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Abstract: This paper investigates the hydroelastic response of a submersible circular ring structure,
designed for offshore seaweed cultivation, under wave action and during the submergence process.
The ring structure comprises two circular HDPE pipes connected to each other by equally spaced
brackets. The structure carries seaweed grow-out lines, and is kept in position by a mooring-line
system used for fish pens. The HDPE collar is equipped with multiple inlet and outlet valves, allowing
it to be submerged to avoid strong waves and to be raised to the water surface when the strong waves
die down. The software AquaSim was used for the hydroelastic analysis of the moored structure. It
is found that we can significantly reduce the von Mises stresses in the ring structure as well as the
mooring-line forces by submerging. However, the structure can experience significant increase in
stress during the submergence process due to bending from combined wave action and non-uniform
distribution of filled water in the ring structure. This stress increase may cause structural damage
or even failure. Therefore, it is important to submerge the ring structure in calm waves ahead of
predicted storms and to control the distribution of seawater into the ring structure. For the latter, it is
best to use at least two inlet valves and two outlet valves to minimize the likelihood of damage of the
ring structure during the submergence process.

Keywords: hydroelastic responses; submersible ring structure; seaweed cultivation

1. Introduction

Seaweed, also known as marine macroalgae, is an amazing natural resource with wide-
ranging applications such as food, pharmaceutical and biomedical products, biodegradable
plastics, textiles, and packaging materials [1–3]. It is no wonder that the global seaweed
industry is the fastest growing component of global food production, and has been increas-
ing by about 10% per year since 2010, reaching USD 15 billion in 2019 [1–3]. Greater than
90% of global seaweed production comes from East Asia [1].

Most common farming methods of seaweed involve using ropes and nets in nearshore
sheltered waters, where seaweeds are attached to ropes or nets that are kept below the water
surface by wooden piles, plastic buoys, floating bamboo frames and seabed anchors [4].
These common farming methods have the advantages of low costs due to the simple farming
infrastructure and easy installation, operation, and harvesting. However, nearshore seaweed
farms are facing several problems: (i) competition with other coastal developments such
as tourism, fishing, shipping, and floating urban developments; (ii) the rising temperature
of coastal shallow waters that retards the growth of seaweed; and (iii) increasing environ-
mental risks due to seaweed harbouring parasites and diseases, and slowing water flows in
coastal regions [1]. For increasing seaweed production and solving the existing challenges
to nearshore seaweed farming, the Food and Agriculture Organization [1] and the research
community [5–7] have identified moving to offshore locations as a viable strategy for large-
scale seaweed farming. This strategy is already being considered for large-scale sustainable
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fish farming [8]. Offshore sites offer several advantages: (i) the vast expanse of open sea
permits large-scale seaweed aquaculture; (ii) seaweed platforms can be positioned at optimal
depths to ensure sufficient sunlight and temperature for maximal growth; (iii) potential
environmental risks can be minimized, and (iv) cooler temperatures [6].

A key challenge in offshore seaweed cultivation is for the infrastructure and seaweed
to survive in highly energetic environments, especially during severe storms. This has
spurred researchers and engineers to devise specialized infrastructure for offshore seaweed
cultivation. Initial efforts in this direction can be traced back to the 1970s in the United
States. During this time, an innovative floating structure resembling an inverted umbrella
was designed and tested. It features a central buoy and upwelling pipes to bring cold water
rich in nutrients to irrigate the seaweed for accelerated growth [9]. Other earlier infrastruc-
ture concepts include the 2010 seaweed carrier proposal from Norway, the deployment of
a tension-leg platform system in South Korea in 2016, the BioArchitecture Lab system in
Chile in 2010, and the Macroalgal Cultivation Rig in the Faroe Islands between 2010 and
2019 [5]. Designs relying on buoys, lines, and anchors (such as those by the BioArchitecture
Lab and the Macroalgal Cultivation Rig) have demonstrated comparably lower capital and
operational expenses (CAPEX and OPEX) when contrasted with those involving floating
steel frames like the inverted umbrella structure and the tension-leg platform system [5].
However, it is important to note that such buoy–line–anchor systems have yet to reach the
commercialization stage. The ongoing USD 55-million MARINER and UNITED programs
in US and Europe [10,11] are attempting to further improve seaweed-cultivation infrastruc-
ture designs. Some ideas that have been investigated in these programs include the use of
a single-point mooring system, submerging seaweed infrastructure, and optimizing the
configuration of buoy–line–anchor systems.

The ongoing development and global interest in offshore seaweed-cultivation infras-
tructure have certainly created a need for R&D in obtaining engineering knowledge and
techniques for safe and cost-effective infrastructure designs. This need is critical if we are
going to farm seaweed offshore, as we have witnessed structural failures in trial deploy-
ments of the upside-down-umbrella-like structure, and SPAR buoys and H-frames [5].
Unfortunately, research in this area is rather limited. Some recent studies [12,13] have
focused on understanding wave attenuation and the hydrodynamics of kelp by conducting
model tests of one or several lines of artificial seaweeds under wave/current action. How-
ever, there is little study on the hydrodynamics of entire floating seaweed infrastructure
including buoys, seaweed lines, mooring lines, anchors, and other supporting structures.
Nguyen et al. [14] recently reported a preliminary study on the hydroelastic analysis of
a submersible circular seaweed platform in floating and submerged states. The ability of
the seaweed platform to submerge to an appropriate water depth is essential for offshore
seaweed-cultivation infrastructure and for the seaweed to survive during severe storms.

The present study extends the earlier study [14] to investigate hydroelastic responses
of offshore seaweed ring structures in not only the floating and submerged states, but
also during the submergence process. Hydroelastic analysis is needed because of the
employment of a flexible high-density polyethylene (HDPE) ring structure to carry the
seaweed grow-out lines. The flexibility of the HDPE ring structure under wave action results
in its dynamic response being primarily governed by elastic deformations, as opposed to
rigid body motions. More details on hydroelastic analysis can be found in the following
references [15–20]. HDPE has been selected as the primary structural material for the ring
structure due to its durability in harsh sea environmental conditions, high resistance to
corrosion and UV light, good antibiofouling properties and its being easy to fabricate into
any shape [21,22]. The HDPE circular ring structure is widely employed as floating collars
for open-net fish pens. Constructing HDPE ring structures for seaweed cultivation can
be done by utilizing current fabrication methods and repurposing disused HDPE pipes
from fish farms, offering improved waste management and cost savings. HDPE pipes,
mats and connector systems are also being adopted for fish pens, e.g., Marine Donut [23]
and the SeaFisher [24]. In the next sections of this paper, we will introduce conceptual
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designs of seaweed infrastructure systems. Subsequently, hydroelastic analysis of the
infrastructure designs by using AquaSim will be presented. The hydroelastic responses of
the HDPE ring structure and the forces in mooring lines will be examined at various stages
of submergence.

2. Design of Seaweed Infrastructure

Consider a floating ring structure made from two circular HDPE pipes held together
by equally spaced brackets. The ring structure supports seaweed grow-out lines and is
kept in position by a mooring-line system as shown in Figure 1. The mooring-line system
follows that of the conventional open-net fish cages. Such a conceptual design can be used
for farming red seaweeds (such as Gracilaria dura, Kappahycus alvarezii and Eucheuma).
Young seaweed is placed inside tube nets for better protection from strong environmental
actions in offshore sites. The tube nets are attached to the seaweed grow-out lines. Examples
of seaweed tube nets can be found in [25].
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Figure 1. Submersible seaweed platform with concentrated ballast weight: (a) plan view, (b) side
view of floating state, (c) side view of submerged state.
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Seaweed lines/tube nets are arranged as shown in Figure 1a. This arrangement allows
for the maximum number of seaweed tube nets within the enclosed sea space. An exclusively
radial alignment of seaweed lines would be suboptimal, as it would result in a concentrated
density of seaweed at the central section. The diameter of the initial seeded tube nets is taken
as 10 cm based on the typical arrangement of tube nets used for farming red seaweed [25].
The spacing between seaweed tube nets is about 1.2 m, as per the recommendation from
Ref. [26]. An adequate spacing between the tube nets is necessary to allow all the seaweed
to get sunlight and nutrients as well as to reduce entanglement of the seaweed.

The side elevation of the floating seaweed platform is shown in Figure 1b. The HDPE
ring structure carries sidewalks for workers to safely access the floating seaweed structure
from support vessels that are berthed alongside. The ring structure has either one or two
inlet valves placed directly opposite to each other, and one or two outlet valves. The seawater
enters the HDPE pipes through the inlet valves, while the air escapes through the outlet
valves during the submergence operation. To refloat the ring structure, compressed air from
an air compressor unit in a vessel is pumped into the inlet valves while the seawater is
forced out through the outlet valves. Air tubes are used to transmit the compressed air
from the buoyant air valve to the inlet valves. Upon reaching the desired water depth, the
submerged ring structure is suspended by a system of duck diving buoys and lines as shown
in Figure 1c. This technology for submerging the structure has been developed and tested
in the fish farming industry (see [27] as an example).

Note that, as the mass density of HDPE is smaller than that of seawater, we need to add
ballast weights to the HDPE ring structure so as the structure can be submerged when filled
with water. We considered two different ballast weight systems. One system makes use of
a concentrated weight attached to the ring structure by lines as shown in Figure 1b,c. The
other system makes use of multiple weights that are attached to the HDPE ring structure
as shown in Figure 2. In shallower waters, the multiple-weights system allows the ring
structure to be submerged closer to the seabed for maximum protection from the strong
surface waves in storm events. In the concentrated-weight system, the ring structure can
only be submerged to the point where the weight rests on the seabed. For the least amount
of line materials, the lines holding the concentrated weight should be 45 degrees with respect
to the vertical position (see [28] for the proof).
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The mooring-line arrangement, as illustrated in Figure 1 and proven successful in
fish-farming applications, keeps the ring structure in place. The mooring lines consist of
chains and wire ropes, where the chains offer weight and a catenary influence, and the
wire ropes offer enhanced elasticity and lower costs per unit length [29]. Typically, a mixed
mooring line of chains and wire ropes is favoured. Chains are employed to connect the
wire ropes to the anchor points and also the ring structure to the wire ropes, as shown in
Figure 1a, to increase the holding power and provide resistance to abrasion [30]. The chains
are then anchored to the seabed by plate anchors.

In the considered floating seaweed-cultivation infrastructure, we utilize sizes for
collars, mooring setups, and buoys that are employed in floating open-net fish cages [31].
The design characteristics of the seaweed-cultivation infrastructure are given in Table 1.
The sea-state conditions considered are presented in Table 2. Regular waves are assumed.
Note that the sea state S3 is rather severe, and is the measured extreme condition in Storm
Bay, Tasmania, Australia where offshore aquaculture is considered [24].

Table 1. Design parameters of seaweed platform.

Components Description Magnitude Unit

Ring structure

Diameter of outer circular HDPE pipe 51.8 m
Diameter of inner circular HDPE pipe 50 m

Number of brackets 60 -
Tube section diameter 0.45 m
Tube bending rigidity 7.72 × 105 Nm2

Tube mass 32.54 kg/m

Bridle Line/chain

Line diameter 0.04 m
Line stiffness 486.1 kN/m

Chain diameter 0.0224 m
Chain length 5.47 m
Chain mass 8.66 kg/m

Frame line

Line length 100 m
Line depth 8 m

Line diameter 0.0512 m
Line stiffness 1.03 × 103 kN/m

Anchor line

Line length 103.5 m
Line diameter 0.0512 m

Anchor line stiffness 110.2 kN/m
Anchor chain length 30 m

Anchor chain diameter 0.032 m
Anchor chain mass 16 kg/m

Ballast lines
Line length 70 m

Line diameter 0.04 m
Line stiffness 486.1 kN/m

Buoy Buoy diameter 1.55 m
Buoy length 2.34 m
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Table 1. Cont.

Components Description Magnitude Unit

Tube nets
Diameter of tube nets 10 cm

Spacing between tube nets ~1.2 m

Submergence depth 16 m

Weight 3000 kg

Table 2. Sea state conditions considered for analysis of seaweed ring structure.

Sea State Conditions Wave Height H (m) Wave Period T (s)

S1 2.5 6
S2 4 8
S3 8 12

3. Methodology

We shall first introduce models for the ring structure and mooring systems, which
have undergone rigorous development and validation processes in fish-cage analysis [31].
Subsequently, we shall discuss a modelling approach for seaweed nets in waves. The hy-
droelastic analysis of the seaweed-cultivation infrastructure will be carried out by using
the AquaSim software version 2.18 [32].

3.1. Modelling of the Ring Structure and Mooring-Line Systems

In accordance with the established modelling conventions in fish-cage analysis, the
ring structure (comprising two HDPE circular pipes held together by 60 HDPE brackets)
is modelled by beam elements, while the mooring lines/chains are modelled by truss
elements. The buoys are modelled by spring elements. The spring stiffness is determined
from the buoy’s geometry. Furthermore, our modelling framework assumes that the material
constitutive relations governing the ring structure and mooring lines obey Hooke’s law. The
AquaSim software is used for the hydroelastic analysis. AquaSim makes use of the Finite
Element (FE) method and allows for geometric nonlinearities due to large translations and
rotations of the flexible ring structure. It considers hydrodynamic (diffraction) forces as
well as Morison loads from wave and current. The Morison loads include hydrodynamic
forces such as drag force and Froude–Krylov diffraction force and added mass. Therefore,
the hydroelastic interactions between the fluid and the flexible structure at the surface
state as well as at submerged states at various water depths can be investigated within
AquaSim. For the hydroelastic simulations, the drag and mass coefficients are assumed to
be 1 and 2, respectively. These values are chosen based on the findings from numerical and
experimental studies conducted on HDPE floating fish cages [31].

3.2. Modelling of Seaweed Tube Nets

Red seaweeds are cultivated within cylindrical nets that provide protection against
harsh wave forces. Examples of such red-seaweed “tube nets” are shown in [25], and
in Figure 3. In the numerical simulations, the seaweed cylindrical nets are modelled as
permeable cylindrical membranes, where the membrane porosity is calibrated from physical
tests either in a hydraulics laboratory or in the field. This porosity is contingent upon
parameters including seaweed morphology, dimensions, and biomass density. In addition,
it is important to note that red seaweeds grow over time and are harvested typically within
40–75 days [33]. The development of a model for red-seaweed tube nets is thus rather
challenging. Here, we adopt a rational modelling approach where the membrane’s porosity
is assumed to be 1 (i.e., impermeable tube). This is believed to be the worst scenario in
terms of wave/current loads on the tube net and thus will provide a conservative design
for the seaweed ring structure and mooring lines. It is evidenced from the literature [34,35]
that environmental loads on perforated cylinders are smaller than those on impermeable
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cylinders. The initial tube nets used for seeding have a diameter of 75 mm, whereas
the tube nets containing mature seaweed ready for harvesting measure approximately
200 mm–300 mm in diameter [25]. In the numerical model of this study, seaweed tube nets
are modelled as 20-cm diameter impermeable tubes. The tube mass density is defined to be
equivalent to the mass density of the seaweeds which are approximately equal to the water
mass density [36]. The wave/current loads acting on seaweed lines are estimated by using
the Morison equation.
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4. Numerical Examples
4.1. Hydroelastic Responses of the Ring Structure in a Floating State

In this section, we investigate mooring forces in the front anchor line, and bridle lines
#1 and #2, as well as the displacements and von Mises stresses at nine points as shown in
Figure 4. Figure 5 presents mooring forces when using either a concentrated ballast weight
or a distributed ballast weight. The mooring forces for the ring structure with a concentrated
weight are rather close to those obtained for the ring structure with a distributed weight for
sea states S1 and S2. However, for the severe sea-state condition S3, the use of a concentrated
weight results in smaller mooring forces.
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The mooring forces in the severe sea-state condition S3 are clearly significantly higher
than the mooring forces in the more benign sea-state conditions S1 and S2. For example,
for the ring structure with a distributed weight, the tension in the front anchor line in sea
state S3 is about 100% larger than that in sea state S1.

Figure 6 presents maximum total displacements of the ring structure at various loca-
tions of the HDPE collar for sea-state conditions S1, S2, and S3. Here, the total displacement

w is defined as w =
√

w2
x + w2

y + w2
z where wx,, wy, and wz are displacement components

along the x-, y-, and z-axes, respectively. The results clearly show that the maximum
displacements increase from sea states S1 to S3 due to the increase in the incident wave
height. Figure 7 presents maximum von Mises stresses in the ring structure at various
locations for sea-state conditions S1, S2 and S3. The maximum stresses are located at the
connections with the bridle lines. Although the force in bridle #1 may be larger than the
force in bridle #2 (Figure 5), the stress at the bridle #1 connection with the collar (at location
#2 in Figure 4) may be smaller than that at the bridle #2 connection with the collar (at
location #4 in Figure 4). This is because the vertical component of wave forces causes
bending stress in the collar, but it should not significantly change the forces in the bridle
lines which are used to mainly restrain horizontal motions of the collar. The maximum
stresses may be reduced by introducing an additional bridle line between bridle #1 and
bridle #2. As expected, the stresses are largest at sea state S3, where the maximum stress
can exceed 10 MPa. Submergence of the ring support is needed to reduce the stress levels.
For the other sea-state conditions S1 and S2, the stress is below 8 MPa. Figure 8 shows the
distributions of displacements and stresses in the ring structure at the water surface for the
different sea states S1, S2 and S3. It can be seen that the ring structure deforms considerably
from its original circular shape to a distorted circular shape, with the most distortion for
sea state S3.
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Figure 6. Maximum displacements at various locations of HDPE collar for S1–S3: (a) for concentrated
ballast weight, (b) for distributed ballast weights.
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Figure 7. Maximum von Mises stresses at various locations of HDPE collar for S1–S3: (a) for concentrated
ballast weight, (b) for distributed ballast weights.
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4.2. Hydroelastic Responses of the Ring Structure at Different Submergence Stages

This section aims to: (i) investigate the reductions in mooring forces and stresses
in the ring structure when it is fully submerged; and (ii) investigate the effects of using
either one or two inlet and outlet valves on the stresses of the ring structure during the
submergence procedure.

4.2.1. At Floating and Fully Submerged States

We shall compare the hydroelastic responses of the ring structure at the water surface
and at the fully submerged state where the ring is 16 m below the water surface. The
distributed ballast weight system is adopted in this investigation.

Figure 9 presents tensile forces in the front anchor line, bridle line #1, and bridle line #2
in floating and submerged states for sea state S3. It can be seen that, when the whole ring
structure is filled with water and is fully submerged at a depth of 16 m, the mooring forces
are reduced significantly. For sea-state condition S3, the tension in the front anchor line
is reduced by about 50% by submerging the collar completely. The significant reduction
in mooring forces shows an increase in survivability of the mooring-line systems in storm
events via submerging the ring structure to dodge the strong surface waves.
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Figure 9. Mooring forces in anchor line, bridle lines #1 and #2 for sea state S3.

Figure 10 presents maximum von Mises stresses in the ring structure at the nine
locations for sea-state condition S3. The maximum stresses are found at the connections
with the bridle lines as expected. It can be seen that the stresses can be reduced by about
50% by filling the whole ring structure with water, and letting it sink to 16 m below the
water surface.
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Figure 10. Variations of maximum von Mises stresses in ring structure at water surface and at 16 m
below water surface for sea state S3.

4.2.2. Effects of Valve Configuration

Locations and numbers of valves need to be determined as part of the submergence
strategy. This section investigates the effects of using either one or two inlet and outlet
waves located in the ring structure on hydroelastic responses of the ring structure. Consider
two valve configurations C1 and C2 as shown in Figures 11 and 12. The red circles show the
locations of inlet valves, whereas the green circles show the locations of outlet valves. Valve
configuration C1 has been adopted in submersible fish cages designed by Badinotti [27],
whereas valve configuration C2 has been used in the submersible fish-cage design by



J. Mar. Sci. Eng. 2023, 11, 2238 12 of 17

Aquatec [37]. For each valve configuration, the responses of the ring structure are determined
for five submergence stages, defined by the percentage of the ring structure filled with
seawater, as shown in Figures 11 and 12 (from left to right). Stage 1 is the ring structure
filled with air (i.e., 0% of seawater). Stage 2 represents 25% of the ring structure filled with
water, Stage 3 represents 50% of the ring structure filled with water, State 4 represents 75%
of the ring structure filled with water, and Stage 5 represents 100% of the ring structure filled
with water.
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Figure 11. Top views of five submergence stages for ring structure with 1 inlet valve and 1 outlet
valve denoted as valve configuration C1.
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Figure 12. Top views of five submergence stages for ring structure with 2 inlet valves and 2 outlet
valves denoted as valve configuration C2.

Figure 13 shows the von Mises stresses in the ring structure with different configura-
tions of valves at Stages 2, 3 and 4 in calm waters (i.e., the wave height is very small). Note
that the stresses in Stage 1 and Stage 5 are not shown in Figure 13 as they are negligible in
calm waters. It can be seen from Figure 13 that the stress in the ring structure is affected
significantly by the configuration of inlet and outlet valves. For valve configuration C1, the
von Mises stress can reach 4.2 MPa. For valve configuration C2 with two inlet valves and
two outlet valves, the maximum stress during submergence is 3.7 MPa, representing a 12%
reduction in stresses as compared to that for valve configuration C1.

In practice, we should aim to submerge the ring structure ahead of predicted storms.
Thus, the submergence tends to be carried out under wave action. Understanding the hy-
droelastic responses of the ring structures in waves is important for selecting an appropriate
valve configuration. Figure 14 presents the maximum von Mises stresses in the ring structure
at the nine locations for sea-state conditions S1 and S2. It can be seen that the stress during
submergence (i.e., Stages 2, 3, 4) can be significantly higher than the stress in the floating
state of the ring structure. The increases in stresses can be up to 100% if configuration C1
is used, and the stress can reach 12.7 MPa which may cause damage (kinks) to the ring
structure. Note that for the HDPE PE 100, the permissible stress is 13 MPa, as mentioned
in the Norwegian Standard for fish-cage designs [38]. The increase in stresses during the
submergence is less significant when the C2 configuration is adopted. For configuration C2,
the maximum stress during submergence only reaches 8.5 MPa, representing a reduction of
30% in stresses as compared to the maximum stresses for the case of configuration C1. The
increase in the stress during submergence may be caused by bending from combined wave
action and non-uniform distribution of filled waters. In order to minimise the probability
of the structure being damaged, the submergence process should take place in relatively
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calm waves, ahead of predicted storms, and by using at least two inlet valves and two outlet
valves for a more even distribution of filled waters.
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Figure 13. von Mises stresses at various locations of ring structure in calm water: (a) C1 valve configura-
tion, (b) C2 valve configuration.
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Figure 14. Von Mises stresses at various locations of ring structure under wave action for sea states:
(a) S1, (b) S2.

Figure 15 shows the deformed state and stress distributions in the ring structure
during submergence (i.e., stages 2, 3, 4) in sea state S2. It can be seen that the stress for the
ring structure with valve configuration C2 is lower than that for the ring structure with
valve configuration C1. The maximum stresses occur at the connections with bridle lines or
at the locations of inlet valves.
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5. Concluding Remarks

This paper presents the hydroelastic responses of a submersible ring structure for
offshore seaweed cultivation under wave action. The ring structure comprises two circular
HDPE pipes connected side-by-side by HDPE brackets. The ring structure carries seaweed
grow-out lines, and is kept in position by mooring-line systems commonly used in open-net
fish farms. It is designed to have a submergible capability to avoid strong surface waves
during storms and can be raised to the surface when the storms end. Submergence is
achieved by filling HDPE pipes with water through inlet valves and releasing trapped
air through outlet valves. To refloat the ring structure, compressed air is injected into the
HDPE pipes through a buoyant inlet valve, allowing the trapped water to be pushed out
through the outlet valves. Numerical simulations were made of platforms with one inlet
valve and one outlet valve as well as with two inlet valves and two outlet valves in various
wave conditions. The following observations are made:

• von Mises stress and mooring forces can be reduced by 50% by submerging the ring
structure, thereby increasing the survivability of the seaweed infrastructure in the
event of a severe storm;

• von Mises stress may increase during the submergence process. For the ring structure
with one inlet valve and one outlet valve, the stress may increase by 100% during
submergence as compared to the stress values at the floating stage. However, by using
two inlet valves and two outlet valves, the stress can be reduced significantly during
submergence. So, it is important to use at least two inlet valves and two outlet valves.

The seaweed-cultivation ring structure examined in this paper can be easily con-
structed by using available supply chains or by repurposing fish cages with minimal
modifications. It can be deployed on the downstream end of fish farms to clean the water
as seaweeds soak up excess nitrogen and phosphorus from fish wastes.
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