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Abstract

Without sustainable offshore aquaculture it is impossible to achieve food security
for coastal communities. Growing populations in coastal zones, amounting to
approximately 40% of the entire human population, exert high pressure on coastal
ecosystems and natural resources, and furthermore increase the need for
additional food sources. In coastal zones, marine-based nutrients offer great
potential to meet this demand. With sustainability in mind, extractive species like
mussels and oysters, which require no additional food, are becoming increasingly
more important. Therefore, researchers, industry representatives, and
policymakers alike are seeking to utilize offshore areas for shellfish aquaculture.
To successfully grow shellfish in offshore areas, it is vital to understand the
complex interaction of offshore aquaculture systems with waves and currents.
Modelling these interactions facilitates the development of aquaculture structures
that can withstand these high-energy environments. Therefore, the aim of this
thesis is to increase the understanding of the complex flow around offshore
shellfish aquaculture systems and their interaction with waves and currents. The
literature review reports on the hydromechanic drivers with a focus on the forces,
motion, and wave-structure interaction of bivalve aquaculture systems to lay a
sound basis for the analysis and interpretation of the results. From there, a lack of
information regarding the motions and forces of bivalve aquaculture components
in steady and oscillatory flow as well as a lack of guidance as to how the complex
surface of mussel dropper lines should be modelled is identified. To address these
gaps of knowledge, physical experiments with live blue mussels (Mytilus edulis),
substitute surrogate models, a newly designed aquaculture system, and naturally
floating islands were conducted. The results of these experiments, published in
four journal manuscripts, provide insights regarding the hydrodynamic
coefficients for mussel dropper lines and its influencing parameters. Furthermore,
the procedural design and creation as well as the hydrodynamic fit of a surrogate
structure are shown. Wave and current tests with the novel aquaculture system
and the comprehensive analysis of the hydrodynamic interaction of waves and
floating natural islands in a large-scale facility provide insights regarding the
motion and forces. Combined, the results enhance the understanding of the

hydrodynamic processes around bivalve offshore aquaculture structures.
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Zusammenf assung

Ohne nachhaltige Offshore-Aquakultur ist es nicht mdoglich, die
Erndhrungssicherheit der Weltbevolkerung zu gewdhrleisten. Die wachsende
Bevolkerung in den Kiistengebieten, die etwa 40% der menschlichen
Gesamtbevolkerung ausmacht, belastet die umliegenden Okosysteme und die
vorhandenen natiirlichen Ressourcen. Hunger und die damit assoziierten
gesundheitlichen und sozialen Probleme sind die Folge. In den Kiistengebieten
bieten Nahrstoffe aus dem Meer jedoch grofies Potenzial zur Deckung des
Nahrungsbedarfs. Im Sinne der Nachhaltigkeit gewinnen extraktive Arten wie
Muscheln und Austern, die keine zusatzliche Nahrung benétigen, zunehmend an
Bedeutung. Aus diesem Grund sind Wissenschaftler*innen,
Industrievertreter*innen und politische Entscheidungstrager*innen
gleichermafien bemiiht, ansonsten ungenutzte Offshore-Gebiete fiir die
Muschelzucht zu nutzen. Fiir eine erfolgreiche Muschelaquakultur in Offshore-
Gebieten ist es wunerldsslich, die komplexen Wechselwirkungen der
Aquakulturanlagen mit Wellen und Stromungen zu verstehen. Die Modellierung
dieser Wechselwirkungen erleichtert die Entwicklung von Aquakulturstrukturen,
die diesen hochenergetischen Umgebungen standhalten konnen. Ziel dieser Arbeit
ist es daher, das Verstandnis fiir die komplexen Stromungen um Offshore-
Aquakulturanlagen und ihre Wechselwirkung mit Wellen und Stromungen zu
verbessern. Die Literaturrecherche befasst sich mit den fundamentalen,
hydromechanischen Einflussfaktoren auf marine Systeme. Der Fokus liegt dabei
auf den Kraften, der Bewegung und der Wellen-Struktur-Interaktion von
Muschelaquakulturen, um eine solide Grundlage fiir die Analyse und
Interpretation der Ergebnisse zu schaffen. Die Literaturrecherche zeigt, dass es an
Informationen {iiber die Bewegungen und Kréfte von Muschelaquakulturen in
stationdrer und oszillierender Stromung mangelt. Dariiber hinaus fehlt es an
Anleitungen, wie die komplexe Oberfliche von Muschelkulturleinen modelliert
werden sollte. Um diese Wissensliicken zu schlieffen, wurden physikalische
Experimente mit lebenden Miesmuscheln (Mytilus edulis), potenziell skalierbaren
Ersatzmodellen, einem neu entworfenen Aquakultur-System und schwimmenden
Inseln durchgefiihrt. Die Ergebnisse der Experimente, die in vier Fachzeitschriften
veroffentlicht wurden, geben Aufschluss {iiber die hydrodynamischen

Koeffizienten fiir Muschelleinen und die sie beeinflussenden Parameter. Weiterhin



werden die verfahrenstechnische Auslegung und Erstellung sowie die
hydrodynamische Anpassung eines Ersatzkorpers gezeigt. Wellen- und
Stromungsversuche mit dem neuartigen Aquakultur-System und die umfassende
Analyse der hydrodynamischen Interaktion von Wellen und schwimmenden
Inseln in einer grofstechnischen Anlage liefern Erkenntnisse tiber die Bewegungs-
und Kraftentwicklung. Zusammengenommen verbessern die Ergebnisse das
Verstandnis der hydrodynamischen Prozesse um  Offshore-gelegene

Muschelaquakulturen.

Schliisselworter:
Hydrodynamik — Nachhaltige Aquakultur — Offshore-Technik — Muscheln —
Physikalische Modellversuche — Kréfte — Bewegung
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1. Introduction

1.1. Background

Coastal zones are exhibiting high rates of population growth and continued
urbanization. Currently, around 40% of the global population, 2.85 billion people,
live within 100 kilometers of the coast (UN, 2019a). This number is expected to rise
in the future. The coastal population is projected to increase by 13% (3.21 billion)
till 2035 (Maul and Duedall, 2019). Furthermore, 90% of urban areas are situated
on coastlines (Elmqvist et al., 2019) and the population densities in these coastal
zones are approximately three times greater than the global average (Small and
Nicholls, 2003). The reasons for such a concentration are a combination of
economic, geographic, and societal drivers (de Sherbinin et al., 2012; Hugo, 2011;
Neumann et al., 2015; Seto, 2011). Coastal cities provide numerous incentives for
coastward migration and urbanization. They are perceived as more advantageous
in terms of employment, education and economic benefits when compared to
inland settlements and cities (Dwarakish and Salim, 2015; Gallup et al., 1999;
Sekovski et al., 2012). The increasing population and urbanization are main drivers
of change in coastal zones and generate high pressure on coastal ecosystems,

natural resources, and increase the demand for food products.

As illustrated by the UNs Sustainable Development Goal* (SDG) number 2 (zero
hunger), achieving food security and fighting hunger for a growing global
population is one of the 17 major tasks for the future. To this end, an improved
nutrition, and especially a steady supply of proteins, is needed. Proteins are a
component in almost all biological processes (Cozzone, 2002) and, in general, they
can be obtained from animal- or plant-based sources. Coastal zones are home to a

large variety of animals and plants and marine based proteins harvested in coastal

¢ By adopting the 2030 Agenda, with its 17 Sustainable Development Goals, the 193 member states
of the United Nations have created a framework for national action and global cooperation on
sustainable development. The initiative aims to end poverty and other deprivations and recognizes
the need for strategies that improve health and education, reduce inequality, and spur economic
growth on a global level while preserving and protection the natural resources.



zones offer a great potential to sustainably increase the protein supply for a
growing world population. Fish products are a major global protein source, and
they are a rich source of essential fatty and amino acids, vitamins, and minerals.
Additional benefits include replacement scenarios where land-based meats are
substituted by aquaculture proteins. This has the potential to reduce terrestrial
land use, as less space is needed for the cultivation of land-based livestock if it is
partly replaced by aquaculture. This, in turn, could allow cutting greenhouse gas
emissions through afforestation (R60s et al., 2017). The global production of fish®
is estimated to have reached 179 million tons in 2018, from which 156 million tons
were used for human consumption and the remaining 22 million tons for non-food
uses (FAO, 2020). In 2017, aquatic produce accounted for 17% of the global
consumption of animal proteins, and 7% of all proteins consumed (FAO, 2020).
Capture fisheries are responsible for 54% of all produce (97 million tons), while
marine and inland aquaculture are responsible for the remaining 46%
(82 million tons) (FAO, 2020). An assessment of global fish stocks suggests that
nearly 35% of all fish stocks are currently overfished, 55% are fished in a
sustainable manner with the remaining 10% not being fully exploited (Noakes,
2014). Thus, increasing the catch rate from commercial fisheries for human
alimentation is likely not an option and any increased demand must be met by
aquaculture production (Osmond and Colombo, 2019). This is supported by the
fact, that the volume of capture fishery has been near constant since the late-1980s,
as all species in question have been caught at maximum sustainable yield (Costello
et al., 2020). Since then, aquaculture production has risen proportionately with

global demand. It is needed to fulfill the future demand for marine based proteins.

Against the background of an increasing global population, aquaculture and its
products can increase the global supply of foods while also possessing great
potential to address malnutrition and diet-related diseases in line with the SDGs
of the UN.

5 In this context, the term “fish” includes fish, crustaceans, mollusks, and other aquatic animals, but
excludes aquatic mammals, reptiles, seaweeds, and other aquatic plants.



1.2. Motivation

Currently, aquaculture is mainly focused on coastal areas. This is causing conflicts
with various inshore and nearshore stakeholders, regarding the required space as
well as environmental concerns (Buck, 2004; Froehlich et al., 2017; Naylor and
Burke, 2005; Naylor et al., 2000). To reduce the conflict potential and ease pressure
on nearshore ecosystems, marine aquaculture® is one step towards the large-scale
expansion of marine food production. Against this background, researchers, policy
makers and industry officials are currently promoting a focused effort towards
marine aquaculture (DNV, 2021; European Commission, 2021; Mascorda Cabre et
al., 2021; NOAA, 2011). Figure 1 highlights the importance of marine aquaculture
regarding the stagnating volume of capture fisheries, as well as the expected rise
in production until 2050 when considering a growing food and protein demand

due to an increasing global population.
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Figure 1: Global marine aquaculture production in million tons (Mt) live weight (excluding
seaweed) compared to capture fishery production and the expected rise in global
population. Included is an approximation of the expected production volume till 2050
(after DNV, 2021 & UN, 2019b).

Currently, the aquaculture industry focusses on high-value, mostly carnivorous,
species like salmon, trout, tilapia or marine finfish (Tacon, 2020). Producing one

kilogram of these high value species requires to feed them with up to five

7

¢ Despite growing interest, the terms “marine-“ or “offshore aquaculture” are not well defined
(Froehlich et al., 2017). In the context of this thesis, the terms “marine-" or “offshore aquaculture”
comprise aquaculture conducted an undefined distance off the coast with varying aquatic species.



kilograms of wild fish (Naylor et al, 2000). Consequently, the long-term
sustainability of such an industry remains questionable until the dependence of
capture fisheries on caught fish is reduced. A more sustainable solution regarding
increasing demands for aquatic foods are filter feeders, such as bivalves, who
extract organic matter from the water for their growth. That means that there is no
need to provide filter feeders with an external source of food, as they directly feed
on the nutrients in the water. This results in a relatively cost—effective harvestable
crop if a suitable habitat is provided (Stevens et al., 2008). Bivalves also provide
important ecosystem services by influencing water filtration, nutrient cycling,
habitat structure, species diversity, and food web dynamics (Mascorda Cabre et
al., 2021).

Thus, the focus of this study is set on offshore bivalve aquaculture. In 2018,
17.7 million tons of mollusks, mainly comprised of bivalves, with an estimated
value of USD 34.6 billion were farmed (FAO, 2020). Globally, over 1.5 million km?
could potentially be developed for marine bivalve aquaculture according to
Gentry et al. (2017). This prediction is based on the relative productivity potential
of ocean areas for marine aquaculture and site-selection criteria such as
temperature tolerance, location-specific growth potential and constraints such as
allowable depth or other relevant environmental conditions. Currently, bivalves
are cultivated mainly in suspended cultures. Raft cultures, mainly used in Spain,
consist of metal, wooden or plastic lattices supported by floats (Duarte et al., 2014).
Mussel dropper lines are suspended from the rafts, which are normally floating on
the sea’s surface. Rafts are mainly used near shore, while systems for more exposed
sites exist (Dewhurst, 2016). Longline farming is considered the most promising
system in regard to offshore expansion (Buck and Langan, 2017; Cheney et al.,
2010). Longline farms consist of rows made from vertically oriented dropper lines,
which are suspended from a main line, called backbone. The dropper lines consist
of a polyester rope at the core to which the mussels are attached via their byssus
tiber, the bundled filaments secreted by bivalves. The mussels attach themselves
to the fibrous material during their larvae or spat state and then bind to the
polyester rope as they grow. Floats attached to the backbone provide buoyancy.
Mooring lines ensure the entire system stays in place and fix the structure to the
ground via screws or ballast anchors. In Figure 2, the principal parts of a longline

system are displayed alongside photographs from real life locations.
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Figure 2: (a) Principal components of a longline mussel cultivation system and (b) photograph of a
dropper line ready for harvest attached to a backbone [©Goseberg, N.].

Contrary to the mainly observational and numerical approaches used to estimate
the forces on bivalve aquaculture systems up to date, this thesis focuses on the
hydrodynamic loads of mussel dropper lines and a cultivation system under
laboratory conditions to gain a better understanding of the processes around
bivalve offshore aquaculture systems. The greater motivation for this thesis is to
address hydrodynamic uncertainties to enable researchers, policy makers and
industry officials alike to make informed, fact-based choices regarding bivalve

offshore aquaculture.



1.3. Objectives and Outline

This thesis consists of several studies scrutinizing the complex flow around bivalve
aquaculture structures as well as the structures’ interaction with waves and
currents. The studies comprise physical experiments with live blue mussels
(Mytilus edulis), potentially scalable, substitute surrogate models, a newly
designed aquaculture system, and naturally floating islands. Incorporating the

results from all experiments, the general objective of this thesis is to:

@ separate, detail and discuss the dominant hydromechanic drivers in bivalve

offshore aquaculture systems to improve predictions of motion and forces

within these systems.

To achieve this, the specific objectives addressed in this thesis are to:

@ gain insight into the complex hydrodynamics in the vicinity of mussel

dropper lines in open ocean environments to then separate the
interdependent loads they are subject to.

@ create and evaluate surrogate structures that can be used for live blue
mussels (Mytilus edulis).

@ evaluate and assess drag Cj, and inertia Cy; coefficients of live and surrogate
dropper lines under steady as well as oscillatory flow conditions, including
surface gravity waves.

@ prove the feasibility and functionality of an aquaculture system usable for
the collection and cultivation of mussel spat as well as farming of oysters,
scallops, and seaweed in marine environments.

@ determine and discuss the governing wave and structure parameters
regarding wave dampening and structure movement as well as the main

dissipation mechanisms of natural, floating structures.

The thesis’ state-of-the-art (see Chapter 2) summarizes the general hydromechanic
drivers in marine systems while focusing on forces, motion, and wave-structure
interaction. With this, the state-of-the-art-chapter lays a basis for the analysis and
interpretation of the experiments. Knowledge of hydrodynamic loads on any
floating structure is paramount in determining the necessary mooring and
anchoring mechanisms. The individual and combined influence of steady and

oscillatory flows on the loading of slender structures, such as the mussel dropper



lines, are detailed (see Chapter 2.1). Furthermore, the influence of roughness on
the force evolution of marine structures is presented. The mussel dropper lines can
be assumed to be highly rough. Furthermore, the surface descriptor as an
important parameter to create mussel surrogates mimicking real-life organisms in
laboratory experiments is introduced (see Chapter 2.2). An overview of the wave-
structure interactions regarding mainly aquaculture systems is presented. It
highlights the influence of these systems on the flow and their potential to
attenuate waves in high-energy environments (see Chapter 2.3). Connecting all
these information facilitates identifying the current gaps of knowledge regarding

offshore aquaculture (see Chapter 2.4).

The principal results of this thesis are subject of several international journal
publications (see Chapter 3). The first publication focuses on the creation of
surrogate mussel dropper lines suitable for physical experimentation (see
Chapter 3.1). In this study, the processes involved in 3D-scanning live blue mussel
(Muytilus edulis) specimen are detailed. Based on the scanned data, three distinctly
different surrogate with a common surface descriptor are created. The second
publication focuses on the determination of the drag and inertia coefficients of
mussel dropper lines under steady and oscillatory flow (see Chapter 3.2). In this
study, the loads, a mussel dropper is subjected to in offshore environments, are
separated and studied using physical model tests. The methodology for the
creation of the hydrodynamic coefficients and the respective results are detailed.
This study emphasizes that the choice of the characteristic diameter for a natural
structure such as the mussel dropper lines must be considered regarding the
hydrodynamic coefficients. The third publication focuses on the experimental
modelling of a new system design to cultivate extractive species at exposed sites
(see Chapter 3.3). The experiments serve to determine mooring loads, inclination
angles, and drag coefficients of the structure. Observed snapping loads during the
model and prototype tests are critical for the longevity of the structure and the
results show that they must be considered during the mooring design. The fourth
publication within this thesis focuses on the wave attenuation capacity of artificial
floating islands (see Chapter 3.4). Physical model tests in a large-scale facility
determine the motion of the structure as well as the structure’s capacity to dampen
waves. While not being used in aquaculture, the suspended canopies, and islands

themselves dampen waves in the same manner as floating aquaculture systems.



In this sense, the published manuscripts presented in this thesis give an overview
of different contemporary features of offshore aquaculture, dealing with both
traditional engineering, sustainability, and biology-related aspects, as well as the
potential for wave attenuation and thus shore protection. The outcomes of the
publications within this thesis are reflected in a discussion on the gathered insights
elucidated against the identified gaps of knowledge (see Chapter 4.1). This section
also highlights the limitations of the presented research and shows its applicability
to real-world scenarios (see Chapter 4.2 and 4.3). A graphical overview regarding

the objectives and scope of this thesis can be seen in Figure 3.

Chapter summary 1:

Against the background of a growing global population, the expected demographic changes in coastal
communities resulting in increased urbanization are highlighted. The resulting need for sustainable
food sources, especially proteins, is emphasized. In coastal communities, one such source could be

aquaculture, of which the societal, ecologic, and economic impact is shown.

The motivation of this thesis is based on an effort to extend sustainable bivalve aquaculture into
offshore locations. The challenges and possible benefits, as recorded in literature, are highlighted to

show the potential contribution of bivalve aquaculture to the sustainable protein supply.

The general objective of the thesis to separate, detail and discuss the influencing, hydromechanic

drivers in bivalve offshore aquaculture systems is introduced. To achieve this aim the approach of

combining a comprehensive state of art, the results which have been published in manuscripts, and a

resulting discussion is established.




Objective

Obtain knowledge regarding bivalve offshore aquaculture systems to separate, detail and discuss the influencing,

hydromechanic drivers in order to increase the predictability of motion and forces.

State-of-the-art
Summary of the knowledge regarding the loads on as well as surface roughness and motion behaviour of
marine structures with a focus on bivalve aquaculture. (Chapter 2.1 - 2.3)

y

Knowledge gaps
Identification of persistent knowledge gaps regarding marine structures with a focus on bivalve aquaculture,
particularly dropper lines. (Chapter 2.4)

\

The lack of understanding
regarding system motion and load|
evolution of bivalve aquaculture
systems in energy rich
environments.

b L 7
The lack of hydrodynamic The lack of guidance as to how
coefficients for the safe the complex surface of mussel
determination of loads in offshore: dropper lines should be modelled
environments particularly for and which factors are of
oscillatory flow. importance for engineers.

Scope of work
Analysis and discussion of hydraulic- and geometry-related parameters which act as the drivers in marine systems.

Quantification of hydrodynamic coefficients of drag and inertia on the force evolution in marine bivalve systems.

Theoretical approach
to identify a fitting surface
describtor and create 3D-
printed surrogate
structures for physical
model tests. Based on a
comprehensive 3D-laser
scan of live mussels and a
following treatment of the
gathered 3D-point cloud
data, a systematic
approach employing the
Abbott-Firestone Curve
was developed.
Based on this approach
three distinct surrogates
were developed
for further testing
(Chapter 3.1)

Hydraulic model tests
to separate the complex
interdependent loads
mussel dropper lines are
subjected to in an open
ocean environments are
conducted. Based on the
results a drag coefficient of]
Cd = 1.6 is recommended
for currents with
subcritical flow
regimes. Similarly, the
mussel dropper lines
were subjected to waves
and a drag coefficient of
Cd =2.3 and an inertia
coefficient of Cm =2.1 are
proposed for KC<10.
(Chapter 3.2)

Hydraulic model tests
to prove the feasibility and
functionality of an
aquaculture system.
Results show that the drag
coefficients of the
aquaculture system
decrease with increasing
current velocities
(0.4 - 2.2 m/s) from Cd =2.5
to 0.5 for Re=0.8 to

4.4*10°, while the mooring
inclination increases from
12° to 84°. The largest
values of snap-induced
ftension were up to 10 times|
that of the quasi-static
tension.
(Chapter 3.3)

Hydraulic model tests
to determine and discuss
the governing wave and

structure parameters
regarding wave dampening
and structure
movement as well as the
main dissipation
mechanisms of natural,
floating structures. The
results show that the
structures dampen shorter
waves (T £2.25 s). The
transmission of the incident
waves is reduced by 50%
for the smallest wave
periods (T =1.5s). The
incident waves are
reflected between 20 and

50% for the same wave

period.

(Chapter 3.4)

Result

Profound insight into the hydrodynamic loads and motions of marine bivalve systems. Empirically derived and
analytically proven hydrodynamic coefficients are determined, ready to be integrated into common design formulae to
allow for the save design, operation, and maintainance of aquaculture systems.

Figure 3: Overview of objective and scope of the thesis at hand.



2. State-of-the-art

To allow for a comprehensive analysis and interpretation of the experimental
results and as groundwork for the analysis, this chapter provides an overview
regarding the fundamental as well as recent developments on the topics of
hydrodynamic loads, relevant surface parameters, and wave-structure interaction
in connection with the broader topic of aquaculture. Finally, the resulting
knowledge gaps are presented in detail. The scope of this chapter encompasses
tully turbulent, high-energy flow conditions, which typically prevail in offshore

environments.

For the successful design, installation, operation, and maintenance of offshore
industries, in these conditions, a solid understanding of the hydrodynamics and
its influencing parameters is necessary. To enable a comparison of the flow
processes for various scales and fluid characteristics, the geometric similarity of
the object in flow and their boundary limits need to be established. Furthermore,
the acting forces in the flow system must be in a fixed relationship to one another
at any point in time. To understand the effect of the marine environment on the
object and especially the resulting forces experienced by the structure, certain non-

dimensional parameters’ (see Table 1) play an important role.

Table 1: Relevant non-dimensional quantities.

Parameter Equation

Reynolds number Re = uZD (2.1)
Keulegan-Carpenter number KC = u;T (2.2)
Relative roughness A= k./D (2.3)

7 Further non-dimensional quantities (e.g. diffraction parameter ? and reduced velocity fu—D) exist,
S

but only the most relevant for this thesis are listed here. For further information on these, as well
as the topic of dimensional analysis, see exemplary Chakrabarti (2005).

10



In the equations given in Table 1, Re is the Reynolds number, u is the water particle
velocity, D is the characteristic diameter of the observed object, v is the kinematic
viscosity of the fluid, KC is the Keulegan-Carpenter number, T is the wave period,
A is the relative roughness parameter, and k, is the surface roughness height. The
Reynolds number (1883) is the ratio of inertial forces to viscous forces within a
fluid which is subjected to relative internal movement due to different fluid
velocities in a steady flow. The Keulegan-Carpenter number (1958) describes the
relative importance of the drag forces over inertia forces in an oscillatory flow. The
surface roughness influences the forces on slender objects and especially the values
of the hydrodynamic drag and inertia coefficients differ significantly with the

roughness of the objects surface.

11



2.1. Hydrodynamic loads

The hydrodynamic loads consist of inertial and viscous forces. The loads
hydrodynamic phenomena can transfer to offshore structures are mainly
dependent on the water particle kinematics. These are induced by oscillating and
steady flows and are influenced by a myriad of interdependent parameters
stretching over local (wave height, wave period, water depth, structure
parameters) to global (ocean currents, tides, storm events) scales. The appropriate
engineering approach® for the determination of the hydrodynamic loads
themselves is dependent on the relationship between the characteristic diameter of
the observed object D and the present wavelength L. For slender members of
marine systems, where the presence of the structure is assumed to have a
negligible effect on the passing flow, the Morison equation (1950) is commonly

used to determine the horizontally acting forces. It can be used when the ratio of

relative size of the structure’s diameter D to the wavelength L is g < 0.2.For larger
marine objects, i.e. g > 0.2, where the effect of the structure on the incident wave

tield must be taken into account, the linear diffraction theory introduced by
MacCamy and Fuchs (1954) can be used to approximate the diffracted surface

elevation as well as the occurring loads. In the context of this thesis, a ratio of

% < 0.2 applies for the investigated objects and the Morison approach is applied.

2.1.1. Morison equation

Morison et al. (1950) proposed an empirical method to determine the horizontal
wave force on a slender body (g < 0.2). In that approach, the hydrodynamic
pressure field and horizontal components of water particle velocity and
acceleration for a specific wave theory, which is dependent on the site-specific
wave parameters, are identified and incorporated into the Morison equation (1950)

where nonlinear drag forces Fj, and inertia forces Fy, are superimposed.

8 More complex methods for the determination of fluid forces that include various nonlinearities
exist. These are mainly based on high-fidelity numerical methods like CFD (Donea and Huerta,
2003; Ferziger and Peri¢, 2002).

12



This can be depicted as:

1

where F is the total horizontal force, p is the density of the water, Cj, is the drag
coefficient, u is the horizontal particle velocity, A is the referential area in flow, Cy,
is the inertia coefficient, V is the volume of the structure and u is the horizontal
particle acceleration. The hydromechanic drag and inertia coefficients found in
equation (2.4) are empirical values used to quantify various parameters related to
the shape of the investigated structure, its surface roughness, and the site-specific
wave properties. They are usually determined experimentally. A sketch of the

working principle of the Morison equation (1950) is shown in Figure 4.
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Figure 4: Working principle of the Morison equation (1950) with particle kinematics as the main
driver (after Clauss et al. (1992)).

13



2.1.2. Wave kinematics

The water particle velocity and acceleration needed to solve the Morison equation
(1950) are determined according to their explicit wave theories (e.g. Airy, Stokes,
stream function or cnoidal theory), which are dependent on site-specific metocean
data. These wave theories are based on different idealized boundary conditions
and provide approximations of varying accuracy. Nevertheless, these theories
provide good results, particularly for two-dimensional case studies. These
monochromatic wave parameters are commonly used for practical engineering
questions. More information regarding the fundamental formulations as well as
the presented wave theories is gathered, compiled and available from several
textbooks, providing further information and covering a broader scope than this
chapter (Clauss et al., 1994, 1992; Dean and Dalrymple, 1991; Holthuijsen, 2007;
Méhauté, 1976; Oertel et al., 2015; Sarpkaya, 2010).

In the case of this thesis, the wave theories covered by the experiments in the
journal manuscripts (see Chapter 3.2, 3.3, and 3.4) are shown in Figure 5. There,
the Le Méhauté (1976) diagram, which provides an overview regarding the
applicable range of various wave theories, is superimposed with all input wave
combinations used in the different wave flumes. As can be seen, mainly the linear
Airy wave theory (1845) and Stokes 274 order wave theory (1847) were applied for

intermediate® to deep water waves in this thesis.

% Due to size limitations in the used flumes regarding the water depth, no deep-water waves for all
scenarios could be recreated. The equations shown for Airy wave theory cover intermediate-water
waves. The formulations regarding deep- and shallow-water waves can be found exemplary in
Clauss et al. (1992) or Malcherek (2010).

14
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Figure 5: Overview regarding the applicable range of various wave theories (after Le Méhauté
(1976)) with all design waves used in the journal publications scattered in black, with the

wave height H, the wave period T and the water depth d.

Although Airy (1845) developed his theory for tidal waves, it is the standard
formulation for fundamentally describing waves at sea. These waves are expressed
by the water particle motion, which describes a transport in closed elliptical orbits
where both axes decrease with increasing water depth. The complex derivation is
not shown here, only the result is presented. The water elevation of a linear wave,

running in x-direction, can be depicted as:
H
Nairy = el * cos(kx — wt) (2.5)

where H is the wave height, k = ZT” is the wave number with the wavelength L, x
. " . 21 . . .
is the position in space, w = — is the angular frequency, with the wave period T,

and t is the position in time. The amplitudes of horizontal wave acceleration and

velocity according to the linear Airy wave theory (1845) are given as:

H cosh[k(z + d)]

|wairy| = 2 sinh(kd) coshx — wt) (20
. H cosh[k(z+d)] .
[tairy| = ;wzmsm(kx — wt) (2.7)

where z = 0 is the distance from the still water line and d is the overall water depth

from the still water level.
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Airy wave theory (1845) has been proven to provide best results for small
amplitudes in comparison to the overall water depth. Furthermore, it disregards
the more accurate trochoid-shaped water elevation under waves in favor of a
symmetric, sinusoidal wave profile. However, the waves occurring in nature are
predominantly quite steep, even if the amplitude remains small. Therefore, a more
accurate depiction can be achieved by utilizing more advanced theories, like the
Stokes wave theories (1847). Here, non-linearities are considered, so that for deep
water conditions and waves in the transition region, the motion processes are more
accurately captured. In this thesis, mainly the 24 order wave theory is used. The

expression for the water elevation in the Stokes 2°¢ order wave theory (1847) is:

H mH 3
Mstokesy = 5 * cos(kx — wt) +E (1 + m) coth kd * cos2(kx — wt) (2.8)

The amplitudes of horizontal wave acceleration and velocity are given as:

nH cosh[k(z + d)]
|u5t0kesu| - sinh(kd)

cos(kx — wt)

3 (mH\* cosh 2[k(z + d)] 29)
T (T) sinh?(ed) 08 2(kx — wt)
_ 2m*H cosh[k(z + d)] .
|u5t0kes”| = T2 sinh kd sin(kx — wt)
3m (mH\? cosh 2[k(z + d)] (210
2L (T) sinh* kd cos 2(kx — wt)

where ¢ = %is the wave propagation speed.

2.1.3. Hydrodynamic coefficients

The Morison equation (1950) supplemented by the correct wave theory provides a
practical method to determine the incident wave loads on a marine structure if the
empirical constants of the hydrodynamic coefficients are known. These are
generally determined experimentally by solving Equation (2.4), provided that the
water particle kinematics and inline loads are established. Two methods to
evaluate the hydrodynamic coefficients, a least-squared error approach and a min-
max approach, were used by Heideman et al. (1979). They concluded that the
Morison equation (1950) with constant coefficients can be adjusted to fit measured

local forces and kinematics satisfactorily. Especially regarding cylinders, many
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experiments have been conducted and accepted values of the drag and inertia
coefficient for various cases are available. For further information in this regard
see Sarpkaya (2010), who presents a brief summary of the literature giving explicit
Cp and Cy, values for cylinders alongside suggested values for the hydrodynamic

coefficients.

In the context of this thesis, the Morison equation (1950) is an often-used approach
to determine the hydrodynamic loads on aquaculture systems. In the absence of
experimental data, engineering judgment is necessary to determine the
hydrodynamic coefficients. In numerical studies by Raman-Nair and Colbourne
(2003) and Raman-Nair et al. (2008) mussel dropper lines are modelled as slender
cylinders to which the Morison equation is applied. In their studies, the drag
coefficients have been assumed as C;, = 1.5 and Cp, = 1.2, respectively. The authors
stress the necessity of physical experiments or field tests to obtain realistic values
as no basis for their assumptions is given. A more recent numerical investigation
assumes Cp = 1.1 — 1.7 as realistic values for the modelling of submerged shellfish
longlines (Knysh et al., 2020). Their numerical model of a longline aquaculture
system showed little sensitivity to the exact choice of drag coefficients regarding
the predictions for mooring line tensions and longline dynamics. Detailing the
overall physics of offshore shellfish aquaculture, Stevens et al. (2008) suggest
values of Cp = 1.5, linked to research regarding ultra-rough cylinders. They
concluded that further research within this highly interdisciplinary topic needs to
be conducted in a multi-scale approach, e.g. as feeding and spat retention take
place in an individual scale while load dynamics need to be conducted for parts of
the system or the system as a whole. Xu et al. (2020) assumed the drag coefficient
of mussel dropper lines to range from Cp = 1.1 to 1.2 based on a computational
fluid dynamics approach through a 3D-Large Eddy Simulation. None of these
assumptions are based on validated physical experiments and should be

considered as an estimate.

In a study regarding the hydrodynamic implications of offshore shellfish systems,
a provisional drag coefficient was determined using towing tank tests on a length
of dropper line (Plew et al., 2005). A resulting drag coefficient of C, = 0.89 was
determined. In a later investigation, a drag coefficient of C, = 1.27 was determined

through further physical model experiments (Plew et al., 2009) where mussel shells
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(P. canalicus) were glued onto 10 mm polythene hoses to imitate dropper lines.
Gagnon and Bergeron (2011) report on tests conducted with four 4 m long dropper
lines where a drag coefficient of C, = 1.25 was determined. The dropper lines were
cut by divers and dragged behind a boat where a load cell was located. The
influence of waves and current was not included in the results, which likely affects
the outcome. Gieschen et al. (2021) conducted large-scale experiments on mussel
dropper lines under oscillatory flow covering a wide KC-range from 10 to 380.
They reported drag coefficients of Cp = 3.4 —3.9. However, due to relative
horizontal motion of the dropper lines, further enhancement of the evaluation
method is required for a more precise estimation. The inertia coefficients C, was

not covered.

The results presented above are compiled into Table 2 to show the large
uncertainties regarding the hydrodynamic coefficients as well as the absence of
research on mussel dropper lines in oscillatory flow.

Table 2: Reported values of drag Cj, and inertia C), coefficients for mussel dropper lines. Ranges of
tested Reynolds Re numbers and Keulegan-Carpenter KC numbers are indicated.

Source Steady flow Oscillatory flow
Cp Re [x10¢] Cp Cu KCI[-]

Raman-Nair and Colbourne (2003) 1.5 - - - -

Plew et al. (2005) 0.89 04-12 - - -
Raman-Nair et al. (2008) 1.2 - - - -
Stevens et al. (2008) 1.5 - - - -

Plew et al. (2009) 1.3 1.0-7.0 - - -
Gagnon and Bergeron (2011) 1.25 3.5-10 - - -
Knysh et al. (2020) 1.1-17 >4.0 - - -

Xu et al. (2020) 1.1-1.2 0.39-10 - - -
Landmann et al. (2021a) 1.6 23-14 2.3 2.1 1.9-8.8
Gieschen et al. (2021) - - 3.9 - 10 - 380
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Chapter summary 2.1:

The Morison equation (1950), as an empirical method to determine the wave force on a slender body

D o o o - o o . .
(Z < 0.2) is introduced and the importance of choosing the corresponding, correct wave kinematics

according to their explicit wave theories is highlighted. While a multitude of accepted values of the
hydrodynamic coefficients for various cases is available, is the research regarding bivalve

aquaculture, and mussel dropper lines, is scarce.

The available investigations are based on assumptions or conducted under very idealized boundary
conditions with a limited number of tests. Almost all research focuses on steady flow while also stating
that different results are expected for oscillatory flow. The currently available research does not allow
for a generally valid statement regarding the correct hydrodynamic coefficients used regarding bivalve

aquaculture.
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2.2. Surface parameters

2.2.1. Surface Roughness in marine environments

As mentioned in Chapter 2.1, the hydrodynamic loads a marine object is subjected
to are greatly influenced by the surface roughness of the object itself. Surface
roughness can be defined as a homogeneous or heterogeneous deviation from the
mean level of a surface (see Eq. (2.3)). In Table 3, values for the surface roughness

height k, for various engineering materials are listed.

Table 3: Absolute surface roughness height k, for various engineering materials.

Material [-] Surface roughness height k,. [m]
Concrete 0.003 - 0.005

Rusted steel (corrosion) 0.0015 - 0.004

Steel 0.0001 - 0.0009

Stainless steel 0.000001 - 0.00006

PVC, PE, etc. 0.000015 - 0.00007

As shown in Table 3, a surface roughness height of k,, = 0.000001 corresponds to
the surface of steel (e.g. newly installed monopiles). This is considered as smooth
in marine environments. However, the surfaces of many marine structures are not
smooth. The roughness of the structural surface may originate from multiple
sources. The appendages attached to a structural component of a marine system
can cause irregularities that lead to changes in the flow. Another source of
roughness is marine growth, attaching itself to any surface in contact with marine
waters. The hydrodynamic loads as well as the structural response on a roughened
structure can differ significantly from those that occur on a clean structure under
identical flow conditions. This is due to the parts protruding into the flow as well
as an increase in the effective diameter and the effective mass, which affects the

natural frequency and damping of structure.

Generally, the loads on a slender structure in marine conditions increase with
greater roughness. If the surface of the structure is not smooth, the roughness shifts
the point of flow separation at the structure and the corresponding wake behind

the structure, causing a change in the drag coefficient. The roughness of the
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structural surface breaks up the flow earlier in the velocity field, reducing the
overall velocity and creating a larger wake. In this case, the flow around a rough
surface separates from the surface earlier than would be the case with a smooth
object. This shift triggers a premature and less distinct drag crisis for objects with
a higher roughness. The higher the roughness, the earlier this separation occurs.
This causes the development of a pressure gradient between the up- and

downstream areas of the object.

Considering the Morison equation (1950) (see Chapter 2.1.1), increased roughness
results in a larger drag coefficient Cp, and larger drag force. The inertia coefficient
Cy is affected to a lesser extent by roughness. It increases rapidly and reaches a
maximum at a Reynolds number corresponding to that at which Cp falls to a
minimum. At higher Reynolds numbers, C), decreases to near-constant values that
are lower than a comparable smooth structure. Experiments conducted by
Sarpkaya (1976a, 1976b) and a comparative review by the same author (Sarpkaya,
1990) showed the influence of surface roughness on the hydrodynamic coefficients
of circular cylinders. It has also been demonstrated that the Morison equation is
applicable for ultra-rough cylinders (Wolfram and Naghipour, 1999), to which
mussel dropper lines can be compared when they grow in suspended cultures. For
more general information regarding the influence of surface roughness on the force

evolution along slender bodies consider the work by Sarpkaya (2010).

In the context of this study, desired (e.g.aquaculture) as well as undesired
(e.g. fouling) marine growth is treated from an engineering point of view. From
the moment of submergence, all marine objects are settled by marine micro-
organisms which initiate the settlement of more complex entities (Cooksey and
Wigglesworth-Cooksey, 1995; Jonsson et al., 2004; Railkin, 2003; Schoefs et al.,
2022). This marine growth alters the offshore structure itself and the flow
conditions around it, affecting its performance (Heaf, 1979). The projected area of
the structure is increased as well as the surface roughness, which in turn affects
drag and inertia coefficients and thereby the loads. Consequently, marine growth
is a technical, economic, and environmental challenge affecting most sea-based
activities. It has been the focus of study by oil and gas industries (Houghton, 1978),
naval industries (Woods Hole Oceanographic Institution, 1952), and more recently

aquaculture (Diirr and Watson, 2009; Fitridge et al., 2012), and marine renewable
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energy industries (Gill, 2005; Langhamer et al., 2009; Schoefs and Tran, 2022; Shi et

al., 2012; Soares and Garbatov, 2017). Examples for marine growth associated with

bivalve aquaculture are shown in Figure 6.

Figure 6: Common fouling organisms associated with bivalve aquaculture representing soft and
hard growth with a) Vase tunicate (Ciona intestinalis) [OFitridge et al., (2012)], b) Pink
mouthed hydroid (Ectopleura crocea) [OFitridge et al., (2012)] and c) Green algae
(Chlorophyta) [©Goseberg, N.].

Regarding marine growth, Heaf (1979) examined the potential extent and
importance in regard to the performance of fixed offshore platforms in the North
Sea. He showed that an increased tube diameter due to marine fouling, leads to an
increased projected area and displaced volume and hence to increased
hydrodynamic loads. Furthermore, with an increase in marine growth, the mass

increases, which leads to a decrease in its natural frequency.

Nath et al. (1984) conducted physical experiments in a wave tank with artificially
as well as marine roughened cylinders (k = 0.023 m). The results show that the
maximum force coefficients for a heavily roughened vertical cylinder are tightly
arranged according to the Keulegan-Carpenter number. Furthermore, the phase

angle is similarly much more organized than for the smooth cylinder.

In an extensive study by Theophahatos (1988), horizontally oriented, artificially
roughened cylinders with diameters from D = 0.15 — 0.40 m and roughness
heights from k = 0.0015 - 0.01 m as well as partially roughened cylinders with
diameters of D = 0.40 m and roughness heights from k = 0.008 - 1.0 m and

marine roughened cylinders with diameters from D = 0.31 — 0.40m and
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roughness heights from k = 0.008 - 1.0 m were tested. The results show that
marine growth significantly increases hydrodynamic loads. This increase varies
with the type of marine growth. The most severe increase in drag forces is caused
by kelp growth which may amount to more than 100% compared to that of a
smooth cylinder. The author concluded that marine growth cannot be adequately
characterized by a single parameter such as relative roughness and that further
parameters such as surface cover, species type, and thickness need to be
considered. Similarly, ISO (2019) guidelines recommend that site-specific studies
need to be conducted to establish the likely type, thickness, and depth dependence

of marine growth before a construction is begun.

Wolfram and Naghipour (1999) analyzed data obtained with artificially roughened
circular cylinders (k = 0.023 m) and concluded that a weighted least square

method generally gave the best predictive accuracy.

Henry et al. (2016) visualized and discussed the effect of different types of marine
growth in the wake of a cylinder. Their study highlights the changes on the
cylinder hydrodynamics induced by a developing fouling community, going from

small hard roughness (k = 0.003 m) to fully developed soft fouling (k ~ 1).

Marty et al. (2021) developed a model to represent the hard growth on marine
objects and used it to determine the impact of roughness on drag and inertia
coefficients. The effect of roughness on the drag coefficient for low KC numbers
(~3) in oscillating flow was shown to lead to a 62% increase of drag forces with
increased roughness. The results show a constant difference between the inertia
coefficient of 0.3 between the two rough cylinders with a higher value for the
higher roughness (k = 0.091m and k = 0.136 m). Moreover, they concluded
that most hydrodynamic tests over-simplify the shape of marine growth, and
when it is more realistic, the exact shape is not well documented. Therefore, they
recommend that future research needs to precisely document the relative

roughness, shape, organization, and areal density.

The tested roughness of marine growth as recorded in literature is listed in Table
4 to show the large variations in marine roughness. This shows that the term itself
is not sufficiently defined as it encompasses hard as well as soft growth which has

a high dependency on location as well as biological parameters. The specific effect

23



of the roughness of mussel dropper lines and the importance of the corresponding

characteristic diameters are extensively discussed in Chapter 3.2.

Table 4: Reported values of roughness height for mussel dropper lines as well as surrogate

structures are shown. The ranges of the tested diameter and relative roughness are

indicated (sources are indicated in Table).

Source Description Roughness Diameter Relative roughness
i D
height k A= k/D I
[m] [m]
Nath et al., (1984) Artificially/ marine ~ 0.0047 0.203 0.023
roughened cylinder
Theophahatos, Artificial 0.0015 - 0.01 0.15-0.40 0.005-0.01
(1988) roughened
cylinders
Partially roughened 0.008 - 1.0 0.40 0.02-25
cylinders
Marine roughened  0.008 - 1.0 0.31-040 0.016-2.5
cylinders
Wolfram and Artificial 0.008 0.21-0.51 0.038
Naghipour, (1999) roughened
cylinders
Henry et al,, (2016)  Artificial 0.0 -0.003 0.042 0.0 -0.07
roughened
cylinders
Marty et al., (2021)  Artificial 0.0-0.03 0.16-0.28 0.0-0.136
roughened
cylinders

2.2.2. Surface descriptor and surrogate creation

Based on the importance of surface roughness in regard to marine environments,

a surface descriptor, used in the physical experiments presented in the journal

publications (see Chapters 3.1 and 3.2), is introduced. Surface descriptors are a

numeric representation of chosen surface characteristics of an arbitrary object.

Proceeding from the assumption that drag and inertia coefficients are significantly

influenced by surface geometry and roughness, a precise description of the original

surface is necessary for the design of a surrogate model.
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As a common surface descriptor, the Abbott-Firestone curve (AFC) is selected. The
AFC or bearing area curve (BAC) used as a statistical curve comprising rough
peaks is considered an important tool for describing surface profiles in mechanical
engineering (Gadelmawla et al.,, 2002; He et al., 2022). With this method, a
thorough quantification of an arbitrary surface geometry and porosity in a two-
dimensional plane is possible (Abbott and Firestone, 1933). The AFC displays the
material distribution M, [%] as a function of the fluctuation in material

surface cgepen, [m]. This can be described as:

n
100%
M, (Caeprn) = ——* ) 1i(©) (2.11)
n i=1

where [, is the total length of the recorded section and I; is the length of material
cut at the depth cgepn. The AFC separates its roughness profile into peak, medial
and valley portions (Abbott and Firestone, 1933). These separate planes differ in
depth and main function, e.g. the peak portion has a major influence on a surface’s
run-in characteristics whereas the valley area defines the amount of water that may
be dragged along when interacting with the flow around an object. The depth of
peak, medial, and valley portion is expressed by the parameters reduced peak
roughness Rpg, medial roughness Ry, and reduced valley roughness Ry, (DIN,
1998). In order to achieve an averaging effect, unrepresentative peaks and valleys

which make up less than two percent are disregarded (Abbott and Firestone, 1933).

The AFC enables the separate evaluation of a surface regarding run-in
characteristics, load-bearing capacity, roughness, and absorption of liquids. Since
the AFC has originally been designed as a descriptor for two-dimensional
roughness profiles, a transfer into three-dimensional space is necessary to analyze
the data obtained from the laser scanning of the live mussel specimen. Like the
two-dimensional case, the 3D-AFC is based on an imaginary cutting-plane being
steadily moved downwards from the profiles highest peak to the lowest valley.

This procedure is mathematically described by:

100%
SMr(Cdepth) = A * ff dx dy (2.12)
x’y
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where A4 is the regarded surface within the coordinate system x,y (Lemke et al.,
2003). The 2D-parameters reduced peak roughness Rpy, medial roughness Ry, and
reduced valley roughness Ry can be transferred to 3D and are renamed to reduced
peak roughness Spi, medial roughness Sk, and reduced valley roughness Syx
(DIN, 2012). In 3D, the material portions of peaks and valleys are named SM,,
and SM,,. After having recorded a three-dimensional surface’s AFC, a comparison

with others is possible.

In the context of this work, the AFC is used as the primary surface descriptor and

basis for all surrogate models. As part of this thesis deals with cylinder-roughness

Q

featuring a large unfiltered profile depth P, to cylinder diameter Dc,, ratio of: Di
Cyl

0.5, a definition of the AFC for cylindrical geometries is introduced. Instead of
filtering out the cylinder’s cylindricity and determining the material portion SM,
as a function of height ¢ of a cutting plane, the cylindricity stays untouched
allowing for the profile to be cut with a cylindrical surface A.(r) providing the
material portion as a function of the cutting cylinder’s radius r. Accordingly, the
AFC for cylindrical bodies with a large unfiltered profile depth to cylinder

diameter ratio is defined as:

X Ai(r)

SMr,cylindrical(r) = 100% = e

(2.13)

where ) A;(r) is the profile’s cut surface and A.(r) is the nominal surface of the
cutting cylinder. This is depicted exemplary for a mussel dropper line in Figure 7.
Due to its promising characteristics regarding surface description, the cylindrical
AFC is applied in the creation of the mussel dropper lines. The application of this

process and the created surrogates are presented in Chapter 3.1.
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A
SM (r)=100% = A0

r,cylindrical

Figure 7: Visualization of the creation of the Abbott-Firestone Curve for cylindrical surfaces, here a

27

mussel dropper line with 4;(r), the profile’s cut surface, and A.(r), the nominal surface

of the cutting cylinder is displayed.

Chapter summary 2.2:

The influence of the surface roughness on the force evolution of marine objects is known for a wide
range of materials and system types. The associated processes leading to an increase in loads are
highlighted. Regarding bivalve aquaculture, the research so far shows that marine roughness
encompasses hard as well as soft growth which has a high dependency on location as well as biological

parameters.

Furthermore, the Abbott-Firestone curve as concise tool for describing surface profiles is introduced.

The surface descriptor enables the separate evaluation of a surface regarding run-in characteristics,

load-bearing capacity, roughness, and absorption of liguids. The application towards the creation o
S b &

mussel dropper surrogates is highlighted.




2.3. Wave-Structure interaction

Wave-structure interaction is a key consideration for the safe and cost-effective
design and operation of any marine systems. It refers to the interactions between
waves and any structure in their way. These interactions are visible in front of the
structures as reflections, on the structures themselves as run-up and dissipation,
and behind the structures as overtopping, refraction, diffraction, scattering, and
transmission. Accurate design methods are required to estimate the influence of

these effects, as well as the system response in marine environments.

In the context of this thesis, the protection of marine resources against wave action
is highly important. Breakwaters are often used for the necessary wave
attenuation. These are commonly investigated coastal engineering structures that
reduce the wave action in inshore waters, minimize coastal erosion, and increase
the safety for anchoring or passing marine vessels. Conventionally, these are built
on rubble-mound foundations with quarried rocks, concrete caissons, or rock
armor resting on the slope. However, in the light of growing offshore activities
floating breakwaters are becoming increasingly more important to protect
installations in deeper waters. They are seen as more beneficial with increasing
water depth, as the cost and work required for conventional breakwaters at the
same location drastically increases. As most wave energy is located near the free
surface, as the water particle motion and associated fluid velocity decreases with

the depth, no conventional foundations are needed.

When an incident wave passes a floating structure, the wave energy can be
attenuated by a number of phenomena such as reflection, wave breaking, friction,
vortex formation, vortex shedding, jet mixing, as well as resonance (Sawaragi,
1995). The magnitude of this attenuation is dependent on hydraulic parameters
(e.g. wavelength, wave steepness, obliqueness of incoming waves) and geometry-
related parameters (e.g. length, width, height, mass, and roughness of structure).
For the determination of the overall effectiveness of floating systems,
dimensionless coefficients can be used. In this regard, wave transmission describes
the phenomenon in which the incident wave energy approaches a floating
breakwater at the front, is dissipated to an extent, and a reduced wave is

transmitted at the rear. The resulting transmission coefficient Cr is determined as:
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Cr = 2 (2.14)
H;
with H, being the transmitted wave height and H; being the initial wave height in
meters. The initial wave height is commonly determined using a reflection analysis
in the frequency domain based on a method developed by Mansard and Funke
(1980), which also provides the reflection coefficient Cy of the structure. For regular
waves the reflection coefficient Cy is calculated as:

CR:

H, 2.15
H ( * )

i

with H, being the reflected wave height. When combining equations (2.14) and
(2.15), the determination of the energy dissipation by the structure is possible. A

dissipation coefficient Cp;ss can be calculated as:

Cpiss = ) ’ 1- CI% - C’IZ‘ (2.16)

An overview regarding approximated values for the reflection coefficient of

floating and fixed structures is given in Table 5.

Table 5: Approximated values for reflection coefficients Cy of fixed and floating structures (sources
are indicated in Table).

Structure Reflection coefficient Cy, [-]
Vertical wall with crest above water (Goda, 2010) 0.7-1.0

Cylindrical floating breakwater (Ji et al., 2016) 0.15-0.65

Artificial floating islands (Landmann et al., 2022) 0.1-0.6

Rubble-mound breakwater (Seelig and Ahrens, 1981) 0.1-0.6

Concrete armored breakwater (Goda, 2010) 0.3-0.5

Porous floating breakwater (Wang and Sun, 2010) 0.05-0.35

Natural beach (Goda, 2010) 0.05-0.2

The interaction between waves and a floating system regarding reflection,

transmission and dissipation is described in Chapter 3.4. Floating breakwaters are
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specially designed to attenuate waves. Their construction and operation are
scarcely affected by increasing water depth and they interfere with the overall
water circulation in a negligible manner. However, natural structures consisting of
a variety of wetland plants, aquatic vegetation, kelp beds and oyster reefs can also
serve as breakwaters. As part of a “living shoreline” they can contribute to the
protection of coastal areas (Davis et al., 2015; Palinkas et al., 2022; Saleh and
Weinstein, 2016). These “living shorelines” are defined as natural, shallow water,
shoreline stabilization and habitat restoration techniques that have the potential to
increase the living space for estuarine and coastal organisms (Bilkovic et al., 2016;
Gittman et al., 2016; Moosavi, 2017; Scyphers et al., 2011). Many aquaculture
systems such as those comprised of kelp and mussels (Mascorda Cabre et al., 2021)
can also be considered as nature-based breakwaters with the ability to attenuate

wave energy as well as provide ecosystem service.

Since wave energy attenuates with depth, crop cultivated near the surface like kelp
or mussels is expected to have a larger impact on wave attenuation than beds
growing on the bottom. To this end, several field studies are available, focusing on
the hydrodynamic and environmental impacts of aquaculture installations. In
those, Gibbs et al. (1991) observed flow attenuation of up to 70% in local circulation
patterns around longline systems. Boyd and Heasman (1998) investigated the
effects of the dropper line density on the flow pattern. They observed flow
reductions of 86% and 75% for dropper lines spaced 0.6 m and 0.9 m apart,
respectively. Pilditch et al. (2001) observed a 40% flow speed reduction within an
80 x50 m? suspended scallop culture system. Similarly, Plew et al. (2005)
demonstrated flow speed reductions within longline systems. They observed that
a 650 m x 2450 m mussel farm with suspended dropper lines attenuates the wave
energy by approximately 5% (0.1 Hz), 10% (0.2 Hz), and 17% (0.25 Hz) depending
on the wave frequency. In an observational study by Stevens and Petersen (2011)
the complex flow conditions around shellfish farms are described. Three farm units
with three sections of 32 longlines each were considered. They concluded that the
response of the flow affected by the canopy is complex and highly variable. Newell
and Richardson (2014) reported flow attenuations of 75 —80% arising from drag
due to culture ropes and supporting infrastructure. Zhao et al. (2019) investigated
the wave attenuation characteristics of suspended kelp farms. Their results

indicate that 20 longlines with 100 plants/m could reduce up to 23% of the wave
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energy. Liu and Huguenard (2020) investigated the impact of a floating oyster
aquaculture farm on the intratidal dynamics of a low inflow estuary using field
observations and an idealized numerical model. They observed a streamwise flow
reduction, which affects streamwise advection and hinders development of lateral
circulation near the farm. Zhong et al. (2022) observed that the presence of
suspended mussel farms reduces the flow by more than 79%, 55%, and 34% in the
upper, middle, and bottom layers of the farm center based on a numerical model
and observational results. A work by Shi et al. (2011) concentrated on a three-
dimensional model modified by including two types of drag to study the dynamic
coupling between physical and biological processes of an area used for suspended
aquaculture. The authors showed the vertical structure of currents in a suspended
aquaculture site and determined a 40% reduction in average flow speed. Plew
(2011) conducted flume experiments of suspended canopy configurations and
divided velocity and turbulence profiles into three layers: bottom-boundary,
canopy-shear, and internal-canopy layers. Based on a work by James et al. (2016),
James and O’Donncha (2019) numerically modeled the flow conditions in and
around suspended canopies. An increasing average drag coefficient was observed
with decreasing canopy blockage ratio, and an empirical relationship for the
vertical variation of the drag coefficient was developed. Qiao et al. (2016)
investigated the interactions between suspended canopies and the surrounding
flow in comprehensive physical experiments with varying ratios of canopy to
water column depths. They concluded that the suspended canopy influences the

mean flow structure, the turbulence behavior, and the momentum transport.

This multitude of studies shows that the highly ordered and heterogeneous
canopies created through aquaculture affect the flow, but non-linear effects lead to
highly variable results. The flow alteration in the presence of suspended mussel

dropper lines as recorded in literature is shown in Figure 8.
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Figure 8: Side view of the flow alteration in the presence of suspended mussel dropper lines with
differentiation between three distinct flow layers [after Zhong et al. (2022)].

These interactions describe mostly the effect of the structure on the flow. However,
the motion of the structure itself cannot be neglected. For the safe cultivation of
products, spontaneous motion, which induces high accelerations, needs to be
avoided. The potentially hazardous force peaks on mooring systems introduced
by snap loads must be considered as well. The phenomenon of snap loads has been
investigated in physical (Bardestani and Faltinsen, 2013) as well as numerical
model tests (Hsu et al., 2018; Palm et al., 2017, 2013; Palm and Eskilsson, 2020). Hsu
et al. (2017) conducted physical model tests on a semi-submersible floating
offshore wind platform under currents, waves, and wind. These authors suggest
that an inclusion of snap-induced tension maxima in ultimate limit state
evaluations could be beneficial. Qiao et al. (2020) investigated the occurrence and
conditions for snap loads in mooring lines through the calculation of dynamic
tension under different excitation parameters and influence factors. They
concluded that higher pre-tension provides a benefit for avoiding snap loads in
mooring lines. Observational studies in bivalve aquaculture farms with a focus on
the hydrodynamics, stresses, motion of whole farms of mussel longlines as well as
growth behavior and stock density of the bivalves in exposed environments are
also available (Diaz et al., 2011; Drapeau et al., 2006; Gagnon and Bergeron, 2011;
Garen et al., 2004; Plew et al., 2005). Gagnon and Bergeron (2017) showed that the
tension in and acceleration of submerged mussel longline farms is significantly
smaller compared to surface systems. Stevens et al. (2007) identified tidal loading
as a main contributor to the overall force acting on a surface longline farm and

assumed that oscillating wave forces contribute significantly.

This shows that an understanding of the interactions between marine aquaculture

systems and the marine environment is essential for predicting the sustainability
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in exposed conditions. A large bivalve farm system, including a myriad of mussel
dropper lines, is affected by the flow and itself has an impact on the flow. Further

research is necessary to quantify that impact.

Chapter summary 2.3:

Wave-structure interactions are introduced regarding the wave attenuation potential of floating
structures. As they are a key consideration for the safe and cost-effective design and operation of any
marine system, the main parameters (transmission-, reflection-, and dissipation coefficient) for the

determination of the overall effectiveness are established.

Based on this, the research regarding the effect of bivalve aquaculture systems on the surround flow is

shown. Here the wake effects, system motion and mooring considerations are highlighted.
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2.4. Knowledge gaps

The literature review presented in the previous chapters provides fundamental

knowledge and reports on the recent advances regarding the hydrodynamics

around bivalve aquaculture. It shows that complex flow situations are still

seldomly considered for the prediction of the hydrodynamic loads of offshore

bivalve aquaculture. Evidently, there is a lack of knowledge regarding the effects

of realistic marine flow conditions on bivalve offshore aquaculture systems,

despite the increasing availability of more and more sophisticated laboratories and

numerical models that would allow investigations into such processes. Several

knowledge gaps, relating to the objectives of this thesis, are summarized, and

described in the following:

a

5

4

Commonly, the force coefficients of mussel dropper lines are inferred from
limited towing tests (Plew et al, 2009), or in few cases, by using
observational data from farms (Gagnon and Bergeron, 2017). The
determination of the hydrodynamic coefficients of mussel dropper lines or
their surrogates through physical or numerical experiments has also not
been conducted for oscillatory flow regimes (see Table 2). As summarized
by Gagnon (2019) the hydrodynamic coefficients of mussel suspensions in
waves are unknown. However, it is assumed that their influence is
significant (Stevens et al., 2007).

There is no clear guidance as to how the complex surface of mussel dropper
lines should be modelled. Most experiments over-simplify the shape of
marine growth (Gagnon, 2019), and when it is more realistic, the exact shape
is not well documented (Plew et al., 2009). As stated by Marty et al. (2021)
future research needs to precisely document the relative roughness, shape,
organization, and areal density. It remains unclear to date how appropriate
surrogate dropper lines are with respect to the forces exerted on them as
well as to which parameters influence their behavior.

The influence of bivalve aquaculture structures on the flow is largely well
understood (Zhong et al., 2022). However, the influence of the structure
motion on the force evolution in a prospected move to open ocean
environments is not. In this environment, the maximum forces generated

by waves can be more than one order of magnitude larger than in coastal

34



sites (Gagnon, 2019). Novel approaches are scarce (Heasman et al., 2021)
and the exact adaptation and implementation into existing systems is not

well understood.

Based on the literature review, there is clear need for developing a deeper
understanding of the hydrodynamics around bivalve aquaculture systems to allow
for the development of offshore farming systems. Leveraging the results from the
studies presented in Chapter 3, this thesis aims to support this desired
development of actual systems and design approaches by principally investigating
the hydrodynamic forces and resulting force coefficients of mussel dropper lines

and aquaculture systems in steady and oscillatory flows.

Chapter summary 2.4:
In this chapter, three knowledge gaps identified through the literature review are summarized

First, the lack of hydrodynamic coefficients for the safe determination of loads in offshore environments
particularly for oscillatory flow is shown. Second, the lack of guidance as to how the complex surface
of mussel dropper lines should be modelled and which factors are of importance for engineers is shown.

Third, there is a lack of understanding regarding system motion and load evolution.

Based on this, the need for developing a deeper understanding of the hydrodynamics around bivalve

aquaculture systems is empathized.
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3. Results

Based on the gaps of knowledge identified above (see Chapter 2.4) physical
experiments were conducted in a variety of laboratories to identify and reliably
predict the hydromechanic drivers in bivalve offshore aquaculture systems. The
findings of these experiments, which were submitted as a collection of
international journal publications, are presented below. The sections contain a
shortened and adapted version of the manuscripts abstracts, results, and

conclusions, which are complemented by a selection of the main articles” figures.

All articles have been published under open access licenses and are freely available
for every interested party from the publishers. They can be found by their citation
or Digital Object Identifier (DOI), provided at the beginning of each section in this
chapter.
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3.1. Creation of surrogate mussels

Landmann J., Ongsiek T., Goseberg N., Heasman K., Buck B.H., Paffenholz J.-A.,
Hildebrandt A. (2019); Physical Modelling of Blue Mussel Dropper Lines for the
Development of Surrogates and Hydrodynamic Coefficients. Journal of Marine
Science and Engineering; 7(3):65. https://doi.org/10.3390/jmse7030065

3.1.1. Abstract

In this work, laboratory tests with live bivalves as well as the conceptual design of
additively manufactured surrogate models are presented. The overall task of this
work is to develop a surrogate best fitting to the live mussels based on the
identified surface descriptor. To derive geometrical models of the mussel dropper
lines, 3D-point clouds were prepared by means of multidimensional laser scanning
to obtain a realistic surface model. Centered on the 3D-point cloud, a suitable
descriptor for the mass distribution over the surface was identified and three 3D-
printed surrogates of the blue mussel were developed for further testing. These
were evaluated regarding their fit to the original 3D-point cloud of the live blue

mussels (Mytilus edulis) via the chosen surface descriptor.

3.1.2. Results

The overall aim of the study is to develop artificial surrogates that feature similar
characteristics as compared to the live specimen regarding their hydrodynamic
behavior in currents and waves. To this end, a terrestrial laser scanner was used to
acquire a 3D-point cloud as a digital copy of live in-situ specimen. The acquisition
of the 3D-point cloud was carried out without immersing the specimen into the
wave flume as subaquatic scanning is less accurate and difficult to achieve
(Wozniak and Dera, 2007). Three tripods were pre-mounted to allow for an exact
positioning of the 3D laser scanner. Furthermore, reference points for the spatial
registration were added in the vicinity of the scanning area. The 3D-point clouds
from the differently positioned tripods were combined to a single 3D-point cloud,
with every single point containing information about global x-, y-and z-positions
as well as the intensity. Due to the 3D-point cloud’s quality affected by challenging

scan conditions, e.g. moving live mussels and aquatic animals, wet and black
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surfaces to be scanned, and shifts caused by moving air, the data needed to be
treated. For this and regarding limited computational resources, the 3D-point
cloud was divided into ten separately analyzed sections. A statistical outlier
removal filter was applied to each section to remove unwanted data points. As the
cylindrical AFC assumes a solid body the 3D-point clouds of all generated surfaces
were closed. In total, 4,368,790 single points for all ten sections within 0.915 m long
blue mussel dropper line were considered. A live blue mussel specimen during the
scanning process, the resulting 3D-point cloud, and resulting exemplary solid

bodies used in the section-based analysis are shown in Figure 9.

Photograph Scanned Section-based
of specimen  specimen analysis

Figure 9: Photograph of a specimen during the scanning process, the resulting 3D-point cloud of
the scanned specimen, and the resulting exemplary solid bodies used in the section-based
analysis.

The solid bodies were analyzed regarding the AFC with the procedure introduced
in Chapter 2.2.2. This resulted in the weighted arithmetic average material
distribution (see Figure 10). Generally, the mean specimen had a maximum
diameter of 13.6 cm and a minimum diameter 3.3 cm at the 2- and 98-percentile.
The average diameter of the analyzed sections was determined as 10.3 cm. Three

surrogate models were created centered on the distribution curve.

The first concept (SM 1) was based on a singular mussel, placed multiple times

around a central cylinder. To that end, the length, volume, weight, and width of a
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representative number of sample blue mussel shells were recorded, and a digital
representation was developed with computer-aided design. The average model of
the blue mussel shells was then arranged around a core cylinder (depicting a
mussel crop rope in size/diameter), by varying each shell’s rotation. The mean
weight per unit length was chosen as a metric, and to match the surrogate’s overall

geometry with varying angles as compared to the live blue mussels (Mytilus edulis).

The second concept (SM 2) for a surrogate model was based on the closest fitting
3D-point cloud section to the weighted arithmetic average material distribution.
This is selected because its mass distribution features the most similarity to the
original. The triangulated section estimated the facets not covered by the 3D-scan

due to a blocked field of view.

The third surrogate (SM 3) was based on a reproduction of the weighted arithmetic
average material distribution combined with a simplified geometry. This was
achieved by choosing a slender cylinder with 10 leave-shaped outcrops, and it was
proposed as a more simple, potentially easier to build and scale surrogate,
providing a novel geometric approach to future testing. The combined weighted
arithmetic average material distribution of all sections is depicted in Figure 10

together with the created models.

The three different surrogates have been put forward to investigate their behavior

under steady and oscillatory flows.
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Figure 10: The Abbott-Firestone curve (AFC) of the weighted arithmetic average material
distribution of all scanned sections (black) in comparison to the material distribution of

the three surrogate mussels (SM 1 - 3) created.

3.1.3. Conclusion

A 3D-laser scan of live mussels was conducted, which resulted in the generation
of a 3D-point cloud of 5.4 million data points. A systematic approach employing
the Abbott-Firestone Curve was developed that allows an analysis regarding the
material distribution as a function of the fluctuation in the material surface. With

this approach, three concepts for surrogate models were developed:

@ Concept 1 (SM 1) was based on single, uniform mussels. These were added
to a slender cylinder at different angles of incidence until the mean weight
per unit length was equal to the original live mussel data recorded.

@ Concept 2 (SM 2) was based on the closest fitting 3D-point cloud section of
the live mussels regarding the weighted arithmetic average material
distribution.

@ Concept 3 (SM 3) was a reproduction of the weighted arithmetic average

material distribution through a much simpler geometry.

The developed surrogates featured similar characteristics to the live mussels
regarding the chosen surface descriptor. In the future, a validation of the
hydrodynamic characteristics is necessary to provide a scalable surrogate dropper

line that can be used in a variety of applications. The three created surrogates will
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allow for further testing without constraints regarding the longevity of the mussels

and will be evaluated regarding their comparability to the live-mussel data.

Chapter summary 3.1:

This chapter presents the conceptual design of additively manufactured surrogate models for mussel

dropper lines based on a surface descriptor.

Based on a comprehensive 3D-laser scan of live mussels and a following treatment of the gathered
3D-point cloud data, a systematic approach employing the Abbott—Firestone Curve was developed.
It allows an analysis regarding the material distribution as a function of the fluctuation in the material

surface.

Based on this approach three distinct surrogates were developed for further testing. The first concept

(SM 1) was based on single, uniform mussels, the second concept (SM 2) was based on the closest

fitting 3D-point cloud section while the third concept (SM 3) was a reproduction of the material

distribution through a much simpler geometry.
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3.2. Determination of drag and inertia coefficients of
shellfish dropper lines under steady and oscillatory

flow

Landmann, J., Frohling, L., Gieschen, R., Buck, B.H., Heasman, K., Scott, N.,
Smeaton, M., Goseberg, N., Hildebrandt, A. (2021); Drag and inertia coefficients of
live and surrogate shellfish dropper lines under steady and oscillatory flow. Ocean
Engineering; 235:109377, https://doi.org/10.1016/j.oceaneng.2021.109377

3.2.1. Abstract

In this work, physical experiments with suspended bivalves provide new insights
into their drag and inertia coefficients. Live bivalves and the manufactured
surrogate models at a 1:1 scale (see Figure 11) were tested in a towing tank as well
as under waves. The drag coefficient of live blue mussels (Mytilus edulis) was
determined to be C, = 1.6 for Reynolds numbers between 2.3 x 10* and 1.4 x 10°
using towing experiments. The hydrodynamic coefficients obtained from wave
tests were Cp = 2.2 and Cy = 2.1 for Keulegan-Carpenter numbers KC < 10. In
a pursuit to better understand the differences between live mussels and surrogates
in laboratory conditions, the analysis revealed that appropriate surrogates can be
identified. Furthermore, a method to determine the characteristic diameter of

mussel dropper lines is suggested.
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Figure 11: Live mussel dropper line (LM) next to surrogate mussel dropper line 1 (SM 1), surrogate
mussel dropper line 2 (SM 2) and surrogate mussel dropper lines 3 (SM 3).

3.2.2. Results

In the experiments reported herein, Reynolds numbers ranged between
Re = 2.3 x 10* and Re = 1.4 x 10°. This covers the sub-critical flow regime
under steady currents and corresponds to the current velocities expected in marine
environments. The wave towing tank alongside the measurement setup used in

these experiments is shown in Figure 12.
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Figure 12: Sketch of the wave and towing tank in top and side view, highlighting the run length of
the towing carriage as well as the position of the wave machine and dissipative beach.

The overall results regarding the steady flow experiments are shown as a scatter
plot (see Figure 13). The drag coefficients are plotted as a function of the
corresponding Reynolds numbers. Horizontal lines indicate the overall median

values for all corresponding tests, for both live mussels and the tested surrogate

models.
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Figure 13: Drag coefficient C;, of mussel dropper lines (a) and surrogates 1-3 (b) with an indication
of the median drag coefficients obtained from steady flow experiments as colored crosses.
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As can be seen, the median drag coefficient of the live mussel dropper lines is
Cprm = 1.6. The drag coefficients of the three surrogates were generally lower than
the live mussel results, with median values of Cp g1 = 0.9 for the first, Cp gy, = 1.0
for the second, and Cp, 513 = 0.8 for the third surrogate type. The data points of each
test are shown in grey scale and the median values of each test are depicted as
colored cross symbols. The statistical median value was chosen as a descriptor as
it is robust against outliers. Outliers present in the data contribute to the large
spreading. The force contribution of the test frame was separated from the force
contribution of the mussel dropper lines via a Cp-dependent mathematical
adjustment of the measured forces. With the subtraction of the zero-test forces, the
measured load level was reduced and this, in combination with vibrations in the
velocity measurements from the rotary encoder, leads to the outlying low drag

values especially for lower Reynolds numbers.

The use of three different lengths of dropper lines during testing explains the larger
variance of the live mussels, in comparison to the surrogates. These live dropper
lines varied in diameter and mass and exhibited natural variations in mussel
density and marine growth, i.e. soft growth like algae, anemones or sponges, and
secondary seeding. The inclusion of them in one dataset increases the amount of
data available and the confidence in the results while slightly aggregating the
variance. For Reynolds numbers larger than Re = 6.5 x 10%, a clustering of the
drag coefficients is apparent as the mussel shells and the edges of the surrogate
bodies promote flow separation. This behavior has been observed in the
comparison of smooth and highly rough cylinders (see Chapter 2.2.1), where rough
cylinders show near constant drag coefficients while the drag coefficients of
smooth cylinders change significantly with Reynolds numbers (Allen and
Henning, 2001). Therefore, constant values were used as an indication of the drag
coefficient. Less outliers, or conversely, closely scattered data points, coincide with
the increasing velocity. The relative error of the drag coefficients is largest where
towing velocities are lowest, i.e. when the measured force is lowest. These current
velocities around 0.1 m/s to 0.2 m/s are potentially influenced by the quality of the
force measurements. Compared to realistic oceanic conditions, the range of small
towing velocities is not as relevant for the design of marine aquaculture farms as
the higher flow velocities; yet, for the sake of completeness are still reported here

(Heasman et al., 1998). In regard to investigations pertaining to limiting biological
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factors, e.g. seston concentration and initial mussel growth (Rosland et al., 2011),
number of mussels in a cluster including attachment properties (Brenner and Buck,
2010), as well as hitchhiker/fouling organisms on the mussel shell (Telesca et al.,
2018), further investigations for even smaller Reynolds numbers might be

required.

An objective of these tests was to determine the hydrodynamic parameters under
waves, i.e. oscillatory flow. With measured velocities and characteristic diameters
based on the average diameter, Keulegan-Carpenter numbers ranged from
KC = 19 to KC = 8.8. For small KC-numbers, results from steady-state flow
experiments for the drag coefficient are not comparable to the results of the wave
tests as the flow regime around marine cylinders is strongly inertia dominated
(Denny, 1995). Drag coefficients become comparable when KC-numbers roughly
larger than 30 are considered (Sumer and Fredsoe, 2006). Therefore, the use of
separate coefficients for steady and oscillatory flow is recommended (Nath, 1987;
Sarpkaya, 1987; Wolfram and Naghipour, 1999). To this end, Figure 14 provides an
overview of the calculated drag and inertia coefficients based on the live dropper
lines, and the surrogate dropper lines in oscillatory flow. These are given as a
function of the KC number, along with the individual data as well as median
values. The approximated median drag and inertia coefficients for the live mussels
are Cp,,, =2.3 and Cy,,, = 2.1. For the surrogates the hydrodynamic coefficients are
Cpgy, =24, Cpy,,, =2.8 and Cp,,, =4.4 and Cy,,, = 2.3, Cyg,,, =2.9 and Cyg,,, =4.9.
The mathematically best solution determined by a least-square optimization is
strongly dependent on the inertia coefficient and less dependent on the drag
coefficient. This results in explicit solutions for the inertia coefficient, while the
solutions for the drag coefficient are prone to larger scattering. The mathematically
lowest error was determined as correct. A weighted least square approximation of
the Morison equation might provide more explicit results regarding the drag
coefficient, but is not necessary for the small KC-numbers covered in this study
due to the inertia dependence. A possible source of uncertainties in the
determination of the inertia coefficient is the oscillatory movement of the dropper
line under the waves as well as the movement of the live mussels themselves. In
the study at hand rigid fastening as well as the short length of the dropper line
prevents any major deflection which permits the use of the Morison equation.

However, for tests on a larger scale a deflection of the dropper like can be expected
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and needs to be considered. Similarly, the individual motion of live mussels will
take a stronger effect on a larger scale. The similarity in the results between the
rigid surrogates and the more flexible live mussels shows that the influence of
movable mussels can be neglected for this setup.
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Figure 14: Drag Cpand inertia Cyvalues for live mussels and surrogates over Keulegan-Carpenter

number KC with an indication (line) of the median value.

One of the objectives of this work was to better understand, how well live mussel
specimen can be modelled hydrodynamically by developing geometrically similar
surrogate models. By comparing the steady-state-, and oscillatory-based drag and
inertia coefficients, a better understanding of the characteristics of the surrogates
can be gained. Results show that the hydrodynamic coefficients of the surrogate
bodies differ from those of the live mussel dropper lines. Specifically, the results
regarding the drag coefficients of the surrogates for steady-state flow experiments
are 77.8%, 60.0% and 100.0% lower for surrogate 1, 2 and 3 than the results of the
live mussels, respectively. For oscillatory flow experiments, the results are 4.3%,
21.7% and 91.3% higher, respectively. The inertia coefficients of the surrogates
exceed the results of the live mussels by 9.5%, 38.1% and 133.3%, respectively.
Given the ranges of drag and inertia coefficients, surrogate 1 (SM 1) is proposed as
the most similar and hydrodynamically suitable surrogate model of the live blue

mussel dropper lines.
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3.2.3. Conclusion

This work is related to the design and testing of new marine aquaculture concepts.

During the planning and assessment of marine aquaculture projects, there is a need

to determine the forces acting on the structural components for efficient designs.

Mussel laden dropper lines form the bulk of the mass and surface area of a longline

mussel farm. Therefore, comprehensive physical model tests were conducted to

determine the hydrodynamic coefficients of live mussel dropper lines under

laboratory conditions in the present study. This enables planners and researchers

alike to quantify the influence and impact of a single dropper line and assess their

combined effect in a farm. The main conclusions of this study can be summarized

as follows:

a

5

4

4

Drag tests with mussel dropper lines were conducted in a wave flume at
varying velocities. Based on the results a drag coefficient of Cp, = 1.6 is
recommended for currents with subcritical flow regimes (Re < 10°) and
blue mussels (Mytilus edulis). Similarly, the mussel dropper lines were
subjected to waves and a drag coefficient of C, = 2.3 and an inertia
coefficient of Cyy = 2.1 are proposed for KC < 10.

Simultaneously, tests with three surrogate models were carried out and
their drag and inertia coefficients under steady and oscillatory flow were
quantified. The aim was to obtain a simplified model, which can be used in
both physical and numerical experiments without the need for keeping
mussels alive or using geometrically divergent forms. The performance of
the surrogates deviated from the live mussels under steady current while
the performance under oscillatory flow showed a good fit. Surrogate 1,
based on the average shell of the originally tested blue mussels (Mytilus
edulis), was chosen for further testing as it showed the best fit. Likewise, to
the live mussels, investigations of the surrogates with increasing Re- and
KC-numbers are planned for future research.

This study shows that the choice of the characteristic diameter has a large
influence on the hydrodynamic coefficients and the findings suggest a
larger characteristic diameter then former studies.

A comparison to published studies reveals that experimental research

regarding the hydrodynamic coefficients of mussel dropper lines is scarce,
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since most studies focus on drag in steady flow. This study provides
estimated inertia coefficients of mussel dropper lines and surrogates based

on wave tests.

Applying the obtained knowledge to future research, this study provides a basis
for the design and evaluation of new system designs for the cultivation of
extractive species at exposed aquaculture sites. The insights gathered in this study
facilitate the testing procedure for aquaculture systems and provide robust
estimates for numerical approaches. This information can be used in the
development of novel marine aquaculture systems in the light of the increasing

demand for marine proteins.

Chapter summary 3.2:

This chapter presents an extensive investigation of the complex interdependent loads a mussel

dropper is subjected to in open ocean environments.

Drag Cp and inertia Cy coefficients of live and surrogate dropper lines under steady as well as
oscillatory flow conditions, including surface gravity waves are created, evaluated, and assessed.
Drag tests with mussel dropper lines were conducted in a wave flume at varying velocities. Based on

the results a drag coefficient of Cp, = 1.6 is recommended for currents with subcritical flow regimes

(Re < 10°) and blue mussels (Mytilus edulis). Similarly, the mussel dropper lines were subjected to

waves and a drag coefficient of Cp = 2.3 and an inertia coefficient of Cy; = 2.1 are proposed for KC<10.
8 D M

Simultaneously, tests with three surrogate models were carried out and their drag and inertia
coefficients under steady and oscillatory flow were quantified. The aim was to obtain a simplified model,
which can be used in both physical and numerical experiments without the need for keeping mussels
alive or using geometrically divergent forms. The performance of the surrogates deviated from the live
mussels under steady current while the performance under oscillatory flow showed a good fit.
Surrogate 1, based on the average shell of the originally tested blue mussels (Mytilus edulis), was

chosen for further testing as it showed the best fit.

This study shows that the choice of the characteristic diameter has a large influence on the
hydrodynamic coefficients and the findings suggest a larger characteristic diameter then former

studies.
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3.3. New system design for the cultivation of extractive

species at exposed aquaculture sites

Landmann, J., Frohling, L., Gieschen, R., Buck, B.H., Heasman, K., Scott, N.,
Smeaton, M., Goseberg, N., Hildebrandt, A. (2021); New system design for the
cultivation of extractive species at exposed sites - Part 2: Experimental modelling
in waves and  currents.  Applied  Ocean  Research;  113:102749,
https://doi.org/10.1016/j.apor.2021.102749

3.3.1. Abstract

This work details physical laboratory tests of a new cultivation system for bivalve
farming called “Shellfish Tower”. A side and top view of the final prototype system
is provided in Figure 15. The tested 1:20 model depicted an earlier design step,
consisting of a rectangular cage (2x2 m prototype scale) with a central buoyancy
element and a height of 2 — 4 m. Experiments were conducted in both a current
flume and a wave basin for current velocities between 0.4 — 2.2 m/s and wave
heights of 1.6 to 5.0 m with periods between 5 to 14 s. The tests were conducted to
prove the feasibility and functionality of this aquaculture system, which is usable
for the collection and cultivation of mussel spat as well as for the grow-out of
oysters, scallops, and seaweed in marine environments. Tests carried out in the
current flume revealed that drag coefficients decrease with increasing current
velocities and range between Cp, = 0.5— 2.5, while the mooring inclination
increases from 12° to 84° with increasing flow velocity, which is highly dependent
on the buoyancy related pretension. The examination of the mooring line tensions
recorded in a wave basin showed that the largest values of snap-induced tension
were up to 10 times that of the semi-static tension. The maximum-recorded tension
on the system was 48 kN for a single and 89 kN for a double configuration,

compared to non-snap tension values, which were in the range of 6 — 10 kN.
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Figure 15: Side- (A) and top (B) view of a new cultivation system for bivalve farming called
“Shellfish Tower” showing the prototype dimensions [©OHeasman, K.].

3.3.1. Results

To measure the forces exerted on the system through current activity as well as the
deflection of the cage system with a single mooring, experiments were conducted
in a current flume. The experiments were carried out with a constant water depth
of 0.4 m for the single cage size and 0.5m for the double cage size, respectively,
which corresponds to 20 m and 25 m in prototype scale. The tested velocities were
0.1 m/s, 0.2 m/s, 0.3 m/s, 0.4 m/s, and 0.5 m/s measured at the water level where
the model is situated. These current velocities correspond to velocities from
0.45 m/s to 2.24 m/s in prototype scale, which is slightly above the recorded current

velocities at the prototype site. However, the larger range of velocities was chosen
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as to inform the designers about the maximum deflection of the cage system. The
maximum mooring forces for the single and double configuration are between 6.05
to 6.4 kN and 11.51 to 13.1 kN, respectively. Generally, the forces increase with the
current velocity. With a constant model diameter across both height
configurations, the current velocity is the only variable influencing the Reynolds
number, which ranges from Re = 0.8 to 4.4 * 10° for the conducted tests. Figure 16
shows the drag coefficient over the Reynolds number. The determined drag
coefficients range from Cp= 0.5 to 2.5 for Re = 0.8 to 4.4 * 10°. The drag increase of
the double configuration visible in Figure 16 is due to the larger surface area in

comparison to the single configuration.
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Figure 16: Current induced drag coefficient Crover Reynolds number Re of all test cases for the
single and double configuration of the Shellfish Tower with nonlinear fit and indication of
expected Re-numbers in the Bay of Plenty (dark grey).

Experiments in the 3D-wave and current basin were carried out to quantify the
forces exerted on the system by both waves and currents. By concentrating on the
discrepancy between the high maximum and significantly lower median loads, a

better understanding of the characteristics of the Shellfish Tower is gained. Figure
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17 and Figure 18 show empirical cumulative distribution functions!® (ECDFs) for
the single and double configurations, respectively. The ECDFs are displayed in
twelve subpanels (a.1 — c.4) with differing wave parameters (columns) and current
velocities (rows). The ECDFs of the varying wave directions are plotted together
as the influence of wave direction was shown to be of minor relevance. Different
characteristics of the ECDFs are identified for both the single and double
configuration with the current as the influencing parameter. When there is no
current (see a.1 — a.4 in Figure 17), the probability of occurrence for low to medium
forces (2.4 — 11.9 kN) is about 70%, shown by the direct and sharp inclination of
the curve. As the cumulative probability increases from 0 to 70% the normalized
force only increases from the minimum of 0.08 to 0.18. These low to medium values
represent the quasi-static tension within the mooring line. For cumulative
probability >70%, the gradient changes drastically as the normalized force levels
out towards the maximum value of one. High peak loads in the mooring system
of the Shellfish Tower give reason for this sudden change in gradient. The steep
gradient, visible for a cumulative probability higher than 95%, is especially
indicative of these events. Snap loads cause these high-energy events, as the
system falls slack after the previous higher wave load in the absence of a current.
All varying waves without current show the same characteristic. However, an
increase in wave height and wave period also leads to an increase in maximum
forces and a steeper gradient is indicative of the snap loads. The highest maximum
forces can thus be attributed to the snap load events. With a 1.5 m/s current
present, the overall characteristics of the probability distribution differ, as the
abrupt change in gradient is less prominent. With increasing periods as well as
amplitudes, the shape of the ECDF changes to a more linear distribution (see b.3
and b.4 in Figure 17), which indicates a more cyclic force evolution and the absence
of snap loads. These forces are representative of the dynamic loads acting on the
system without the influence of snap loads. Another change in the characteristics
can be observed for the single configuration and an increased current velocity of

2.2 m/s. The maximum forces are low with a small, normalized force range, which

10 The function describes the force distribution for the different test conditions over a cumulative
probability and is normalized over the maximum occurring force of every test. This function is

A 1
described as E, (x) = ~ 1 1(X; < x) (Lawless, 2002) with 1 being the number of data points

in the time series of the waves and x the value of the magnitude force.
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indicates overall low forces. This is especially visible for waves with low periods
(see c.1 in Figure 17). This distribution can be attributed to the submergence of the
Shellfish Tower due to the increased current velocity. The small range of normalized
forces covered is another indicator for the submergence, as the low forces are

caused by the dynamic tension induced through small orbital motions.
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Figure 17: Empirical cumulative distribution functions of all test cases for the single configuration
of the Shellfish Tower separated by the tested current velocity u.,= 0.0 m/s, us,= 1.5 m/s
and u.3=2.2 m/s as well as by wave 1 (H=1.6 m, T=55s), wave 2 (H=3.0m, T=8.0 s),
wave 3 (H=4.0m, T=10.0s) and wave 4 (H=5.0m, T=14s).

The results for the double configuration (see Figure 18) differ regarding the
maximum values but show similar characteristics for the probabilistic load
distribution. When there is no current, the same observations as for the single
configuration apply as the prominent snap loads lead to the highest maximum
forces. For a current velocity of 1.5 m/s as well as 2.2 m/s the loads are reduced as
the snap events are not as prominent due to pretension in the mooring line caused
by the current, as well as a submergence of the structure. A near linear distribution
of the ECDF can be found for all remaining cases (see b.1 — c.4 in Figure 18). The
presented results in Figure 17 and Figure 18 allow for a probabilistic determination
of the design load on the mooring system of the Shellfish Tower. Provided that the
metocean conditions of a potential site are available, the data can be used for an

initial approximation of the possible loads.
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Figure 18: Empirical cumulative distribution functions of all test cases for the double configuration
of the Shellfish Tower separated by the tested current velocity u.= 0.0 m/s, u,,= 1.5 m/s
and u=2.2 m/s as well as by wave 1 (H=1.6 m, T=55s), wave 2 (H=3.0m, T=8.0s),
wave 3 (H=4.0m, T=10.0 s) and wave 4 (H=5.0m, T =14 s).

The high maximum loads visible in the results of the wave tests are attributed to
snap loads. These are impact loads caused by the sudden tensioning of the
mooring line after a state of zero tension, which mostly occurs when the mooring
system is subjected to motions with large amplitudes. The duration of the snap
load is instantaneous, but its amplitude can be many times greater than the
maximum dynamic load as can be seen in Figure 19. Here, the force magnitude for
a wave height of 4.0m and a wave period of 10s is displayed for two time-
histories: (1) with a current velocity of u.,= 2.2 m/s and, (2) without current. A
tenfold difference between the force peaks can be observed. The main contributors
are the z- and x- component of the force, whereas the y-components have a
negligible influence. Without current nor waves present, the Shellfish Tower is
floating upright, close to the water surface. During current activity, the Shellfish
Tower is tilted, and the mooring line is pretensioned. Without the presence of
waves, only the static tension needs to be considered. When the crest of the wave
is at the model’s center location, it is pulled upward, causing a peak in the resultant
force shortly before the crest. This describes the normal, quasi-static tension for
any moored system in a wave environment. During the following wave trough,
the vertical forces of the orbital wave motion push the model downward. It cannot
rise to its initial position and is submerged for the next wave and the mooring line

falls slack. The next wave crest though causes a rapid re-tensioning and results in
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the high snap load. Through the spring-like restoring force in the mooring line, the
model is significantly submerged. Here, the exerted wave forces are significantly
lower. Only when, as depicted in Figure 19, the third wave after the snap event
propagates towards the model, has the model risen far enough up in the water
column for the mooring to fall slack again due to the wave’s amplitude. It
instantaneously tightens again, resulting in the next snap load. These snap load
events were observed for all wave heights and -periods as well as directions.
Without the added pretension of the current, these events are especially dominated
by high force levels, and this yields the highest maximum loads. For a current
velocity of 1.5 m /s, single snap events could still be detected. No snap load events
occurred for a current velocity of 2.2 m/s.
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Figure 19: Comparison of force magnitude for an exemplary case (single configuration, H=4.0 m,
T=10s, Dir =90°) with (u.=2.2 m/s) in comparison to the no current case (u.= 0.0 m/s) to
exemplify occurring snap loads in the Shellfish Tower system. The x-, y- and z-force
components forming the magnitude force are displayed.

3.3.2. Conclusion

This study assessed the feasibility and functionality of an aquaculture system
usable for the collection and cultivation of mussel spat as well as grow out of
oysters, scallops and seaweed in marine environments using comprehensive tests
conducted under laboratory conditions. A submersible cage system was tested at
a 1:20 scale at the Ludwig-Franzius-Institute 3D-wave and current basin and at the
inclinable current flume of the Leichtweif-Institute in open ocean conditions with
wave heights up to 5.0 m, wave periods up to 14 s and current velocities up to

2.2 m/s in prototype scale. The main conclusions of this study are that:
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A detailed examination of the mooring line tensions, current velocities, and
inclination angle from the experiments in the current flume revealed that
the drag coefficients decrease with increasing current velocities from Cp=2.5
to 0.5 for Re = 0.8 to 4.4 * 10°, while the mooring inclination increases from
12° to 84°.

The comprehensive examination of the mooring line tensions recorded in
the wave basin showed that the largest values of snap-induced tension were
up to 10 times that of the quasi-static tension. The maximum-recorded
tension on the system was 47.8 kN for the single and 89.3 kN for the double
configuration, compared to non-snap tension values, which were in the
range of 6 — 10 kN.

Without the added pretension of the current snap events are especially force
intensive and result in maximum loads. For a current velocity of 1.5 m /s,
single snap events could still be detected while no snap load events
occurred for a current velocity of 2.2 m/s.

To avoid an underestimation of the design loads, the authors recommend
time-resolved, dynamic modelling of the coupled structure with the
moorings to take snap loads and associated high accelerations into account

during the design of open ocean aquaculture systems.

The insights gathered in this study, in conjunction with the results of (Heasman et

al,, 2021), provide an interdisciplinary approach to the design and evaluation of a

novel aquaculture system usable in marine environments. In the light of the

increasing demand for marine protein, the results of this study regarding the drag

coefficient of the Shellfish Tower system and the probabilistic load distribution can

be used as a robust estimate for the planning of future farm concepts.
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Chapter summary 3.3:

This chapter presents an extensive investigation of the feasibility and functionality of an aquaculture
system usable for the collection and cultivation of mussel spat as well as grow out of oysters, scallops,

and seaweed in marine environments.

The comprehensive physical model study, involving current only as well as combined current-wave
experiments, revealed that that the drag coefficients decrease with increasing current velocities
(0.4 -2.2mls) from Cp=2.5 to 0.5 for Re = 0.8 to 4.4*10°, while the mooring inclination increases
from 12° to 84°.

The tests showed that the largest values of snap-induced tension were up to 10 times that of the quasi-
static tension. Without the added pretension of the current snap events are especially force intensive

and result in maximum loads. For a current velocity of 1.5 m /s, single snap events could still be

detected while no snap load events occurred for a current velocity of 2.2 m/s.

Based on these results, recommendations for the deployment, operation and maintenance of the

structure are given.
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3.4. Large-scale investigation of wave dampening

characteristics of organic, artificial floating islands

Landmann, J.,, Hammer, T.C., Giinther, H., Hildebrandt, A. (2022); Large-scale
investigation of wave dampening characteristics of organic, artificial floating
islands. Ecological Engineering; 181: 09258574,
https://doi.org/10.1016/j.ecoleng.2022.106691

3.4.1. Abstract

The concept of floating vegetation-based islands (see Figure 20) for the
bioremediation of aquatic ecosystems is well known. Less so, their hydrodynamic
capabilities regarding the damping performance, positional stability, and water-
structure interactions. To this end, physical model tests with fully organic, reed-
based gabions were carried out in a large-scale facility (see Figure 21). The initial,
reflected, and transmitted waves were recorded and analyzed regarding
transmission and reflection coefficients. A motion tracking system was utilized to
allow for an investigation regarding the motion of the artificial floating islands
under waves. The results show that the artificial floating islands significantly
dampen shorter waves with a wave period of T <2.25s. The transmission of the
incident waves is reduced by 50% for the smallest wave periods (T =1.5s). The
incident waves are reflected between 20 - 50% for the same wave period. The
incident wave energy is dissipated by up to 85% for the smallest wave height and
period (H=0.10m, T=15s). The comparable performance regarding more
traditional floating breakwaters is discussed as well as the width of the structure
as the key parameter for the layout of artificial floating islands in rivers and still

waters regarding the damping performance.
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Figure 20: (a) Sketch of a single reed gabion with added XPS foam sheet as used in the experiments
and the fundamental mechanisms responsible for buoyant behavior and (b) cultivated
reed gabions floating in a canal.
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Figure 21: Large Wave Flume (GWK) with wave paddle to the right, test field with artificial floating
islands in the middle and dissipative beach to the right (not to scale). The location of the
wave gauges (WGs) needed for the determination of incident and transmitted wave
heights is also indicated alongside the instrumentation in the test field consisting of ultra-
sonic sensors (USS), Acoustic Doppler Velocimeters (ADV), and motion tracking cameras.

3.4.2. Results

The identified transmission coefficients are plotted over the wave frequency since
a clear dependency on the wave period is expected (see Figure 22). The results from
two configurations differing in length and width (3 x 4 m /4 x 3 m) are assembled,
as the difference in width between both configurations (being 1.0 m) was too small
to indicate significant changes in the results. Thus, the data sets of configurations

1 and 2 are merged. This can be seen in Figure 22 a. As one main result, Figure 22

show that waves with low frequencies f < 0.35 E] are transmitted almost

unaffected. For waves with frequencies of 0.35 < f < 0.50 E] a reduction of the

transmitted wave height of around 10% is observed. For waves with frequencies
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of 0.50 < f < 0.70 E] a reduction of the transmitted wave height of up to 50% is

observed and the scatter of Cr increases with increasing frequencies. Tests with
short waves are less influenced by the reflection of the beach of the wave flume,
which is why a higher number of waves was tested. The increasing number of test
waves results in a higher statistical deviation. A minimal variation of wave periods
caused a scatter of Cr. To reduce this scattering, Cr is plotted against the target
wave period set for the test in Figure 22 b. This approach seems to be reasonable
as the wave group with largest scattering (here H = 0.1), reveals that the ideal
period is closely positioned to the density distribution of the corresponding data
points (see Figure 22 c). Further, medians for all tests with same wave height and
same period are calculated and sorted by their wave height along the y-axis for
small wave frequencies. The statistical median value was chosen as a descriptor as
it is robust against outliers. Outliers present in the data contribute to the large
spreading. This is exemplified by the added boxplot for the data of the wave group
of H =0.1 with the largest scattering (see Figure 22 c).
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Figure 22: (a) The transmission coefficient is displayed as a scatter over wave frequency for a
composite of configuration 1 (4x3 m AFIs) and configuration 2 (3x4 m AFIs). (b) The same
data set with medians for tests with varying wave heights is displayed for the measured
and ideal wave period. (c) A subpanel representation of the distribution for a single wave
height, i.e.,, H = 0.1 m, is given together with the corresponding probability density

distribution.

The results for the reflection coefficient Cy are plotted over the wave number k
[1/m] in Figure 23. The wave number is defined as k = zTn [1/m] with L being the

wavelength. The reflection coefficient Cr has an initial value of 0.1, as reflections in

the flume are constantly present due to oblique wave reflections from the tested
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structure. Waves with k < 0.8 [1/m] are not reflected by the structure (Cr = 0.1). For
waves with 0.8 <k < 1.3 [1/m] reflections increase to Cz = 0.2. For waves withk > 1.3

[1/m] a hyperbolic increase of the reflection to Cy = 0.4 is observed.

Configuration 1 (52 tests)
1 @ Configuration 2 (54 tests) -
H=010m

H=0.15m

H=020m

H=025m

H=030m

0.8

*n 4 re

T 0.6 .

0.4

.
0.2

$ous

0 1 2 3 4 5
k [1/m]

0

Figure 23: The reflection coefficient is displayed for a composite of configuration 1 (4x3 m AFlIs)
and configuration 2 (3x4 m AFIs) with the combined medians for tests with varying wave
heights displayed for the ideal wave period.

These results are supported by the data from the motion tracking system as
displayed in Figure 24. Here, the motion of a single reed gabion at the center is
shown for all the tested wave periods and a wave height of 0.15 m. The variance
in heave (z-direction) and surge (x-direction) over time for a single reed gabion at
the center of the AFI system is displayed. A not-closed orbital motion for wave
periods under 2.25 s is visible. The surge motion indicates a transport of the AFIs
for short waves, caused by the waves reflecting of the front of the first gabions.
This corresponds to the results regarding the reflection and transmission
coefficients. For periods below 2.25 s, the surge motion over time increases with
decreasing period to a maximum, overall deflection of over 6.0 m. The maximum
is reached due to mooring-induced limitations, as the mooring is pulled back with
the AFIs. The horizontal movement of the reed gabion is through-dominated for
short waves as the high inertia of the AFIs leads to a not-closed orbital motion of
the structure. The wave energy is lower than required to fully move the reed
gabion with the wave peak. This range of wave periods matches the detected
effective range regarding transmission and reflection coefficients. For longer

waves with periods of 2.50 s and higher, a full orbital motion of the reed gabion is
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detected. The wave energy is sufficient to lift and transport the reed gabions
through the wave orbitals fully or partially. The elliptical motion for waves with
periods of T > 6.0 s can be explained by the reflected waves of the beach, which are
included in this plot. The reason for the different surge motions of the AFIs is the
wave steepness, which is related to the nonlinearity of waves, too. The long wave
periods are “intermediate waves”, which have a slightly increased (non-linear)
wave crest and a longer extended trough than regular sinus waves. Therefore, the
longer wave trough increases the time the AFIs are pulled backwards while the
waves are passing the AFIs. The short waves below 2.25s are in deep water
conditions with the experimental water depth of 4.9 m. They have a more
symmetric or sinusoidal profile but a much higher wave steepness. The higher the
wave steepness the higher the loading on the AFI front and the higher the reflected

contribution of the wave energy.
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Figure 24: Motion behavior in heave (z-direction) and surge (x-direction) over time for a single reed
gabion in the center of the AFIs. Every subplot (a - i) describes the motion under varying
wave periods T =1.5s - 8.0 s and a constant wave height (H = 0.15 m) for the full test
duration.

3.4.3. Conclusion

In the present study, the hydrodynamic interaction of regular waves and AFlIs,
which are based on the secondary wave system of vessels, are investigated.
Physical model tests were conducted in a large-scale facility and following results

are concluded:
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@ A comprehensive analysis of the hydrodynamic interaction of waves and

AFIs shows a significant damping performance of the investigated AFIs for
wave periods T <2.25 s. The transmitted wave height of the incident waves
is reduced by 50% for the smallest wave periods T <1.5s. The incident
waves are reflected between 20 - 50% for these wave periods. The incident
wave energy is dissipated by up to 85% for the smallest wave height and
period (H=0.10m, T=1.55s). The damping performance of the structure
depends mainly on the submerged depth, width, and mass of the AFIs.

@  The results regarding transmission, reflection and dissipation need to be
seen in connection with the hydrodynamic motion of the structure. It was
shown that waves with long periods, comparable to the primary wave
system of a passing vessel, lead to orbital motions of the AFIs and no
significant damping. Waves with shorter periods, comparable to the
secondary wave system of a passing vessel, describe not-closed orbital
motions as the wave energy does not exceed the inertia of the structure and
this in turn leads to wave damping. Overall, the performance of AFIs as
tfloating breakwaters for vessel induced secondary wave systems can be

seen as satisfactory.

This study takes a first step in predicting the effectiveness of AFIs as floating
breakwaters. Based on these findings researchers, industry and government
officials alike are enabled to better evaluate AFIs regarding their value for the
protection of the shoreline and the ecosystem. AFIs are an appealing addition to
existing revetment options, as they do not require additional land use and offer a
variety of ecosystem services. In the context of the EU Water Framework Directive
(2000), the AFIs could help to achieve a “good ecological status” of waterways as they
are expected to lessen the morphological damage due to shipping, increase water
quality and serve as an ecological stepping-stone. In the future, numerical or
physical investigations are needed to determine the influence of the arrangement
and configuration of the AFIs themselves, of the root system, of the wave scattering

and energy redistribution due to wave-structure interaction, and of the mooring.
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Chapter summary 3.4:

This chapter presents an extensive investigation of the hydrodynamics of artificial floating based

islands used for the bioremediation of aquatic ecosystems.

The comprehensive physical model study focused on transmission, reflection, and dissipation
coefficients, as well as motion behavior of the gabion body. The results show that the artificial floating
islands significantly dampen shorter waves (T < 2.25 s). The transmission of the incident waves is
reduced by 50% for the smallest wave periods (T = 1.5 s). The incident waves are reflected between 20

and 50% for the same wave period.

The motion of the system in long periodic waves is orbital and no significant damping occurs. Short

periodic waves describe not-closed orbital motions as the wave energy does not exceed the inertia of the

system. Thereby, a motion-based indicator for the wave attenuation is identified.

Based on a comparison to traditional, floating breakwaters the width of the structure is identified as

the key parameter regarding the wave attenuation.




4. Discussion

This chapter utilizes the analysis and results presented above (see Chapter 3) and
combines them with the gaps of knowledge identified in Chapter 2.4. The gaps of

knowledge identified through the literature review show a:

@ lack of information regarding the hydrodynamic coefficients of bivalve

aquaculture components in steady and oscillatory flow

@ lack of guidance as to how the complex surface of mussel dropper lines
should be modelled

@ lack of understanding regarding system motion and load evolution in

bivalve aquaculture

This section summarizes the gathered insights and further encapsulates the
limitations of the presented studies and the general applicability of the gathered
insights to the real world. Additionally, new insights are complemented by a

shortened and adapted version of the manuscripts” discussions.
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4.1. Synopsis

Scarce information regarding the hydrodynamic coefficients of bivalve
aquaculture components in steady and oscillatory flow identified in Chapter 2.1.3

is addressed by the results from the second manuscript (see Chapter 3.2).

Based on the experiments in steady flow, a C4-coefficient (C; = 1.6) for blue
mussels (Mytilus edulis) for subcritical flow regimes (Re < 10°) is recommended.
The presented drag coefficient matches existing data (see Table 2) while it expands
on the range of before assessed Reynolds numbers. Differences in results can
mainly be attributed to the manner of data acquisition in the existing research.
Raman-Nair and Colbourne (2003), Raman-Nair et al. (2008), Stevens et al. (2008)
and Knysh et al. (2020) based their reported drag coefficients on assumptions in
relation with ultra-rough cylinders. Xu et al. (2020) conducted numerical
experiments with mussel dropper lines without a validation through physical
tests. Plew et al. (2005), Plew et al. (2009), and Gagnon and Bergeron (2011)
conducted physical experiments with dropper lines. In these experiments, a source
for the differences are biological factors, e.g. stage of mussel growth, mussel
density along the length of the dropper line, the number of hitchhiker/fouling
organisms on the mussel shell. The results regarding the drag coefficient in steady
flow presented here are the most exact results available to date and are

recommended for future numerical studies and design approaches.

Regarding oscillatory flow, the hydrodynamic coefficients of mussel dropper lines
have not been experimentally determined before; only now have these become
available through the work reported herein. For KC < 10 a drag coefficient of
Cp = 2.3 and an inertia coefficient of C); = 2.1 are proposed for blue mussels
(Mytilus edulis). While this only covers a very limited range, it has been
demonstrated that an experimental determination of the hydrodynamic
coefficients of mussel dropper lines in oscillatory flow is possible. A larger scale
test in oscillatory flow has also been conducted in cooperation with Gieschen et al.
(2021). Pending analysis of gathered data will provide hydrodynamic coefficients
for a larger range of KC-numbers (10 - 380). This will greatly improve the
parameter range into more relevant offshore regimes and will enable engineers to
predict the forces on bivalve offshore aquaculture systems more accurately.

Photographs relating the scale of the experiments in the Large Wave Flume in
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Hannover, Germany are shown in Figure 25. They also show that the surrogates,
of which the development was described in Chapter 3.1, were tested in in these

large-scale experiments.
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Figure 25: (a - f) Depiction of a single wave (H = 0.8 m, T = 6 s) passing two blue mussel (Mytilus

edulis) specimen and the SM 1 surrogate. The wave peak (d) passes the live blue mussel
dropper lines, and the surrogate, with a length of 2.0 m each, which were mounted to
stainless steel wires connected to a concrete block at the bottom and a steel beam at the
top of the flume (g) in a distance of approximately 97 m from the wave machine.

The manuscripts presented in Chapter 3.1 and 3.2 start to address the lack of
guidance as to how the complex surfaces of mussel dropper lines should be
modelled. The show that by using the Abbott-Firestone curve as a surface
descriptor for an arbitrary natural structure surrogate structures can be created.
Furthermore, by comparing the steady-, and oscillatory flow-based drag and
inertia coefficients, a better understanding of the characteristics of the surrogates
was obtained and SM 1 was proposed as the most similar and hydrodynamically

suitable surrogate model of the live blue mussel dropper lines.

The analysis conducted in Chapter 3.2 showed that the characteristic diameter has
a major influence on the force evolution of dropper lines. The determination of
drag and inertia coefficients, on the other hand, is a challenging task since mussel
dropper lines are natural structures with uneven growth, cavities, crevasses, and

protrusions. They consist of hard growth composed of mussels of varying size
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overgrown with soft growth consisting of different algae, anemones, sponges, and
kelp species. To provide a better understanding of the importance of the chosen
characteristic diameter, alternative approaches used in literature have been
compared to the average diameter used in the manuscript. The use of 3D-scans
and the average diameter for experiments under laboratory conditions as the most

explicit representation of the characteristic diameter is recommended.

A schematic view of soft and hard growth on a dropper line is shown in Figure 26.
This visualizes the inherent difficulties in determining the correct characteristic
dimensions of any object exposed to nature. The combined influence of soft and
hard growth on dropper lines could not experimentally explored in this thesis. This
would have required a more careful rearing of the specimen and the involvement
of biologists, which was not foreseen at that early stage. With a mixture of soft and
hard growth, the drag coefficient varies significantly from those with purely soft
or hard growth. Through comparisons with research regarding marine growth (see
Chapter 2.2.1) and biofouling some insights were gathered. The soft growth likely
has a large influence on the boundary layer development as shown by Schoefs et
al. (2022). Experiments by Theophahatos (1988) showed that the drag coefficient
increased when soft growth was included. It was shown that it was about 1.4 times
greater for fully kelp covered cylinders compared to cylinders fully covered with
a single layer of mussels. The soft growth was not recreated during the modelling
of the surrogates (see Chapter 3.1) which were made of smooth 3D-printing
material. The live dropper lines, which were taken from in-situ cultures, had
considerable soft growth (see Figure 11). Mussels, i.e. hard growth, form the main
component of the dropper lines and are strongly affected to change as the mussels
mature. The surface roughness increases as the outcropping mussels grow to a
harvestable size, i.e. from 2.0 to 10.0 cm. The mass increases, which also results in
a force increase. Simultaneously, the drag coefficient increases with the surface
roughness and diameter and thus drag loads on the structure become more
influential. This is another reason for the differences between the living mussels
and the abiotic surrogates, as only a macroscopic roughness was incorporated in
the models, e.g. the individual growth stages of single mussels were not
considered. Therefore, with soft growth and natural variations, the surface
roughness of the live mussel dropper lines was higher compared to the surrogate

models. The increased roughness affects various aspects of the flow around the
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mussel dropper lines such as hydrodynamic instabilities, i.e. vortex shedding, the
interaction of vortices, the separation angle, the turbulence level as well as the
vortex strength. Therefore, it can be assumed that the increased drag of the live
mussels in the steady-state experiments is due to an increase in dropper diameter
caused by the additional soft growth and a larger roughness. This is supported by
the results of Wolfram and Theophanatos (1990) regarding the effects of marine
growth on cylinders as well as more recent numerical studies by Xu et al. (2020).
The fact that the lowest deviation from the resulting force coefficients of the live
mussels can be seen by the second surrogate (SM 2), where soft growth was

incorporated by the 3D-scanning further supports this assumption (see Figure 9).

In conclusion, it can be assumed that the differences regarding the hydrodynamic
coefficients between the living mussels and abiotic surrogates are mostly due to
natural growth on the living mussels, as well as and variations in surface
roughness, flow regimes and referential frontal areas. While steady flow
conditions are not adequately reproduced, a satisfactory representation of the live

mussel dropper lines, considering oscillating flow conditions, is found.

Kelp & Algae Dropper line

Anemones & soft corals a

Figure 26: Schematic view of soft and hard biofouling on a dropper line (a) with real-life examples
of green-lipped mussels (Perna canaliculus) [©Goseberg, N.] (b) and blue mussels (Mytilus
edulis).

The lack of understanding of system motion and load evolution in bivalve
aquaculture was addressed by the manuscripts presented in Chapters 3.3 and 3.4.
Especially, the importance of snap loads observed in model tests, with snap-
induced tension up to 10times the quasi-static tension, was highlighted.

Furthermore, the wave attenuation potential of floating structures with submerged
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canopies was addressed and a comprehensive analysis of the hydrodynamic
interaction with waves in a large-scale facility showed a significant damping

performance of the investigated structures for wave periods T <2.25 s.

A good understanding of the hydrodynamics and structure’s response is crucially
important for the design of any structure in open ocean environments. Snap loads
are a known problem for the established oil and gas industry and pose a major
challenge to robust mooring design for the growing aquaculture industry as was
shown in Chapter 2.3. To mitigate the risk of snap loads on aquaculture systems
such as the Shellfish Tower (see Chapter 3.3) an increased safety factor would
minimize the risk of system failure and ensure longevity in high energy, open
ocean conditions. A high flotation to mass ratio of a floating aquaculture system
increases the resistance to the downward-oriented component of the orbital wave
motion and increases the station-keeping capability. However, if a sufficiently
large wave amplitude causes the mooring to slacken, then, as the orbital wave
motion induces an upward force on the system, the additional flotation will
combine with the water flow, increasing the speed of the system rising in the water
column, resulting in higher snap forces. Conversely, a lower flotation to mass ratio
(because of less flotation or higher shellfish biomass) will result in the mooring
falling slack more easily as the system is driven down with the orbital wave
motion. As the wave progresses and the downward motion changes to an upward
motion, the speed of the system will be reduced as the combination of flotation
force and water flow are not as great, reducing the snap force. The mooring system
has a major influence on the load evolution and needs to be considered during the

design stage to minimize stresses on the system.

For oyster farming, where periodic movement of the oysters within their basket
prevents the oyster shells from growing and adhering together and increases the
shell thickness and strength, the movement caused by the snap load event may
prove to be disruptive to the grow-out of the product, with shell damage and loss
of the oysters. In particular, the newly formed distal part of the shell could break
off when the oysters are knocked together (Newkirk et al., 1995; Pogoda et al.,
2011). The external appearance of the oyster shell plays an important role in the
“half-shell-market” (Mueller Loose et al., 2013) for the consumer (Matthiessen,

2001), so any damage will reduce the value of the oyster. The same applies to the
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culture of mussels as they could be shaken off their substrates. Although the choice
of the longline in its surface condition could improve the adhesion of byssus
plaques (Babarro and Carrington, 2013; Brenner and Buck, 2010), the risk of
biomass reduction through snap events can have both ecological and economic
consequences. With some macroalgae (e.g. family Laminariales) a tip loss occurs
seasonally. This could be increased by snap events, which could lead to a lower
biomass at harvest. To negate these snap loads aquaculture system should be
repositioned deeper in the water column to avoid the damages caused by the snap
event. By placing the system in deeper water, it may be positioning the system
below the optimal availability of phytoplankton and organic particulate matter on
which the shellfish feed. Prior to the deployment of any aquaculture system, the
site-specific factors should always be examined. If the phytoplankton density and
quality allow, the system can be installed deeper in the water column where the
orbital wave is smaller leading to less forces and therefore to a low or non-existent
snap load phenomenon. The importance to submerge the system during storm
events has been highlighted by Kim et al. (2014). If this is not possible, technical
improvements that prevent or greatly reduce snap load events should be
considered. These could include the installation of shock absorbing elements, such
as spring-like elements, rubber structures or other components that buffer the

abrupt forces (Gordelier et al., 2015).

Alternatively, floating breakwaters could be installed. An investigation by Dong
et al. (2008) showed that these may be adopted for aquaculture engineering in
deep-water regions to provide effective protection for aquaculture systems. As
identified in the study presented in Chapter 3.4, the breakwater width is a main
parameter regarding wave attenuation. This has been shown in a variety of studies
concerning wave dissipation. From offshore aquaculture (Plew et al., 2005; Zhu et
al., 2021, 2020) over large floating structures and breakwaters (Zhang et al., 2020)
to vegetation and natural phenomena (Lei and Nepf, 2019; Villanueva et al., 2021)
it is shown that the width of any marine structure directly affects its ability to
attenuate waves. The wider the breakwater systems are, the better their potential
to dampen waves is, as the wave energy necessary to lift the structure is increased.
This also becomes apparent from the results presented in Chapter 3.4, which
similarly show that the wave attenuation is mainly a function of the breakwater

width to incident wavelength ratio with a dependence on the relative depth and
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the dissipation mechanism targeted by the individual system. Furthermore, the
roots of the observed structure (see Figure 20) act as suspended canopies, i.e.
porous obstacles that are suspended from the water surface with a gap between
the canopy and the bottom of the water. These suspended canopies are known to
increase the flow resistance while simultaneously reducing the flow speed within
the root system as was shown in Chapter 2.3. As shown by a number of studies,
suspended canopies alter the ambient flow and thus decrease current speeds and
directions within and below the canopy (Blanco et al., 1996; Plew et al., 2005). The
effect has especially been observed in regard to net-based and longline aquaculture
(Bi et al., 2015; Zhao et al., 2015, 2013; Zhu et al., 2021) which present a promising
option to attenuate waves while at the same time providing a sustainable source
of nutrition. The effect of the canopies is also dependent on the density of the
suspended system, as it increases the effective depth of immersion and the inertial
force due to the enclosed water within the water column, which acts as added
mass. Generally, the consideration of the suspended system further reduces the
wave height due to increased drag forces and amplified wake formations around
the structure, which affects the velocity profile. Similar to emergent canopies, wave
attenuation is influenced by the vegetation. This indicates that the submerged

canopies provide further wave dampening potential.
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4.2. Limitations

Due to limitations of the experimental facilities, there are potential errors related
to the model setup, equipment, and instrumentation used within this thesis. This
section will address the potential measurement and analysis uncertainties that

existed throughout the experiments.

Throughout the studies outlined in Chapters 3.1 and 3.2, only one species of
mussels (blue mussels - Mytilus edulis) and the corresponding surrogate were used.
It was chosen as blue mussels are a prime species used in aquaculture. Blue
mussels have been proven to be reliable for industrial purposes due to their high
economic value, a wide distributional pattern and their ability to withstand wide
fluctuations in salinity, desiccation, temperature and oxygen levels (Favrel and
Mathieu, 1996; Gosling, 2015; Gren et al., 2018; Jansen et al., 2016; Petersen et al.,
2014; Schernewski et al., 2019, 2012). However, other species like the green-lipped
mussel (Perna canaliculus) or the Mediterranean mussel (Mytilus galloprovincialis)
are also harvested in aquaculture systems. While displaying similar characteristics,
size differences are apparent. The shells of fully-grown blue mussels are on
average 10 cm long, shells of fully-grown green-lipped mussels can reach a length
of up to 24 cm and shells of fully-grown Mediterranean mussels a length of up to
12 ecm (Gosling, 2015). Size differences heavily influence the choice of the
characteristic diameter (see Chapter 3.2), which has a major influence on the
determination of the forces acting on the dropper lines. Considering the lack of
dedicated studies, the typical averaged diameter of fully grown mussel dropper
lines can be assumed as approximately 0.15 - 0.2 m (Xu et al., 2020). Detailed work
regarding species-specific force coefficients for mussel dropper lines used in

aquaculture is missing.

It was shown that the AFC used in the creation of the surrogates (see Chapter 3.1)
is applicable in 2D and 3D and additionally provides information on material-free
and material-filled volumes. However, even though the AFC is appropriate for a
non-ambiguous characterization of an existing surface, the reproduction of a
certain surface based solely on the AFC is ambiguous. This can be seen in a
comparison of the second and third surrogate concepts SM 2 and SM 3 (see Figure
11). SM 2 represents a close fit to the AFC, while SM 3 represents the most exact
results and a direct fit to the AFC. This exemplifies that similar AFCs can be used
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to generate a variety of surrogate structures. For this reason, additional
characteristics of a surface that relate to a certain AFC need to be considered. This
could be the number of break-off points along the structure or the solidity of the
profile in flow. Eventually, energy dissipation and wake generation along the
structure need to be better understood to find adequate additional surface
descriptors. As a first step though, the developed surrogates are a promising
starting point towards the creation of a mussel equivalent model. This can be used
for research regarding the behavior of suspended long-lines in current and wave

conditions.

During the experiments in the medium wave flume in Hannover, Germany, the
live dropper lines, and surrogates were fastened at the top and bottom to the
holding frame of the drag carriage (see Chapter 3.2). Under operational conditions,
this is not the case. Dropper lines are suspended from the backbone without a
support at the lowest point (see Figure 2). The fastening was methodically
necessary to obtain the relevant data regarding the hydrodynamic coefficients
without introducing further parameters such as the yaw angle. Load evasion by a
reduction of the area in flow can be suspected. However, the author assumes that
the forces on the 1 m long sections of mussel dropper line are accurately captured
and can be used as a conservative estimate. This is because whole dropper lines,
which are being suspended 15 m or more below the surface without a support at
the lower end, have a significant mass which render them less mobile then the 1 m
long sections of mussel dropper line investigated. Additionally, other aspects that
would influence the loads on mussel dropper lines examined in this study, such as
the density of fresh water vs. salt-water and temperature gradients, were also not

accurately captured. Their effect is suspected to be marginal.

During the experiments in the 3D-wave and current flume in Hannover, Germany,
as well as in the inclined current flume in Braunschweig, Germany, only one
mooring system (single-point) was considered for the novel aquaculture system
Shellfish Tower (see Chapter 3.3). As shown in several studies, the mooring system
has a large influence on the forces and motion of floating aquaculture structures
(Cheng et al., 2020; Feng et al., 2021; Zhao et al., 2019). While the forces were
accurately captured for the chosen system and mooring configuration, different

results can be expected for other mooring designs.
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In the experiments with the floating, natural islands in the Large Wave Flume in
Hannover, Germany, presented in Chapter 3.4 two configurations were used. The
floating islands consisted of blocks of 3 x 4 reed gabions and as blocks of 4 x 3
gabions, i.e. the length of the structure facing the waves changed between 4 m and
3 m while the width changed between 3 m and 4 m. The width of the structure was
identified as a main parameter for the wave attenuation capacity by literature (Dai
et al., 2018; Sawaragi, 1995), but the tested width was not sufficient to reveal its
effect. Due to the limited number of reed gabions available, 18 in total with 2-year
growing periods, no alterations could be made. Thus, no insights in this regard

could be obtained.

For the same experiments, the buoyancy for the reed gabions, naturally provided
by swamp gas underneath each gabion, was simulated by panels of extruded
polystyrene (XPS) hard foam to ensure floating stability throughout the
experiments. The XPS-panels were chosen due to their robust, water-repellent
characteristics and the comparable buoyancy of the trapped swamp gas. This
allowed for replicable conditions during the experiments, but it leads to the
neglection of the influence of the submerged root system due to coverage. As
shown in Chapter 2.3, submerged canopies have an influence on the wave
attenuation potential of any floating structure. The inclusion of the submerged root

system would increase the wave attenuation.

Certain natural parameters were not fully accounted for in the same experiments.
Phragmites australis (Common reed) was used during the experiments as it is a
cosmopolitan grass and often the dominant species in whichever ecosystems it
inhabits with high intraspecific diversity and phenotypic plasticity, an extensive
ecological amplitude and a great capacity to acclimate to adverse environmental
condition (Eller et al., 2017; Engloner, 2009; Marzec et al., 2018; Soukup et al., 2002).
During the two-year growing period, the plants did not grow to their maximum
natural heights and thus their parameters are not directly comparable to those of
P. australis plants in their natural habitat. However, as no extraction of fully grown
plants with root systems for the use in floating gabions is possible the author
believes that the best efforts were undertaken to ensure realistic conditions for
experiments with a focus on the hydrodynamics of reed gabions. Furthermore, the

cultivation method, the gabion bodies as well as the cutting back of the above-
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ground plant parts had an influence on the vegetation parameters. The above-
ground parts had to be cut back for the experimental performance in the wave
flume so that the motion could be recorded correctly. Thus, a fully grown
vegetation piece was not the subject of the investigation. Rather overgrown gabion
bodies were used. Modeling would still have to consider the seasonal aspect of
vegetation development, because aquatic plants have a typical phenological
sequence of the growing seasons. Before conducting the research in the wave
flume, culm densities (188 pcs + 95), height of above-ground culms (87 cm + 9) with
a cover ratio of 38%, and root lengths (18 cm + 5) were recorded. This indicates a
young, growing stock. In comparison, naturally, fully grown plants have smaller
culm densities with fewer, larger plants reaching heights of up to 6.0 m and denser

root systems.
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4.3. Application

The application of the research presented within this thesis, with the long-term
objective to help design safe and economic bivalve aquaculture systems, is possible

to interested parties in research and industry alike.

The presented research can be applied to interdisciplinary concepts. As stated by
the FAO (2020) (see Chapter 1.2), researchers and fish farmers are exploring
alternative and innovative adaptation practices for increasing aquaculture
production while avoiding adverse impact on sustainability. In this regard, the
approach of integrated multitrophic aquaculture (IMTA) is seen as an
environmentally friendly system for sustainable, future growth in aquaculture.
IMTA describes the co-cultivation of foraged species with extractive species that
can feed on the effluents of the former. By integrating multiple species from
different trophic levels excess nutrients can be used and phenomena such as local
eutrophication and algal blooms can be avoided (Anderson et al., 2008; Beman et
al., 2005; Hu et al., 2010; Sorokin et al., 1996). Through the implementation of such
a concept, the sustainability of aquaculture can be increased in the future (Buck et
al., 2018; Chopin et al., 2001; Neori et al., 2004; Reid et al., 2020). Bivalves are seen
as a major contributor to IMTA systems as they are filter feeders who extract
organic matter from the water for their growth and therefore need no further feed.
The production of mussels and other species is positively correlated. Co-
cultivation of bivalves increase the yield and biomass of kelp (Hargrave et al.,
2022). While in turn, the mussel production is higher in farms located less than
1000 m away from fish farms (Camelo-Guarin et al., 2021). The IMTA concept can
be coupled with the multi-use of offshore areas where novel marine production
systems can be envisioned. This multi-use is also described as “Blue Growth” and
is related to the creation of economic activity offshore, while maximizing the
efficient use of the available sea area by combining industries (Dalton et al., 2019).
An integration of bivalve aquaculture into existing offshore structures, such as
wind parks, is possible. There, the existing structures can act as a hub for the
operation and maintenance of the other industries (Buck, 2004). To show that
mussel aquaculture is an appealing commercial model for increased returns in
offshore wind farms van den Burg et al. (2017) developed a business case for

mussel aquaculture in the North Sea. They conclude that the economic
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performance withstands considerable changes in cost and revenues and based on
arisk assessment, formulate mitigation strategies which negate high risk scenarios.
This is supported by Jansen et al. (2016), who based on macro-evaluation criteria
conclude that offshore bivalve aquaculture is achievable both in single- and multi-
use farm systems. Buck et al. (2010) note that the production of mussels using the
longline technology in the German North Sea is profitable enough even assuming
significant cost increases. However, if the existing vessels and equipment for
operation and maintenance of the wind farms can be used, the risk is further
reduced and profits increase. Di Tullio et al. (2018) also report on the sustainable
use of marine resources through offshore wind and mussel farm co-location. They
introduce an index for multi-use sustainability to do a first order selection of the
most promising areas, which can be specifically studied in a second order
approach based on local field data. The research presented in the first two
manuscripts (see Chapters 3.1 and 3.2), which focuses on the hydrodynamic
coefficients of mussel dropper lines and their surrogates, can directly be used by
engineers to model and design the forces acting on bivalve aquaculture systems.
Hydrodynamic coefficients as well as recommendations regarding the
characteristic diameter needed to solve the Morison equation (1950) (see Chapter
2.1.1) are made available through the studies included in this thesis. The
information can be incorporated into numerical models to estimate the forces
acting on longline systems. This allows for the correct design and selection of
system components, like buoys, mooring lines, connectors, and anchors.
Furthermore, it facilitates the rapid development and testing of novel systems

before physical or prototype experiments need to be conducted.

The experiments with the Shellfish Tower (see Chapter 3.3) led to a direct
application as a number of prototype structures have been successfully deployed
since 2019 (Heasman et al., 2021). The deployment process and underwater images
at the Opotiki site, New Zealand can be seen in Figure 27. The system, which has
an intended lifespan of up to 20 years, can be positioned and operated at variety
of depths to avoid highly energetic environments and maximize productivity. First
results with the prototype indicate that the capture of spat and grow-out of oysters
are economically viable uses for the Shellfish Tower (Heasman et al., 2021). The data
gathered during the experiments (see Chapter 3.3) and prototype tests both show

the occurrence of snap loads which suggests that more experience regarding the
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mooring design and correct placement in the water column is necessary to avoid

these load peaks in the future.

In conclusion, to achieve the SDGs set by the UN, future aquaculture operations

require new, more holistic views regarding interdisciplinary problems, which

combine hydrodynamic, ecological, and societal issues.

Figure 27: Images from the set-up, deployment, and operation of the Shellfish Tower at the Opotiki
site in New Zealand. (a) Shellfish Tower loaded on the service vessel just prior to deployment, (b)
construction of the Shellfish Tower and conducting a weight test, (c) underwater image after
deployment, (d) response test during deployment, (e) inspection after 4 months and horizontal test
mode including a fouling inspection (f) [OHeasman. K.].
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Chapter summary 4:
This chapter discusses the results made available through the published manuscripts considering the
identified gaps of knowledge.

It is shown that the results regarding force coefficients provide engineers and researchers with more
comprehensive data to use when designing bivalve aquaculture systems. Regarding the drag coefficient

in steady flow the range of explored Reynolds numbers is expanded and a drag coefficient of Cp = 1.6

is recommended for subcritical flow regimes (Re < 10°). Furthermore, it was shown for a limited

range of Keulegan-Carpenter numbers, that an experimental determination of the hydrodynamic
coefficients of mussel dropper lines in oscillatory flow is possible. A drag coefficient of Cp = 2.3 and an
inertia coefficient of Cy; = 2.1 are proposed for KC < 10.

It is demonstrated that the characteristic diameter has a major influence on the force evolution of
dropper lines. The use of 3D-scans and the resulting average diameter for experiments under laboratory
conditions as the most explicit representation of the characteristic diameter is recommended. The
difficulties accounting for soft and hard growth are addressed. It is shown that the differences regarding
the hydrodynamic coefficients between the live mussels and surrogates are mostly due to natural
growth on the live mussels, as well as and variations in surface roughness, flow regimes and r

frontal areas.

Recommendations to avoid snap loads in the ultimate design of the Shellfish Tower are given. The
advantages and disadvantages of increasing or reducing the buoyancy as well as configurations to the

mooring are discussed.

Potential errors related to the model setup, equipment, and instrumentation due to limitations of the

imental facilities are indicated. Especially the difficulties arising from biology related parameters,
like the comparability of interspecies characteristics or influence of growth stages, are highlighted. The
application of the research presented in this thesis is also possible. A use case is shown exemplary for
alternative and innovative adaptation practices for increasing aquaculture production. Furthermore,

the deployment of prototype structures directly based on the presented research is shown.




5. Conclusions and Outlook

5.1. Conclusions

The thesis presented here examines the impact of hydrodynamic influences on
offshore bivalve aquaculture. Considering the rapid growth of human population
in coastal areas, accentuated by issues of sustainability and environmental
challenges, bivalve aquaculture can be a major contributor towards global food
security. Furthermore, it could positively support economic and social
developments, while also having far lower environmental costs and increased
benefits in comparison to the current sources of animal protein available. Based on
this background the general objective of this work is to separate, detail and discuss
the governing hydromechanic drivers in bivalve offshore aquaculture systems to

increase the predictability of motion and forces.

A comprehensive literature review was conducted regarding the parameters
responsible for the interaction between steady and oscillatory flows and bivalve
aquaculture systems. To this end, the basic formulations concerning fluid induced
forces in high energy environments, studies on hydrodynamic loads to which
submerged aquaculture components are subjected, and studies associated with
hydrodynamic coefficients in bivalve aquaculture are presented. The fundamental
and current research regarding the influence of roughness on the force evolution
is shown, and studies on the influence of roughness on bivalve aquaculture
components, including a method to accurately represent roughness of an arbitrary
object are included. Finally, the current state of science regarding the influence of

bivalve aquaculture systems on the flow and the motion of systems is presented.

The knowledge gaps identified through the literature review show:

@ a lack of information regarding hydrodynamic coefficients for the safe

determination of loads in offshore environments particularly for oscillatory
flow.
@ alack of guidance as to how the complex surface of mussel dropper lines

should be modelled and which factors are of importance for engineers.
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@ alack of understanding regarding the motion and load evolution of whole

systems.

Based on these shortcomings, several physical model tests were conducted. The
model set-up, test program and covered parameter range were specifically
developed to supplement the present knowledge gaps within the limitations of the
available experimental facilities. The studies include 337 individual test sets with
regular and irregular waves covering wave steepnesses from 0.002 to 0.11, and
currents with velocities from 0.1 — 1.0 m/s. Reynolds numbers (Re) from 3.0 x 10*
to 4.4 x 10°, and Keulegan-Carpenter numbers (KC) from 0.4 to 10 were covered.
The analysis of the newly acquired data sets enables the quantification of
hydrodynamic parameters for a wide range of hydraulic- and geometry-related
boundary conditions. This allows for more holistic conclusions regarding the load
evolution in dropper lines and bivalve aquaculture systems. Based on the results

of these studies, the main findings are described below:

¢ Mussel dropper lines (blue mussel, Mytilus edulis) were tested against drag

at varying velocities and under wave conditions. Based on the results a drag
coefficient of C, = 1.6 is recommended for subcritical flow regimes Re <
10° in steady flow conditions. Under oscillatory flow conditions, a drag
coefficient of C, = 2.3 and an inertia coefficient of C); = 2.1 are proposed for
KC < 10.

& A surrogate was created using 3D-scanning, a surface descriptor-based
analysis and 3D-printing. A satisfactory performance of the surrogate was
determined, which can be used in both physical and numerical experiments
without the need for keeping mussels alive or using geometrically divergent
forms.

& Wave and current tests with a novel aquaculture system were conducted
for a variety of parameter ranges, which showed that the drag coefficients
decrease with increasing current velocities from Cp = 2.5 — 0.5 for Re-
numbers = 0.8 X 10° to 4.4 x 10°, while the mooring inclination increases
from 12° to 84°. The comprehensive examination of the mooring line
tensions shows that the largest values of snap-induced tension are up to 10

times that of the quasi-static tension.
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@ A comprehensive analysis of the hydrodynamic interaction of waves and

floating natural islands in a large-scale facility shows a significant damping
performance of the investigated islands for wave periods T <2.25s. The
transmitted wave height of the incident waves is reduced by up to 50% for
the smallest wave periods T<1.5s. The incident waves are reflected
between 20-50% for these wave periods. The incident wave energy is
dissipated by up to 85% for the smallest wave height and period
(H=0.10m, T=1.5s). The damping performance of the structure depends

mainly on the submerged depth, width, and mass of the islands.

The insights gained will help enable researchers, policy makers, and industry
officials alike to design, operate, and maintain aquaculture systems to aid in the
fulfillment of the SDGs set by the UN. Continuing population growth and
urbanization of coastal areas alongside an increased need for sustainable
alimentation show the need for action. The question how the research presented
above can be best utilized to obtain the most efficient aquaculture farm designs
and systems is multifaceted and spans a large range of scientific fields. From
marine biologists determining the magnitude and spatial scales of changes to
water column processes (e.g. stratification, nutrient intake, bio deposition and
resuspension); to ecologists enhancing the understanding of offshore aquaculture-
environment interactions and the overall footprint of bivalve aquaculture, to
engineers who design and maintain the systems and its components. Ensuring a
sustainable food supply for future generations remains an ongoing and
interdisciplinary research topic, where the insights of offshore engineers are
required to design, operate, and maintain critical systems in a highly energetic

environment.
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5.2. Outlook

The studies presented here examine hydrodynamic impacts on bivalve
aquaculture systems and its components. However, further additions to the body
of knowledge are necessary to accurately capture the influencing parameters and
increase the applicability to larger parameter ranges. The methods applied here

can be further developed in the following ways:

a

@ Future testing of the proposed surrogate (SM 1) should include
investigations regarding the scaling potential to enable physical
investigations with increased accuracy. Additional tests with other
commonly cultivated species, e.g. the green-lipped mussel (Perna
canaliculus) or the Mediterranean mussel (Mytilus galloprovincialis), are also
suggested to obtain species-specific hydrodynamic parameters and
determine the general applicability of the surrogate.

& To provide more robust estimates of hydrodynamic coefficients relevant for
shellfish-covered ropes in marine conditions, additional investigations on
larger Re and KC-ranges are necessary. This is of special interest for the
envisioned remote offshore aquaculture sites and could be achieved either
by using large-scale facilities or by a downscaling of the surrogate
structures.

¢ To allow for physical experiments with larger bivalve aquaculture
structures, a research effort to scale and test the surrogates regarding their
comparability with the live scale surrogates and mussels is necessary.
Thereby, whole farms could be investigated and enhancements to the
current configurations and new designs developed. Further studies may
also include the research on fluid-structure-foundation interaction, and the
capacity and failure mechanisms of mooring lines and anchors under snap
loads or cyclic loads.

& The specific influence of soft growth and surface roughness on the

hydrodynamic parameters of mussel dropper lines needs to be addressed.

So far, research focuses on the hard growth of the mussels themselves,

neglecting further growth that potentially could significantly alter the flow

around the dropper lines and affect the hydrodynamic coefficients.
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Addressing this need could lead to the creation of a reference cylinder or
surrogate that represents soft and hard growth alike.

Detailed field studies using prototype structures and established systems
are required to determine the magnitude and extent of the overall water
flow modification and wake formation in the presence of bivalve
aquaculture. This could also help to ascertain whether different system
designs and orientations to the water flow significantly alter wave and
current attenuation. More research in this regard is also required to
determine the extent and importance of naturally occurring marine fouling
which can change the drag of shellfish structures through soft growth and
decreasing drag.

Calculating the load evolution of suspended aquaculture systems in
marine environments is a challenging endeavor. Thus, future research
should focus on the development and validation of numerical models
capable of accurately predicting the loads, motions, and wave-structure
interactions. This could include sensitivity studies exploring the
influencing of varying hydrodynamic parameters and test a much wider
range of scenarios of hydrodynamic loading otherwise difficult to test in

the laboratory or in the field.
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Hildebrandt A. (2019); Physical Modelling of Blue Mussel Dropper Lines for the

Development of Surrogates and Hydrodynamic Coefficients. Journal of Marine
Science and Engineering; 7(3):65. https://doi.org/10.3390/jmse7030065

Abstract:

In this work, laboratory tests with live bivalves as well as the conceptual design of
additively manufactured surrogate models are presented. The overall task of this
work is to develop a surrogate best fitting to the live mussels tested in accordance
to the identified surface descriptor, i.e., the Abbott-Firestone Curve, and to the
hydrodynamic behavior by means of drag and inertia coefficients. To date, very
few investigations have focused on loads from currents as well as waves.
Therefore, tests with a towing carriage were carried out in a wave flume. A custom-
made rack using mounting clamps was built to facilitate carriage-run tests with
minimal delays. Blue mussels (Mytilus edulis) extracted from a site in Germany,
which were kept in aerated seawater to ensure their survival for the test duration,
were used. A set of preliminary results showed drag and inertia coefficients Co
and Cwm ranging from 1.16-3.03 and 0.25 to 1.25. To derive geometrical models of
the mussel dropper lines, 3-D point clouds were prepared by means of 3-D laser
scanning to obtain a realistic surface model. Centered on the 3-D point cloud, a
suitable descriptor for the mass distribution over the surface was identified and
three 3-D printed surrogates of the blue mussel were developed for further testing.
These were evaluated regarding their fit to the original 3-D point cloud of the live

blue mussels via the chosen surface descriptor.
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Abstract:

Against the background of a drastically increased demand of marine proteins, off-
bottom, bivalve aquaculture, provides significant potential for production growth
when moved into more energetic marine waters. Hence, research, industry and
politics are currently proposing the development of new offshore sites. The highly
energetic conditions at these sites present a challenging environment for bivalve
aquaculture. In this work, physical experiments of suspended bivalves provide
new knowledge on the commonly used design parameters: the drag and inertia
coefficients. Live bivalves and manufactured surrogate models at a 1:1 scale were
tested in a towing tank as well as under waves. The drag coefficient of live blue
mussels was determined to be Cp = 1.6 for Reynolds numbers between 2.3 x 104
and 1.4 x 105. The inertia coefficient obtained from the wave tests was Cm =2.1 for
Keulegan Carpenter numbers KC < 10. In a pursuit to better understand the
differences between live mussels and surrogates in laboratory conditions, the
analysis revealed that appropriate surrogates can be identified. A method to
determine the characteristic diameter of mussel dropper lines is suggested. The
results facilitate the future design of aquaculture systems in high-energy

environments and allow for an integration into numerical models.
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Abstract:

Aquaculture is projected to be a major supplier of marine proteins to large parts of
the global population. This includes bivalves, which have a high potential to offset
protein deficits, as they are highly adaptable to varying water temperature,
salinity, desiccation, and oxygen conditions. This work is part of a two-piece
contribution on novel marine aquaculture technology and details physical
laboratory tests of a new cultivation system for bivalve farming called “Shellfish
Tower”. The tested 1:20 model consists of a rectangular cage (2 x 2 m prototype
scale) with a central buoyancy element and a height of 2 — 4 m. Testing was done
in a current flume as well as a wave basin for current velocities between 0.4 — 2.2
m/s and wave heights of 1.6 to 5.0 m with periods between 5 to 14 s. The tests were
conducted to prove the feasibility and functionality of this aquaculture system,
which is usable for the collection and cultivation of mussel spat as well as for the
grow-out of oysters, scallops, and seaweed in marine environments. Tests carried
out in a current flume revealed that drag coefficients decrease with increasing
current velocities, and range from Cp =0.5 to 2.5, while the mooring inclination
increases from 12° to 84° with increasing flow velocity, which is highly dependent
on the buoyancy related pretension. The examination of the mooring line tensions
recorded in a wave basin showed that the largest values of snap-induced tension
were up to 10 times that of the semi-static tension. The maximum-recorded tension
on the system was 48 kN for a single and 89 kN for a double configuration,
compared to non-snap tension values, which were in the range of 6 — 10 kN. The
insights gathered in this study will inform the future design of aquaculture
systems in high-energy environments and allow for an integration into numerical

models.
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Abstract:

The concept of floating vegetation-based islands for the bioremediation of aquatic
ecosystems is well known. Less so, their hydrodynamic capabilities regarding the
damping performance, positional stability, and water-structure interactions. To
this end, physical model tests with fully organic, reed-based gabions were carried
out in a large-scale facility in this study. The initial, reflected, and transmitted
waves were recorded and analysed regarding transmission and reflection
coefficients. A motion tracking system was utilized to allow for an investigation
regarding the motion of the artificial floating islands under waves. The results
show that the artificial floating islands significantly dampen shorter waves with a
wave period of T < 2.25 s. The transmission of the incident waves is reduced by
50% for the smallest wave periods (T = 1.5 s). The incident waves are reflected
between 20 and 50% for the same wave period. The incident wave energy is
dissipated by up to 85% for the smallest wave height and period (H=0.10m, T =
1.5 s). The comparable performance regarding more traditional floating
breakwaters is discussed as well as the width of the structure as the key parameter
for the layout of artificial floating islands in rivers and still waters regarding the

damping performance.
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