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Abstract. To study the feasibility of deploying a novel type of anchor
with variable buoyancy for mooring floating offshore wind turbines, a set
of detailed modelling studies was performed in the state-of-the-art, Ma-
rine Simulator at the National Decommissioning Centre (NDC). The aim
of the multi-physics simulations is to fully assess the proposed deploy-
ment method using a small tugboat fitted with a simple winch, thereby
simplifying the process and reducing installation costs. The anchor has
a 10 m square base, 4.5 m height and weight of 163 tonnes. The an-
chor is subjected to irregular waves with a JONSWAP spectrum with a
significant wave height up to 5 m and peak period of 10 s. The analy-
sis is divided in three sections: characterisation of the anchor buoyancy,
positioning the anchor under the stern of the vessel and the controlled
descent of the anchor to the seabed. An ideal winch speed of 0.35 m/s
is identified, at which working load range on the winch cable decreases
from 80 kN at the lowest winch speeds to about 30 kN. The sinking tra-
jectory is similar at all winch speeds, however, the slower the descent,
the further the anchor drifts. At this winch velocity, the descent from the
resting position under the stern to the seabed takes roughly 5 minutes.
In addition, the anchor’s yaw range during the descent is below 10° at
the optimal conditions.
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1 Introduction

The economic drivers for lowering CapEx and OpEx of floating offshore wind
technologies calls for innovation. In this study, the feasibility of deploying a novel
type of anchor with variable buoyancy for mooring floating offshore wind turbines
is presented. A set of detailed modelling studies are performed it the state-
of-the-art, Marine Simulator at the National Decommissioning Centre (NDC).
Using the multi-physics simulation allows for a more economical proof-of-concept
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approach, that will allow to fully assess the proposed deployment method and de-
risk future offshore deployment. By using the proposed floating anchor, the use
of heavy-lifting cranes and vessels could potentially be avoided, thereby reducing
complexity and associated expenses. Instead, the anchor can be deployed from
a smaller vessel, equipped with a simple winch. Once the anchor is towed to the
deployment site, the anchor is pumped with liquid ballast and lowered with the
winch. The proposed anchor (Figure 1) has the shape of a truncated pyramid
with a 10 m square base and is 4.46 m high (eyebolt inclusive). The empty anchor
has a weight of 163 tonnes.

446 m 3.48m

10m

Fig.1: Left: 3D representation of the anchor in the simulator’s environment.
Right: 2D diagram of the anchor.

2 Literature review

This section provides an insight to the current state of the deployment of off-
shore wind turbines, their moorings and anchors as well as the typical weather
conditions in which offshore deployments are performed.

2.1 Floating offshore wind turbines

Offshore wind turbines can be divided in two categories: floating and fixed to
the seabed. Much of the offshore wind energy resource worldwide is located over
deep water and current fixed-bottom turbine technology may not be an eco-
nomical solution for developing this deep water resource. Floating offshore wind
turbines allow this resource to be harnessed [9]. Floating turbines are classified
in four predominant types: semi-submersible, tension-leg-platform (TLP), spar
and barge platforms. All of these require anchor(s) to be moored to the seabed.
Regardless of the anchor type, deployments are usually proposed using estab-
lished anchoring technologies/methodologies borrowed from the O&G industry
[1]. At the time of writing, no literature was found on the development of novel
anchoring technologies despite its potential for improvement [5,8,10].
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2.2 Anchor deployment

Little information is found related to the type of anchor employed for floating
wind. However, knowledge from the Oil & Gas industry is adapted to meet the
offshore wind requirements [4,3]. Figure 2 shows the most common anchors used
for floating wind turbines [4]. In comparison with other types of anchors, gravity
anchors (d) require medium to hard soils, their main loading direction is vertical
but can perform at different angles. A drawback of gravity anchors is the weight
for which they rely to work efficiently. This heavy weight increases installation
costs and decreases the potential to recover the anchors upon decommissioning.
Each type of anchor has its own deployment procedure. Drag-embedded (a) and
gravity anchors (d) are simply lowered to the seabed. Whereas driven (b) and
suction (c) piles need further interventions for their installation. The selection
criteria for anchors is highly dependant on the seabed conditions of the deploy-
ment location. Hence, bathymetry surveys should be conducted as part of the
planning process.

e

(a) (b) () (d)

Fig.2: Anchor types generally used in floating offshore turbines: a) drag-
embedded, b) driven pile, c) suction pile, d) gravity anchor. Adapted from [4].

2.3 Flow characteristics and weather window

Offshore deployment is limited by so-called weather windows. These weather
windows are characterised by a series of environmental conditions that allow
for the safe deployment of equipment [13,6]. The main characteristics associated
to weather windows are the significant wave height (Hg) and flow velocity (U).
Average flow velocity around the North Sea is usually below 1m/s (~ 2 kn)
[12,2]; however, in certain areas characterised by channels, straits or some other
land features, can reach up to 4 m/s (~ 8 kn)[7,11].

3 Methodology

The proposed 3D anchor CAD model is imported into the OSC simulator soft-
ware with the adequate collision model. The schematic of the anchor is depicted
on Figure 3 (left). The anchor has a base width of 10.00 m, body height of 3.48 m,
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overall height of 4.46 m and air weight of 163.20 t. The inertia properties of the
steel anchor body are calculated based on the CAD drawing and are imported
into the OSC simulator as part of the collision model generation process. Col-
lision model generation is based on creating a mesh structure to represent the
anchor and is generated using the software 3DS Max before importing it into
the OSC simulator. Due to the simulator only taking into account the volume
of the steel plates and internal bulkheads used to create the anchor shape, it is
necessary to create a solid part that will represent the inner volume of the anchor
(Figure 3 (right)). This inner volume is filled/emptied to modify the anchor’s
buoyancy. The inner volume is fixed to the anchor within the simulator envi-
ronment. The model of the anchor is assembled in the OSC simulator with the
two components depicted in Figure 3, where the inner volume representing the
air/liquid is fixed rigidly inside the anchor. In order to ensure that the anchor
floats, the inner volume is assigned a mass of 170 kg, which corresponds to the
inner volume of 142.44 m? filled with air. The anchor is connected to the hose
reel, using a standard 4” hose and a 50 mm OD steel winch cable.

Fig.3: 3D model of the anchor (left) and the internal representation (right).

The anchor deployment process is shown in Figure 4. The developed scenario
assumes that the floating anchor will be towed to the site and deployed from a
support vessel equipped with a winch and a hose reel. As shown in Figure 4.1,
the floating anchor is connected to the winch using a cable and through a hose
to the reel. Through the hose, the ballast fluid is pumped into the anchor. Once
the anchor has negative buoyancy, the anchor starts sinking and positions itself
under the stern of the vessel, eventually hanging from the winch cable (Figure
4.2). At this point, the anchor starts its controlled descent to the seabed guided
by the winch at the desired velocity (Figure 4.3).

The simulation scenario assumes that the anchor is deployed in 100 m water
depth with ocean conditions represented by irregular waves with a JONSWAP
spectrum with significant wave height of 1 m, current of 0.1 kn and peak period
of 10 s. Although the addition of wind is possible in the simulator, it was opted
not to include this in the first round of tests.
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seabed

Fig.4: Schematic of the deployment process of the anchor: (1) initial position
of the anchor after towing. Pumping of ballast commences to generate negative
buoyancy. (2) positioning of the anchor underneath the vessel’s stern. (3) con-
trolled descent of the anchor by means of a simple winch.

4 Results

The analysis of the deployment process is divided in three sections: 1.- charac-
terisation of the anchor’s buoyancy, 2.- positioning the anchor under the stern of
the vessel by pumping ballast into the anchor to create negative buoyancy and,
3.- the controlled/guided descent of the anchor to the seabed by a winch.

4.1 Buoyancy

To determine the buoyancy limit of the anchor when filled with air, the mass of
the anchor is increased until the anchor is fully submerged. The anchor buoyancy
characterisation is shown in Figure 5, where each curve corresponds to a spe-
cific pump rate. The vertical dashed line corresponds to the actual mass of the
anchor (163.2 t), while the two horizontal dashed lines denote the anchor body
height (3.48 m) and overall anchor height (4.46 m), respectively. As shown, the
buoyancy characteristics of the anchor change when the draft reaches the lower
dashed line (167.3 t), which means that the anchor body is fully submerged and
only the lifting hook remains above the water level. After this point there is a
sharp change in the buoyancy characteristics and the precise buoyancy limit can
be determined from the crossing point between the curve and the top horizontal
line (lifting hook at the water level). When the anchor mass reaches between 167
and 168 t, depending on the pump rate, the anchor becomes neutrally buoyant.
This means that anchor possesses a gross buoyancy of about 4 t. The difference
between the different pump rates is attributed to the inertia created by the speed
at which the ballast is being pumped.
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Fig.5: Anchor buoyancy tests as a function of pump flow rate Q. Vertical line
represents the weight of the anchor in air. The bottom horizontal line represent
the height of the anchor without eye-bolt, the top line takes into consideration
the height of the eye-bolt.

4.2 Positioning

The tests positioning the vessel underneath the vessel stern are analysed as a
function of the pump rate Q (m?3/min). The variation of the winch force (Fyy),
anchor vertical position (Z4) with the pump rate (Q) are shown in Figure 6
(left). Vertical dashed lines indicate the time at which Fy and Z,4 stabilise.
At faster pump rates (Qa1 m?/min), the anchor can be positioned underneath
the stern of the vessel in under 5 minutes. In contrast, at slower pump rates
(Q~0.05 m?/min), the anchor takes up to 35 minutes to position under the
vessel. Due to the length of the cable, the forces acting on the winch cable (Fyy)
remain constant until the anchor is roughly 18 m under the water surface. The
anchor 3D trajectory from the surface to underneath the vessel is shown in Figure
6 (right). At the lowest pump rate, the trajectory presents oscillations compared
to the other pump rates. This is thought to be associated to the time it takes
for the anchor to reach the bottom of the vessel, making it more susceptible to
wave-induced effect.

Comparing the settling times of the winch force and anchor sinking velocity
is shown in Figure 7 for all pump rates Q. At Q=0.5 m3/min, the anchor reaches
its position under the stern around 10.5 minutes before the winch force stabilises.
This means that once the anchor is in position, the ballast gets pumped for a
further 10 minutes. In contrast, at higher Q, the pump stops a couple of minutes
before the anchor has reached its position. At Q=0.4 m?®/min, both Fy, and Z
settle in 4.8 minutes. From this point, as pump rate increases, settling times
decrease at a lower rate. At Q=1 m?®/min Fy settles in 1.9 minutes and Z4
settles in 2.9 minutes.
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Fig. 6: Winch force (top) and anchor vertical position (bottom) for Q=0.05, 0.29
and 0.97 m?/min. Vertical dashed lines represent the time at which the signals
stabilise.

4.3 Descent

In contrast to the positioning tests, the anchor descent tests are analysed as a
function of the winch velocity Vi (m/s). In the preliminary results, a range
of winch velocities, associated forces acting on the winch cable, along with the
three-dimensional anchor descent trajectories and orientation are carefully anal-
ysed. Results from Figure 8 (left) indicate that, in the presence of passive heave
compensation, the working load amplitude on the winch cable decreases from
80 kN at the lowest winch velocities to about 30 kN for winch velocities above
0.35 m/s. The spread visible in the force data is associated to the wave-induced
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Fig. 7: Variation of winch force (top) and anchor positioning (bottom) settling
time with pump rate Q. Exponential curves fitted.
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heave oscillations of the anchor and the vessel. Similar behaviour can be seen in
Figure 8 (right), where the deployment time stabilises above 0.35 m/s.
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Fig.8: Winch force range (left) and descent time (right) as a function of winch
velocity.

The sinking trajectory is shown in Figure 9 (centre). The trajectory is similar
at all winch velocities. However, the slower the descent, the further the anchor
drifts from its initial position (up to 10 m in the Y direction). As seen in Figure
9 (bottom-left), at winch velocities above 3.5 m/s, the descent from the resting
position under the vessel stern to the seabed takes under 5 minutes and the
oscillations on the loading signal associated to the wave movement of the vessel
is no longer an issue. The orientation range of the anchor is shown in Figure 9
(right). The yaw range is the difference between the yaw angle at the time the
anchor reaches the seabed and the angle the winch is released. For pitch and roll,
which are only influenced by the waves, the range is the difference between the
maximum and minimum values in the time series. During the anchor’s descent,
roll is kept almost constant at all winch velocities, with a standard deviation of
0.6°. Pitch has more variation as winch velocity increases, with a standard devi-
ation of 1.7°. However, in the considered range of winch velocities, the anchor’s
rotation about its vertical axis (yaw) presents a standard deviation of 10°.

In Figure 10 (left), the anchor descent velocity is plotted against winch ve-
locities considered. It can be seen that for Vi values below 0.35 m/s the anchor
descent is governed by the winch. However, at higher Vy values, the anchor

reaches an equilibrium and it’s descent velocity does not increase (free fall),
regardless of the winch velocity.

Preliminary results using more ballast to sink the anchor are shown in Fig-
ure 10 (centre/right). It appears that all weights take the same amount of time
(4 minutes). However, this is explained looking at the winch force time series,
where the tension in the cable increases with weight and the wave-induced oscil-
lations are more visible. These oscillations have the same amplitude for all ballast
weights. This means that for each anchor weight, there will be a case-specific

winch speed at which descent speed and winch speed are the same (Figure 10
(left)).
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Fig.9: Winch force range (top-left) and descent time (bottom-left) as a function
of winch velocity and 3D descent trajectory (centre). Ranges of angular displace-
ments of the anchor in yaw, pitch and roll directions (right).
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Fig. 10: Left: Variation of the anchor deployment speed (V4) with the winch
speed (Vi ). Centre: Vertical position of anchors with different ballast weights.
Right: Winch force (Fy ) for different anchor ballast weights.

5 Conclusions

The deployment of a novel anchor design using a real-physics simulator is de-
scribed in this work. The anchor’s variable buoyancy means that it can float and
be towed to the deployment site. This also allows for the deployment to be done
by means of a simple winch.

Having established the anchor buoyancy limit (approximately 4 tonnes), we
were able to study the effect of ballast pumping rate on the first deployment
step (positioning under the stern). The rate at which the ballast is pumped into
the anchor has a direct impact on the time it takes for the anchor to position
itself under the stern of the vessel, at about 20 m depth. At Q~ 1 m3/min the
anchor reaches the position in under 5 minutes, however, at the lowest Q values,
it takes up to 25 minutes.

The analysis performed on the anchor dynamics during its descent, indicates
that a winch velocity of 0.35 m/s is the best in this scenario as the anchor is
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allowed to descend almost at free-fall whilst still being controlled by the winch.
At this winch velocity, the forces acting on the winch have a working range of
30 kN.
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