample surface correspond to the distance the laser passes
through the water. This value of 50 mm was the same for all experiments. The right side of the figure shows
the process in lateral view, with the laser radiation in an on and off state.
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Fig. 1. Left - Schematic experimental setup. Right - Side view during the process with the laser radiation switched off and on. The
coating sample with biofouling on the surface is clearly visible.

The preparation of the fouling samples plays a crucial role in the investigations. To achieve this, glass slides
measuring 76 mm x 26 mm were coated with a red fouling-release coating. These coated slides were then
placed in seawater under natural conditions, allowing biofouling to grow on their surfaces. The accompanying
figure 2 depicts a floating pontoon, which features a central opening where the biofouling samples can be
suspended in the water. Over the course of several weeks to months, the samples become covered with
biofouling, as illustrated in the right-side sample frame in figure 2.

Fig. 2. Left - Swimming pontoon in the North Sea with a hole inside where sample racks can be stored underwater. Right - biofouling
samples in the sample frame after an immersion period of several weeks.

In a future application, the biofouling, which has been lethally damaged by the laser irradiation, is to be
sheared off in the water as a result of the sailing resistance. To simulate the motion of a ship and the resulting
water flow on a laboratory scale, a flow cell was designed and constructed by the Fraunhofer IFAM. The
frequently cited flow cell by Schulz et al. from 2000 served as a reference for the concept [25]. The structure
of the flow cell is shown in figure 3. To ensure the targeted flow rates, the water is fed into the channel using
a centrifugal pump. Control of the water flow is enabled by valves and flow meters. A settling chamber is used
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to remove potential solid particles. Up to 6 samples can be placed in the test section and held in place by
negative pressure while exposed to the water flow.

Fig. 3. Setup of the flow cell ©IFAM

The results obtained in the study [22] showed that the cleaning effect of the laser irradiation occurs with a
time delay. For this reason, different sample stages are compared with each other and evaluated. To illustrate
the stages, a schematic overview of the documentation process is shown in figure 4. State O shows the
biofouling after storage in the North Sea. The duration of this storage varies from two weeks to several months,
depending on the degree of fouling to be investigated. After the irradiation of the fouling samples, the
condition @ is recorded to document the state of biofouling immediately after the laser irradiation in the
experimental setup shown in figure 1. The irradiated sample is then stored back in the North Sea and taken
again after an interval of two weeks. This condition represents the actual time-delayed stationary cleaning
success ). In some test series, the samples are additionally flushed with water in the flow cell to simulate the
movement of the ship and the resulting water flow. The final dynamic cleaning effect is then documented @.
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Fig. 4. Schematic illustration of the experimental procedure and the four different stages of documentation.
3. Results
3.1. Cleaning effect under static immersion conditions

The cleaning performance under static immersion conditions, state ®), is illustrated below using a series of
tests and illustrated in figure 5. Different feed rates at maximum power density were used as parameters. In
the initial state O, the coating samples show clear growth of biofouling. The composition of the different
species varies depending on the sample. In addition to a variety of sea squirts, sponges, hydrozoans and a
general biofouling film are also detected. These species are assigned to the soft fouling group in biology. Hard
fouling organisms such as barnacles can occasionally be observed. Hard fouling poses a significant problem in
shipping because these organisms have a strong adhesive force and are difficult to remove with conventional
cleaning methods.
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Fig. 5. Test series with fouling-release coating (FRC) at maximum power density with different feed rates for the blue laser source. The
circled numbers indicate the documentation status, which was defined in figure 4.

Directly after irradiation with blue laser radiation @), a clear change in the soft fouling organisms can be
perceived. In general, a colour change can be detected, which has a bleaching effect. This means that brown
and green tones become significantly lighter and partly take on a white shade. In addition, transparent and
milky structures lose their transparency and also take on a white hue. The hard fouling organisms do not show
any external changes. However, the general degree of biofouling remains identical directly after irradiation.

The results of a renewed storage in the North Sea of two weeks of the irradiated samples and the non-
irradiated reference, state®), are shown in figure 5. Soft fouling as well as hard fouling in the form of barnacles
are lethally damaged by the laser irradiation and partly detach from the sample surface under static storage
conditions. It is also noticeable that all barnacles still on the sample have not grown and are partly empty from
the inside. The influence of the feed rate shows a comparable cleaning performance at 10 mm/s and 60 mm/s.
The coating itself shows no degradation or other damage effects as a result of the irradiation, as the laser
parameters for the tests were chosen below the destruction threshold of the coating. The reference samples
show clear growth and an increase in biofouling.

3.1. Cleaning effect under dynamic immersion conditions in the flow cell

In addition to the cleaning effect under static aging conditions, the following series of tests focused on the
influence of a water flow in the flow cell. This makes it possible to simulate a dynamic removal of the lethally
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damaged biofouling. In addition, for this series of tests, mainly samples with hard fouling in the form of
barnacles were irradiated (see figure 6), since these have particularly strong adhesive forces. The detachment
behaviour in combination with dynamic flow conditions was of particular importance. The interim result with
the time-delayed cleaning effect under static conditions @) is already clear, analogous to the previous series
of tests. The soft fouling as well as the hard fouling are effectively lethally damaged by the irradiation. On the
samples considered, 100 % of the barnacles are lethally damaged for all feed rates and a large part of the soft
fouling has died. Furthermore, the biofouling generally loses its adhesive properties, so that it falls off even
under static aging conditions.

Fig. 6. Results of irradiation of FRC coatings with subsequent re-aging and a final overflow in the flow cell. Comparison of different feed
rates. The circled numbers indicate the documentation time point, which was defined in Figure 4.

A clearer development is seen when the samples in the flow cell are flown with water at a flow rate of
9.3 kn (5.1 m/s) for two minutes, condition @. The speed is not very fast and corresponds to the normal speed
of ships. This initial flow is enough to rinse off further barnacles and soft fouling. The effectiveness of the
irradiation is particularly clear when compared to the reference samples. In all three reference samples, all
barnacles continue to attach to the surface after the tests in the flow cell. In the irradiated samples, on the
other hand, a large part of the barnacles could be removed, and in one sample even all of them.
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4, Discussion

The lethal damage to the biofouling initiated by the laser irradiation and an associated cleaning effect can
be clearly verified based on the experimental data. Initial results in this direction were already obtained in
previous work [21, 22]. Based on these results, this study was able to confirm and expand upon the previous
conclusions. Samples with more intensive biofouling growth and greater species diversity were irradiated. In
addition to soft fouling, which included sea squirts, sponges, hydrozoans and biofilms, this study also irradiated
samples with hard fouling organisms such as barnacles. All these organisms were found to be lethally damaged
by laser irradiation.

The colour change of the soft fouling organisms allows conclusions to be drawn about the underlying
mechanism of action. The high-energy laser irradiation can cause the pigments present in the cells to reach a
saturation point due to the excessive power and energy density, at which they become damaged by the
photodestructive properties of the pigments, triggering a colour change. Since the pigments fulfil many
different vital functions in the cells and thus in the entire organism, this could be a cause of the lethal damage
together with a variety of other factors.

The barnacles remaining on the sample surface after laser irradiation do not show further growth during
the renewed in situ period. Furthermore, some of the barnacles are hollow from the inside and only the
calcareous skeleton remains. This suggests that these individuals were also fatally injured, resulting in an
almost 100% mortality rate. Looking at the dynamic tests in the flow cell, it is clear that a large proportion of
the barnacles were lethally damaged, reducing their adhesive force and causing them to detach from the
sample surface.

The experiments in the flow cell have shown that by simulating the drag of a ship under water, the cleaning
effect tends to be enhanced, especially in the case of hard fouling. However, it has to be mentioned as a
limitation that fouling on ships is usually formed under dynamic conditions and therefore the compositions
basically differ in some aspects from the fouling formed under static deposition conditions. Nevertheless,
especially the results for hard fouling, which is particularly problematic in shipping, show that the approach
and the effect of the method are target-oriented and represent promising results for future application.

5. Conclusion

In this work, the lethally damaging effect of laser radiation (448 nm) on biofouling and the resulting time-
delayed cleaning effect were investigated. Samples with a more pronounced biofouling growth and a greater
variety of species were subjected to irradiation. In addition to soft fouling, which included sea squirts, sponges,
hydrozoans and biofilms, samples with hard fouling organisms such as barnacles were also irradiated in this
study. All these organisms were found to be lethally damaged by laser irradiation. The main results of this
study can be summarised in the following key points:

e Immediately after irradiation, no cleaning effect is visible. However, the soft fouling shows a
change in colour in particular, in which the intensity is reduced and a bleaching effect occurs. The
colour change is an indication of damage to photodestructive pigments within the cells.

e After a renewed immersion of the irradiated samples for two weeks in the North Sea, the lethal
effect on the organisms can be observed. The adhesion forces are weakened and a large part of
the biofouling detaches from the surface. This is especially the case for the otherwise so resistant
hard fouling such as barnacles.

e The remaining barnacles on the sample surface do not exhibit any growth during the subsequent
aging period. Some barnacles are even hollow inside, with only the calcareous skeleton remaining.
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These observations suggest that these individuals were also lethally damaged, achieving an almost
100% mortality rate.

Dynamic flow conditions in the flow cell prove to be effective in cleaning the lethal damaged
biofouling. The water flow removes a significantly larger amount of biofouling deposits from the
surface compared to static conditions.
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