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A B S T R A C T

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 Marine
Simulator at the National Decommissioning Centre. The aim of the multiphysics simulations is to assess fully
a proposed craneless deployment method that involves towing the anchor from the harbour to the installation
site, pumping liquid ballast to overcome anchor’s buoyancy and lowering it to the seabed using only a winch,
thereby simplifying the process, and reducing installation costs. As a test case, a novel shape of the floating
anchor is considered, to establish the feasibility of its deployment in conjunction with the variable buoyancy
technology and installation sequence. The analysis is divided into 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, under varying weather and operational conditions (e.g significant wave height, current, winch
velocity, liquid ballast mass, ballast pump rate). The analysis allows assessment of the importance of the
different factors affecting the proposed deployment scenario of variable buoyancy anchors, such as the winch
velocity, the ballast mass and the pump rate.
1. Introduction

The economic drivers for lowering the Capital Expenditures (CapEx)
and Operational Expenditures (OpEx) of Floating Offshore Wind Tur-
bine (FOWT) technologies calls for innovation. In 2021, offshore wind
capacity in Europe was predicted to increase to 27.9 GW by 2026
(WindEurope, 2022). This is an average of 5.6 GW per year. The UK
is currently the European country with the largest offshore installed
capacity, and it is predicted that its share of offshore wind will be 39%
of the whole of Europe by 2026 (WindEurope, 2022). The Levelised
Cost Of Electricity (LCOE) for FOWT between 50 and 100 m depths
is currently comparable to fixed offshore wind turbines (Myhr et al.,
2014).

Offshore wind turbines can be divided into two categories: floating
(FOWT) and structures fixed to the seabed. Much of the offshore wind
energy resource worldwide is located in deep water and current fixed-
bottom turbine technology may not be an economical solution for
developing these sites. However, floating offshore wind turbines allow
this resource to be harnessed (Stewart and Muskulus, 2016a). Floating
wind substructures are classified into four predominant types: semi-
submersible, Tension Leg Platform (TLP), spar, and barge platforms.
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All of these require anchors for mooring to the seabed. Regardless
of the anchor type, its deployment is usually done using established
anchoring technologies/methodologies borrowed from the Oil & Gas
industry (Bjerkseter and Agotnes, 2013). Extensive studies have been
conducted on FOWT aerodynamics (Micallef and Rezaeiha, 2021; Stew-
art and Muskulus, 2016b) and their mooring systems (Liu et al., 2016).
Academic research in this field is therefore essential to further un-
derstand the anchoring and mooring technologies specific to FOWT
needs, in order to reduce their costs and ease of installation (James
et al., 2018; Spearman et al., 2020). However, no extensive literature
has been found on the design and development of novel anchoring
technologies despite their potential for improvement (James and Ros,
2015; Strivens et al., 2021). In recent years, The Carbon Trust has
developed a series of reports through the Floating Wind Joint Industry
Project to try and develop further the maturity of FOWT (James et al.,
2018; Spearman et al., 2020; Strivens et al., 2021; Harvey et al.,
2022). Currently, information provided to developers by foundation
suppliers is limited (Harvey et al., 2022). The published standard on
floating wind turbine structures (Det Norske Veritas, 2018) along with
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Fig. 1. Anchor types generally used in floating offshore wind.turbines: (a) drag-embedded, (b) driven pile, (c) suction pile, (d) gravity anchor.
Source: Adopted from James and Ros (2015).
knowledge obtained from it on support structures for bottom-fixed
wind turbines (Det Norske Veritas, 2016), includes only a section on
the design of anchor foundations. These documents outline the overall
process and criteria required for designing anchors for FOWT.

Little information is found related to the particular type of anchors
employed in different floating wind projects currently under develop-
ment. However, knowledge from the Oil & Gas industry is adapted to
meet the offshore wind requirements (James and Ros, 2015; Ikhen-
nicheu et al., 2020; Brown, 2005; Ma et al., 2019). Fig. 1 shows the
most common anchor types, which include drag-embedded, driven pile,
suction pile and gravity based anchors currently used for floating wind
applications (James and Ros, 2015). Each type of anchor has its own
deployment procedure. Drag-embedded (a) and gravity (d) anchors are
simply lowered to the seabed during their commissioning, whereas
driven (b) and suction (c) piles need further interventions to complete
their installation. The selection criteria for anchors is highly dependent
on the seabed conditions at the particular deployment location. Hence,
bathymetry and geotechnical surveys should be conducted as part of the
planning process. In comparison with other types of anchors, gravity
ones require medium to hard soils. Their main loading direction is
vertical but can perform at different angles (Stevens and Rahim, 2014).
A drawback of gravity anchors is their weight required to ensure they
work efficiently. Consequently, this heavy mass increases installation
costs as larger, less available and more costly heavy lift vessels are
required. Moreover, this decreases the potential to recover the anchors
upon decommissioning in the future.

The deployment of anchors and other offshore assets is limited by
weather windows. These are characterised by a series of environmental
conditions that allow for safe deployment of equipment (Walker et al.,
2013; O’Connor et al., 2013). The main characteristics associated with
those weather windows are the significant wave height 𝐻𝑆 and flow
velocity 𝑈 . Average flow around the North Sea is usually below 1 m/s
(∼2 kn) (Vindenes et al., 2018; Davies and Furnes, 1980). However,
in certain areas characterised by channels, straits or some other land
features, this can reach up to 4 m/s (∼8 kn) (Sellar and Wakelam, 2018;
Sutherland et al., 2013). The North Sea is characterised by sea states of
class I (MET Office, 2010) with an occurrence of over 60%, followed by
class III sea states with an average occurrence of 20% (Boukhanovsky
et al., 2007).

The challenges related to the installation of floating wind anchors
listed above, especially the gravity based ones, call for innovation
and the development of novel techniques that will address or at least
minimise them. This is particularly important in view of the increased
demand for floating wind installations, the relatively short timescales
for delivery of those projects and the limited access to heavy lift
vessels capable of handling high weight anchors. Moreover, if the new
techniques allow for expansion of installation weather windows, which
pose currently a significant limitation depending on the location, the
whole process of installing floating wind farm anchors could be greatly
accelerated and delivered in a more cost effective way. One of the
solutions to those problems is to use variable buoyancy technology and
floating anchors for future floating wind applications.
2

In this study, the feasibility of deploying a novel type of anchor with
variable buoyancy currently under development by Aubin Group and
Oceanetics for mooring FOWT is presented. A set of detailed modelling
studies are performed using the state-of-the-art, real time, Marine
Simulator at the National Decommissioning Centre (NDC), developed
and supplied by the Offshore Simulator Centre AS (OSC) (Offshore
Simulator Center AS, 2020). Using the multi-physics simulation suite
allows for a more economical proof-of-concept approach, that will
allow full assessment of the proposed deployment method and de-risk
its future offshore installation. A few academic studies have already
been published using OSC’s simulation software, mainly focused on the
improvement of the simulator by adding different types of sensors (Li
et al., 2017; Sanfilippo, 2016, 2017) and control algorithms (Sanfilippo
et al., 2016). However, there is a limited amount of literature focused
on the development and validation of novel technologies (Xu et al.,
2020) and operations (Yuan et al., 2020). Cheng et al. (2019b) and
Cheng et al. (2019a) analysed a dynamic positioning (DP) model of
a vessel under environmental conditions with a sensitivity analysis.
Lastly, another study looked into human behaviour and training during
anchor handling operations (Håvold et al., 2015).

By using the proposed floating anchor, the use of heavy-lifting
cranes and large vessels could potentially be avoided, thereby reduc-
ing 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, it is pumped with a liquid
ballast and lowered to the seabed using a winch. The proposed anchor
(Fig. 2) has the shape of a truncated pyramid with a 10 m square base
and is 4.46 m high (eyebolt inclusive). The shape developed by Ocea-
netics allows for multiple mooring lines connection points, hence the
anchor has 4 sides allowing for improved flexibility during installation.
Although, the main holding capacity comes from the gravity of the
anchor itself (once fully ballasted), when a horizontal load is applied
to it, the anchor due to its shape will wedge itself into the sand seabed,
delivering in turn improved embedding capabilities. This principle will
apply also for anchors with different numbers of sides as long as the
wedge shape is maintained. Moreover, there is a potential to utilise
such system to share anchors between multiple floating wind turbines
which ultimately can reduce installation costs and complexity (Pillai
et al., 2022). The empty anchor used as a case study in this paper has an
air mass of 163 tonnes. Once installed and full of liquid ballast (specific
gravity SG ≈ 3) the anchor will have mass of 500 tonnes and provide
the equivalent of a concrete gravity based anchor of the same mass.

Design with decommissioning in mind has been one of the main
drivers for developing and studying in detail the new types of anchors,
such as the one presented in this paper. Offshore decommissioning has
shown a significant potential for cost savings if ‘‘design for decommis-
sioning’’ is incorporated from the very beginning (Stokes, 2014). By
making the future decommissioning the exact reverse of the installation
process a huge cost saving can be achieved by optimising installation
of anchors and mooring systems, as suggested by Ikhennicheu et al.
(2020). The main cost reduction will come from utilising smaller vessels
during installation/decommissioning (reduced number of vessel crew),

not being so dependent on weather conditions (expanded weather
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Fig. 2. Left: 3D representation of the anchor in the simulator’s environment. Right: 2D diagram of the anchor.
window and reduced idle time), wider selection of available vessels,
and not being limited by deck space (reduced number of trips to port).
The four types of anchors described in Fig. 1 all require a specialised
vessel and crew to complete installation, which in periods of higher
demand can lead to an increase of the overall installation cost. The
variable buoyancy anchor system presented here, on the contrary can
float and be towed (including multiple anchors in arrays) from harbour
to the deployment location. Utilising a smaller construction or anchor
handling vessel should deliver further benefit in terms CO2 savings, so
vital in the quest for decarbonising offshore operations (ORE Catapult,
2021; Davies and Hastings, 2023).

The layout of this work is as follows. Section 2 goes over the concept
of virtual prototyping, including a description of the Marine Simulator
available at the NDC and a brief description of how the anchor interacts
with its environment. The methodology adopted for the simulations
is presented in Section 3. Here, the CAD model, tests/scene set-up,
the testing procedure and test matrix are discussed. The simulation
results are discussed and analysed in Section 4. Finally, conclusions and
observations coming from the work undertaken are given in Section 5.

2. Virtual prototyping using NDC’s Marine Simulator

Virtual prototyping can be described as computer simulations of a
physical product (Wang, 2003), or as simulations for the purpose of
design and functionality analyses in the early stages of the product
development process (Pratt, 1995). In the field of offshore operations,
virtual prototyping is still in its infancy. Virtual prototyping can be used
to plan and validate missions to de-risk activities that are complex,
not frequently performed, that require specific processes, specialised
and/or bespoke equipment, that are performed in particularly harsh
and remote environments or where there is little margin for errors (Ma-
jor et al., 2021). In this area, modelling of offshore cranes has been of
particular interest in recent years (Chu et al., 2018; Bye et al., 2015).

The Marine Simulator (Fig. 3) used in this work is located at the
NDC at the University of Aberdeen. It is a real-physics (using software
AGX Dynamics Algoryx Simulation AB, 2019), real-time simulator,
capable of recreating irregular waves, currents and winds to de-risk
offshore operations. Moreover, it is a walk-in, 300-degree visual immer-
sive environment comprised of 16 projectors, and 4 stations with the
ability to assign control of any object/asset placed in the scene (ROVs,
cranes, personnel, vessels). Besides its graphics and visualisation, it
allows collection of data (e.g. position, forces, velocities, accelerations
etc.) for further analysis.

The simulator is comprised of a main computer in which the soft-
ware Fathom, developed by OSC, is responsible of running the simula-
tions. The scenarios where all the assets (vessels, ROV’s, cranes, etc.)
are imported and constrained are built in the Sandbox software, also
developed by OSC. It is in the Sandbox where any environmental con-
ditions to be investigated are set and implemented. Fathom is in charge
3

of reading the inputs from the control chairs, analysing the physics and
sending back the video data through Sandbox to the projectors and
other screens. A more detailed explanation of the Simulator processes
can be found in Xu et al. (2020), Yuan et al. (2020) and Offshore
Simulator Center AS (2020).

The Marine Simulator relies on a series of algorithms to calculate
the effects of wind, waves and currents on the objects imported into the
simulator scene. The algorithms are based on recommended practices
for modelling and analysis of marine operations (Det Norske Veritas,
2011) and on environmental conditions with their associated loads (Det
Norske Veritas, 2014). In the Algoryx software, the simulation ob-
ject is discretised into a triangulated mesh to compute the associated
forces (Sandberg, 2014) acting on the structure. The summary of main
hydrodynamics theories implemented into the Marine Simulator is
given below.

• JOWNSAP spectrum 𝑆𝐽 ,

𝑆𝐽 (𝜔) = 𝐴𝛾𝑆𝑃𝑀 (𝜔) 𝛾𝑟, (1)

gives an approximation of the distribution of wave energy among
different wave frequencies and wave-lengths on the sea surface.
In Eq. (1), a peak enhancement factor 𝛾𝑟 is added (1) as the
wave spectrum is never fully developed through wave-wave in-
teractions and 𝐴𝛾 = 1 − 0.287 ln(𝛾) is a normalising factor, while

𝑟 = exp
⎡

⎢
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−
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and 𝜎 =

{

𝜎1 = 0.07, for 𝜔 ≤ 𝜔𝑝.
𝜎2 = 0.09, for 𝜔 > 𝜔𝑝.

(2)

The JONSWAP spectrum was proposed by Hasselmann et al.
(1973) and is a modified spectra version of the Pierson–Moskowitz
Spectrum 𝑆𝑃𝑀 (Pierson Jr. and Moskowitz, 1964),

𝑆𝑃𝑀 (𝜔) =
𝛼𝑔2

𝜔5
exp

[

−5
4

(𝜔𝑝

𝜔

)4
]

, (3)

where 𝑔 is the acceleration due to gravity, 𝜔 = 2𝜋𝑓 (where 𝑓 is
the wave frequency [Hz]), 𝛼 = 8.1 × 10−3, 𝜔𝑝 = 𝑔∕𝑈19.5 and 𝑈19.5
is the wind speed at a height above the sea surface.

• Influence of waves in the flow velocity extends down the water
column. How deep this goes depends on the wave parameters.
This impact in the flow velocity can be quantified with linear
wave theory using the general approach for intermediate waters
(see, for example, Hedges, 1987; Dean and Dalrymple, 1984). This
theory helps estimate the horizontal particle velocity at a desired
depth as:

𝑢 = 𝐻
⋅
cosh [𝑘 (𝑑 + 𝑧)]

⋅ 𝜔 ⋅ cos (𝑘𝑥 − 𝜔𝑡) , (4)

2 sinh (𝑘𝑑)
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Fig. 3. View of the 300 deg toroidal dome (9 m diameter) visualisation suite of the NDC Marine Simulator. The system consists of 22 pcs (8 to run 16 projectors, 8 to run 4
control chairs and 6 to run the physics engine of the software). Assignable chairs are shown in the picture, which can control 2 vessels and 2 cranes/ROVs at the same time,
therefore allowing for simulating operational scenarios involving simultaneous operation of these assets.
where 𝐻 is the wave height, 𝜔 is the wave frequency, 𝑘 is the
wave number, 𝑑 is the water depth, 𝑧 is the height in the water
column, 𝑥 is the distance travelled in the streamwise direction
and 𝑡 is the time elapsed. 𝑧 = 0 at the sea water level (SWL) and
is positive vertically upwards.To find the wave number 𝑘 = 2𝜋

𝐿 , it
is necessary to find the wavelength 𝐿 as:

𝐿 =
𝑔𝑇𝑤2

2𝜋
tanh

( 2𝜋𝑑
𝐿

)

, (5)

where 𝑇 is the wave period.
• Waves superimposed on a mean current experience a

Doppler shift, which is the change in frequency of a wave from
the reference frame of an observer who is moving relative to the
wave source. This change in frequency is defined as:

𝜎 = 𝜔 − 𝑘𝑈, (6)

where 𝜔 is the rotational frequency of waves seen from a refer-
ence frame in which 𝑈 is the current velocity, 𝜎 is the rotational
frequency of waves seen from a reference frame in which 𝑈 = 0
(i.e. the viewer is moving with the current). Free propagating
waves only exist when the angular frequency 𝜔 and wave number
𝑘 satisfy the frequency dispersion relation. The dispersion relation
for intermediate waters according to (e.g.) Peregrine (1976) is
defined as:

𝛺 =
√

𝑔𝑘 tanh 𝑘𝑑 and 𝛺2 = 𝜎2. (7)

Combining Eqs. (6) and (7) gives a dispersion relation with
Doppler shift:

𝜔 = 𝑘𝑈 ±
√

𝑔𝑘 tanh 𝑘𝑑 (8)

The Doppler shift from Eq. (8), the horizontal particle velocity
from Eq. (4) and the current velocity 𝑈 , provide inputs for Algoryx’s
AGX Hydrodynamics module, which in turn allows the software to
compute at each time step the buoyancy 𝐹𝑏, lift 𝐹𝑙, pressure 𝐹𝑝 and
viscous drag 𝐹𝑣 forces acting on the anchor (or any other object
considered) as:

F𝑏 = −∬ 𝑝𝑠 n̂ d𝑆 = −𝜌𝑔∬ ℎ n̂ d𝑆, (9)

F𝑝 = − 1𝜌 𝐶𝑝 (v ⋅ n̂)
2 sgn (v ⋅ n̂) n̂ d𝑆, (10)
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∬ 2
F𝑙 = −∬
1
2
𝜌 𝐶𝑙

(

v ⋅ t̂𝑣
)2 n̂ d𝑆, (11)

F𝑣 = −∬
1
2
𝜌 𝐶𝑣

(

v ⋅ t̂𝑣
)2 t̂𝑣 d𝑆, (12)

where 𝑣 is the flow velocity at the anchor’s surface, 𝜌 is the density
of the fluid, n̂ is a unit vector normal to the mesh triangle, t̂𝑣 is the
direction of the velocity tangent to the surface and 𝐶𝑝, 𝐶𝑣 and 𝐶𝑙 are
the pressure, viscous drag and lift coefficients, respectively.

3. Methodology

3.1. Model description and setup

The proposed 3D anchor (Fig. 2) CAD model is imported into the
Sandbox software with the appropriate collision model. The schematic
of the anchor is depicted in Fig. 4 (left). The anchor has a base width
of 10.00 m, body height of 3.48 m, overall height of 4.46 m and mass
in air of 163.20 t. The inertia properties of the steel anchor body
are calculated based on the CAD drawing and are imported into the
Simulator as part of the collision model. Collision 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
Simulator. Due to the software 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 (Fig. 4 (right)). This inner volume is filled/emptied
to modify the anchor’s buoyancy. The inner volume is fixed to the
anchor within the Simulator environment. The model of the anchor
is then assembled with the two components depicted in Fig. 4, 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 m3 filled with air. The anchor is connected to the hose reel,
using a standard 4’’ hose and a 50 mm OD steel winch cable.

In Fig. 5 we depict the triangular mesh applied to the anchor consid-
ered in this study. The anchor itself (or any other object simulated) is
considered as a rigid body, with 6 degrees-of-freedom around its centre
of mass (corresponding to the origin of the rectangular coordinate
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Fig. 4. Left: 3D model of the anchor. Right: 3D representation of the anchor’s inner volume.
Fig. 5. Triangular mesh representation applied to the anchor model. The anchor is
modelled as a rigid body with 6 degrees-of-freedom and environmental loading applied
to individual mesh triangles.

system), while the overall environmental forces acting onto it are
computed based on the forces acting onto the individual triangles.

A simple heave compensation system consisting of an axial spring of
stiffness 𝑘𝑧 = 1000 kN

m was added to the simulation between the winch
cable and anchor’s hook. A diagram of the system is shown enclosed
in a green circle in Fig. 6, where the anchor deployment process is
depicted. The developed scenario assumes that the floating anchor will
be towed to the site and deployed from an anchor handling vessel
equipped with a winch and a hose reel. As shown in Fig. 6.1, 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, it starts sinking
and positions itself under the stern of the vessel, eventually hanging on
the winch cable (Fig. 6.2). At this point, the anchor starts its controlled
descent to the seabed guided by the winch at the desired velocity
(Fig. 6.3). In this study, we use a specific anchor handling vessel,
Buorbonic Arctic, available in the Marine Simulator library. However,
the choice of vessel type will not have a significant direct influence on
the detailed analysis of the deployment process presented in this paper.

The simulation scenario assumes that the anchor is deployed into
100 m water depth with ocean conditions represented by irregular
waves using the JONSWAP spectrum with significant wave height of
1 m, current of 0.1 kn and peak period of 10 s. Note that both waves
and currents are applied along the 𝑌 direction (as defined in Fig. 6),
but the anchor itself has 6 degrees-of-freedom, which in turn allows
the full 3D trajectories to be observed. Although the addition of wind
is possible in the Marine Simulator, it was decided not to include this
in the first round of tests as the anchor has a high draft when floating
and its main interaction with the environment is limited to below the
surface.

In order to illustrate what type of data can be collected from the
Marine Simulator, we show below a few examples of time histories
5

for the main parameters and the corresponding 3D trajectories of the
anchor for both the positioning (2) and deployment (3) stages. The
variation of the winch force 𝐹𝑊 , anchor vertical position 𝑍𝐴 with the
pump rate 𝑄 are shown in Fig. 7(a)–(b), where example time histories
are presented for 3 sets of pumping rates (marked in blue, orange and
yellow). Vertical dashed lines indicate the time at which 𝐹𝑊 and 𝑍𝐴
stabilise. At faster pump rates (𝑄 ≈ 1 m3/min), the anchor can be
positioned underneath the stern of the vessel in just under 5 min. In
contrast, at slower pump rates (𝑄 ≈ 0.06 m3/min), the anchor takes
up to 35 min to position itself below the vessel. Moreover, in the
initial state the winch force remains constant as the anchor is still
buoyant at this stage (before enough ballast gets pumped into it). Due
to length of the cable, the forces acting on the winch cable 𝐹𝑊 remain
constant until the anchor is roughly 18 m under the water surface. The
anchor 3D trajectories from the sea surface to underneath the vessel
are shown in Fig. 7(c) and correspond to the cases depicted in panels
(a)–(b). Note, that in this 3D plot the anchor starts initially at point
(0,0,−3.2) [m], which corresponds to its starting position and ends at
the final position beneath the stern of the vessel (−10,0,−18) [m]. At
the lowest pump rate, the trajectory shows oscillations of the anchor
due to wave motion. This is thought to be associated with the extended
time it takes for the anchor to reach the position underneath the vessel’s
stern, making it more susceptible to wave-induced effects. In the same
way, Fig. 7(d)–(f) depicts example time histories of 𝐹𝑊 and 𝑍𝐴 and
the corresponding 3D trajectories for 3 sets of winch velocities, (stage
(3)), which illustrates the anchor’s descent from beneath the vessel
to the seabed (depth of 100 m). The trajectories shown in panel (f)
indicate that the anchor’s drift in the direction of waves increases as
the winch velocity increases. Both the winch force and anchor vertical
position increase linearly with time for a given winch velocity 𝑉𝑊 .
Note, that panel (d) depicts only the increase in force due to increased
length of the winch cable (anchor weight in water is subtracted).
The examples shown demonstrate the types of data that is collected
from the developed model to study in detail in Section 4 the effects
of the operational parameters and environmental conditions on the
installation process (see Fig. 6).

4. Results

The analysis of the deployment process is divided into three sec-
tions: (1) characterisation of the anchor’s buoyancy (see Section 4.1),
(2) positioning of the anchor under the stern of the vessel by pumping
ballast into it to create negative buoyancy (see Section 4.2) and, (3)
controlled/guided descent of the anchor to the seabed by a winch (see
Section 4.3.1). Subsequently in Sections 4.3.2 and 4.3.3 the effects of
the significant wave height 𝐻𝑆 and underwater current velocity 𝑣 on
the anchor descent phase are established.

4.1. Anchor buoyancy

To determine the buoyancy limit of the anchor when filled with

air, its mass is increased until the anchor is fully submerged. This is
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Fig. 6. Schematic of the deployment process of the anchor at deployment position: (1) initial position, pumping of ballast commences to generate negative buoyancy. (2) positioning
of the anchor underneath the vessel’s stern. (3) controlled descent of the anchor by means of a simple winch. A diagram of the heave compensation system used in the simulation
is shown within the zoomed-in area in the green circle.
Fig. 7. Time histories for winch force (a,d) and anchor vertical position (b,e) for anchor positioning (a,b) and descent (d,e). Vertical dashed lines represent the time at which the
signals stabilise. 3D trajectories for anchor positioning (c) and descent (f). Positioning sample tests are for 𝑄 = 0.05, 0.29 and 0.97 m3/min. Descent sample tests for 𝑉𝑊 = 0.06,
0.17 and 0.5 m/s.
Fig. 8. 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. Blue is for the slowest 𝑄 values. Yellow is for the fastest 𝑄 values.
6

achieved by increasing the rate, 𝑄, at which the ballast is pumped into
the anchor. Pump rates values from 0.04 to 1.87 m3/min were used
(see Table 1 for all 𝑄 values). The anchor buoyancy characterisation is
shown in Fig. 8, where each curve corresponds to a specific pump rate.
The vertical dashed line corresponds to the actual mass in air of the
anchor (𝑚𝐴 = 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 its 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 point where anchor is
fully submerged can be determined from the crossing point between the
curve and the top horizontal line (lifting hook at the water level). This
observed variation is directly related to how fast the ballast is pumped
into the anchor. When the anchor mass reaches between 167 and 168 t,
depending on the pump rate, the anchor becomes neutrally buoyant.
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Fig. 9. Variation of anchor vertical position 𝑍𝐴 (red) and winch force 𝐹𝑊 (blue) settling times with pump rate 𝑄 at different significant wave heights.
This means that the anchor possesses a gross buoyancy of about 4 t. The
difference between the pump rates is attributed to the inertia created
by the speed at which the ballast is being pumped. From a practical
point of view, it is more important to know the approximate buoyancy
limit of the anchor, rather than the precise amount of ballast required
for a given pump rate. This is related to the fact that the anchor needs
to have a negative buoyancy so that its installation can proceed as
planned in the deployment scenario shown in Fig. 6. Nevertheless, the
simulation shown above allows us to pinpoint exactly the buoyancy
limit of the anchor and observe that it varies depending on how fast
the ballast is pumped into the anchor.

4.2. Anchor positioning

In this section, we explore how the variable buoyancy anchor
behaves during its positioning underneath the vessel’s stern (stage (2)
of the deployment scenario shown in Fig. 6) for varying pump rate 𝑄
(m3/min) and environmental conditions (significant wave height 𝐻𝑆
ranging from 1 to 5 m). For each wave height tested, a range of ballast
pumping rates from 0.05 to 1.5 m3/min is analysed. For all cases,
a ballast of mass 𝑚𝐵 = 6.3 t is added on top of anchor’s air mass,
𝑚𝐴 = 163.2 t, to ensure the anchor has negative buoyancy. In total, 174
simulations were performed (see Tables 2 and 3 for all 𝑄 values). Note,
that these simulations are run in real time, so the computational time
required to obtain results is matched to the time depicted in figures
throughout this paper.

In Fig. 9(a)–(b) we depict a parametric plot illustrating the settling
times of anchor’s vertical position and the winch force as a function of
pump rate 𝑄 for different values of 𝐻𝑆 . The settling times correspond to
vertical dashed lines defined in Fig. 7(a)–(b). As illustrated in Fig. 7(a)–
(b), the settling times of the anchor’s vertical position and winch force
does not necessarily align with each other, particularly for slower pump
rates (𝑄 < 0.2 m3∕𝑚𝑖𝑛). This is related to the fact that anchor can reach
its position beneath the stern of the vessel before the prescribed amount
of ballast is pumped into it. In general, the settling time for both vertical
position and winch force relationship with pump rate follows an inverse
function irrespective of the wave height considered (see Fig. 9(a)–(b)).
For example, when 𝐻𝑆 = 1 m and 𝑄 = 0.15 m3∕min, the anchor reaches
its position under the stern in around 10.5 min and before the winch
force stabilises. This means that once the anchor is in its destination
position, the ballast gets pumped for further 2 min. At 𝑄 = 0.4 m3∕min,
both 𝐹𝑊 and 𝑍𝐴 settle in 4.8 min for 𝐻𝑆 = 1 m. From this point
onwards, as the pump rate increases, the settling times of the anchor’s
position remain longer than the settling times of the winch force. For
example for 𝑄 = 1 m3∕min, 𝐹𝑊 settles in 1.9 min and 𝑍𝐴 settles in
2.9 min.
7

The force excerpted on the winch during positioning of the anchor
under the stern of the vessel is recorded on the 3D parametric plot
in Fig. 10(a), where the dependence of the winch force amplitude on
the pump rate 𝑄 and significant wave height 𝐻𝑆 is shown. Similarly
Fig. 10(b), depicts the amplitude defined as a difference between the
min/max values of the anchor’s vertical position 𝑍𝐴 during positioning.
Note that on both panels in Fig. 10, the dashed lines denote the mean
winch force and mean vertical position of the anchor, while the solid
lines mark the maximum and minimum values of these quantities
(obtained through detrending time histories like the ones shown in
Fig. 7(a)–(b)). The mean value of the winch force 𝐹𝑊 remains constant
as 𝑄 varies, but we can observe its variation as 𝐻𝑆 increases. Up to
𝐻𝑆 = 3.0 m, the mean value of 𝐹𝑊 remains at −31 kN, while it starts
to decrease for higher values of 𝐻𝑆 (∼−23 kN for 𝐻𝑆 = 4.0 m and
∼−20 kN for 𝐻𝑆 = 5.0 m). This is directly related to the increasing
amplitude of the anchor’s vertical position, which increases with the
wave height, as shown in Fig. 10(b). This behaviour is expected, as the
anchor is kept relatively close to the surface, where it is subjected to
wave loading. The amplitude of the force 𝐹𝑊 varies with pump rate 𝑄,
with the highest amplitudes observed for 𝑄 = 1.0 m3

min , for most wave
heights considered, as shown in Fig. 10(a). Similarly as for the mean
winch force, the mean vertical position of the anchor increases (moves
closer to the surface) when 𝐻𝑆 increases. Up to 𝐻𝑆 = 3.0 m, the anchor
remains on average at a depth of ∼20 m, moving upwards to ∼19 m
and ∼18.7 m for 𝐻𝑆 = 4.0 m and 𝐻𝑆 = 5.0 m, respectively.

The analysis presented allows for some conclusions to be drawn
regarding the feasibility and important factors to be considered during
anchor’s positioning stage, that will inform future offshore deployment
plans. The main observation tells us that it is better to pump liquid
ballast into the anchor with faster rates, as this limits the exposure
to wave loading. Moreover, the significant wave height seems to have
a limited influence on the time it takes for both anchor’s vertical
position (driven by the cable length) and winch force (driven by the
anchor’s weight in water) to settle. On the other hand, the wave height
has a more profound effect on the oscillation amplitude of anchor’s
vertical position, 𝑍𝐴, which increases with increasing wave height. As
a consequence, the amplitude of the winch force will also be affected
by the significant wave height.

4.3. Anchor descent

4.3.1. Base case
In contrast to the positioning tests, the anchor’s descent tests are

analysed as a function of the winch velocity 𝑉𝑊 . A base case with
𝐻𝑆 = 1 m and winch velocities (𝑉𝑊 ) ranging from 0.025 to 0.5 m/s
is established (see Table 4 for all 𝑉𝑊 values). Time histories of the
anchor’s vertical position are presented in Fig. 11(b), where it can be
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Fig. 10. Maximum (◦) and minimum (∙) amplitude of the 𝐹𝑊 (a) anchor’s vertical position 𝑍𝐴 (b) for different wave heights. Each plane indicates a different 𝐻𝑆 value. Dashed
lines indicate the average winch force and vertical position of the anchor for a given significant wave height 𝐻𝑆 and pump rate 𝑄.
Fig. 11. Descent time from settling position to seabed as a function of winch velocity (a). Time histories of anchor’s vertical position Z𝐴 at all winch speeds V𝑊 (b). Colour bar
represents the winch velocity for each tests.
seen that the slowest it takes for the anchor to reach the seabed is
50 min (for the slowest winch velocity of 0.025 m/s). For the fastest
winch velocities (𝑉𝑊 > 0.5 m∕s), the anchor reaches the seabed in
just over 3.5 min. Fig. 11(a) shows the time it takes for the anchor to
reach the seafloor. Note, that the relationship describing the descent to
seabed vs winch velocity follows a similar trend to that of positioning
of the anchor under the vessel stern (see Fig. 9). It can be seen that
for 𝑉𝑊 > 0.3 m∕s the descent time seems unchanged, whereas for
𝑉 < 0.3 m∕s the descent time increases considerably as 𝑉 decreases.
8

𝑊 𝑊
First, let us explore the effect of waves on the anchor’s vertical
position and winch force as the anchor descends to the seabed. One
factor that needs to be considered here relates to the interaction of the
anchor and the vessel itself as it moves vertically due to wave loading.
It is assumed that vessel motion is restricted to heave, pitch and roll
degrees-of-freedom only as dynamic positioning is active. The winch
cable connecting the anchor to the vessel, provides a coupling that
can lead to some undesired behaviour. This is illustrated in Fig. 12,
which depicts 3 example time histories for winch velocities 0.025,
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Fig. 12. Effect of waves on the anchor and winch forces: top - Vessel vertical position 𝑍𝑉 , middle - Anchor vertical position 𝑍𝐴, bottom - Winch force 𝐹𝑊 for three different
winch velocities 𝑉𝑊 (columns).
0.22, 0.50 m/s of the vessel’s heave 𝑍𝑉 , the anchor’s vertical position
𝑍𝐴 and the winch force 𝐹𝑊 for a section of anchor’s descent from
depth of 20 m to 40 m. Note, that these graphs are restricted to
showing examples in different time scales, as the focus is to compare
the severity of the observed anchor vibrations in a given vertical section
of the water column based on the chosen winch velocity. One can
observe a clear coupling between 𝑍𝑉 and 𝑍𝐴, which manifests itself
in the slowed down descent of the anchor, with occasional upward
movement of the anchor itself (best visible in the middle panel in
Fig. 12) synchronised with an upward motion of the vessel. As the
winch velocity 𝑉𝑊 increases, the coupling between 𝑍𝑉 and 𝑍𝐴 becomes
weaker as the winch cable is released faster than the anchor sinks,
resulting in a smoother trajectory and much reduced number of spikes
and lower average value of the winch force 𝐹𝑊 , as shown in bottom
anels in Fig. 12. The effect described above can be further eliminated
optimised) if a passive heave compensation system is used, which will
equire optimisation of the stiffness and damping characteristics of the
onnection point between the winch cable and the anchor itself. In our
odel this is represented by a simple spring/damper, while in real life

ommercial passive compensation systems based on the same principle
an be used, if required.

From the analysis presented above, one can clearly see that the
everity of coupling between the anchor’s vertical position and vessel’s
eave motion diminishes with the winch velocity. In order to quantify
9

that effect, an FFT analysis of a series of tests with multiple winch
velocities is conducted and described below. Fig. 13(a) shows the
isolated (detrended by subtracting the slope of 𝑍𝐴 shown in middle
row panels of Fig. 12) oscillations of the anchor’s vertical position
𝑍𝐴 for the three winch velocities shown in Fig. 12. At faster winch
velocities, the oscillations have a smaller peak to peak amplitude
(defined as the difference between min/max values) compared to the
slower winch velocities. These oscillations decrease with time, as the
anchor is further down the water column and the influence of the
waves is reduced. The oscillations for the slower winch velocities have
a pronounced frequency (Fig. 13(b)) at 0.07 Hz (𝑇 = 14 s) with a
maximum peak to peak amplitude of 2.7 m. At higher winch velocities,
the oscillations have a maximum amplitude of 0.5 m, more than 5
times smaller than that for the slowest winch speed. At 𝑉𝑊 = 0.22 m∕s,
the observable oscillation frequencies have a range between 0.02 and
0.11 Hz (𝑇 = 50 and 9 s). In all cases we can clearly identify peaks, that
correspond to the peak period 𝑇𝑃 = 10 s, of the considered JONSWAP
spectrum. The frequencies depicted in Fig. 13(b) allow one to visualise
the effects observed earlier, that the severity of the anchor’s vibrations
diminishes as the winch velocity increases. Apart from the peak period
of the spectrum, it is possible to identify other frequencies which are
related to the stiffness of the winch cable. Moreover, they disappear as
coupling of anchor’s vertical position from the vessel’s heave reduces
with increasing winch velocity.
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Fig. 13. Isolated oscillations of the anchor’s vertical position (a) and anchor’s vertical position in the frequency domain to identify main frequencies in the signal (b). Both panels
for cases V𝑊 = 0.025, 0.22 and 0.5 m/s. (c) The average amplitude of wave-induced oscillations in the anchor’s vertical position and (d) maximum oscillation frequency of anchor’s
vertical position as a function of winch velocity.
Based on the analysis presented in Fig. 13(a)–(b), we can construct a
parametric plot allowing the relationship between the peak to peak am-
plitude and the frequency of the oscillations induced by vessel’s heave
as a function of winch velocity to be observed, as shown in Fig. 13(c)–
(d), respectively. The frequency at which the maximum amplitude of
the oscillations is observed is shown in panel (d) (similar to Fig. 13(b)).
For winch velocities below 0.2 m/s, the frequency remains constant at
0.7 Hz (𝑇 = 14 s). However, for winch velocities above 0.2 m/s and
below 0.3 m/s, the maximum frequency of the oscillations is scattered
with no visible trend. This is thought to be due to a small amplitude
of the oscillations observed in the anchor’s vertical position and the
progressive decoupling of the anchor’s vertical oscillations from the
wave oscillations at the sea surface. As the winch velocity exceeds
0.3 m/s, a much clear trend is visible, with the maximum frequency
of the observed oscillations reaching values close to the peak period of
the wave spectrum. Panel (c) shows that the peak to peak amplitude of
the oscillations decreases with increasing winch velocity. Above 𝑉𝑊 =
0.15 m∕s, we observe a significant drop in the observed amplitude,
followed by a slight increase (local maximum at 0.25 m/s), and further
consistent decrease of the amplitude with the winch velocity, until
it eventually stabilises around an average value of 0.5 m at around
𝑉𝑊 > 0.35 m∕s. The parametric analysis presented above allows us to
verify through FTT analysis and quantify the general trend, that the
severity of the vessel’s heave induced anchor oscillations diminishes
as the winch velocity increases. This manifests itself in reduced peak
to peak amplitude of anchor’s vertical oscillations and the fact that
dominant frequency observed in each time history is closely matched
to the peak period of the JONSWAP spectrum applied.

Next, let us look into the anchor’s 𝑋 and 𝑌 positions at landing
for all winch velocities 𝑉𝑊 , as shown in Fig. 14. With no current
present, it would be intuitive that for all winch speeds the landing
position of the anchor would be very similar. This is correctly seen in
the 𝑋 position, where the anchor stays within ±1 m from its initial
release position. The relatively small drift observed in the 𝑋 direction
originates from anchor’s yaw, that gets induced during the positioning
stage. As the anchor is unconstrained (apart from the winch cable) and
has 6 degrees-of-freedom in the 3D simulation, there is a possibility
for it to yaw during its positioning under the stern. Consequently, the
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anchor is no longer perpendicular to the wave direction, hence its drift
in 𝑋 can take place. On the other hand in the 𝑌 direction, there is a
larger drift associated with the direction of wave propagation applied in
the model (𝑌 ). This is an expected behaviour related to the well-known
phenomenon of Stokes drift (Weber, 2021; Webb and Fox-Kemper,
2015; Henry, 2019). In this case, the anchor drifts up to 10 m from its
release position. The 3D sinking trajectories are shown in Fig. 14(c).
The trajectory is similar at all winch velocities. However, the faster
the descent, the further the anchor drifts (up to 10 m) from its initial
position in the 𝑌 direction (parallel to the wave propagation). This
counter intuitive observation is further explored in the next paragraph.

Next, we investigate the relationship between anchor’s descent ve-
locity 𝑉𝐴 and the winch velocity 𝑉𝑊 , which is depicted in Fig. 15(a)
for a significant wave height 𝐻𝑆 = 1 m. The graph contains data
for other wave heights as well, but these are discussed in detail in
Section 4.3.2. It can be seen that for 𝑉𝑊 values below 0.35 m/s the
anchor descent is governed by the winch. However, at higher 𝑉𝑊
values, the anchor reaches an equilibrium and its descent velocity
should not increase (free fall marked by the vertical line), regardless of
how fast the winch spools out the cable. Note that the slight increase
in anchor’s velocity above 𝑉𝑊 = 0.37 m∕s, visible in Fig. 15(a),
is a consequence of an increased anchor weight due to loose cable
connected to it. As the cable is winched out faster than the anchor
sinks, the loose winch cable provides additional mass (≈62 kg per
meter) that speeds up anchor’s descent. The behaviour observed though
this analysis is directly related to counter intuitive observations from
Fig. 14, that indicate that anchor deviates more along 𝑌 direction for
higher values of winch velocity. Namely, when the winch velocity is
below the aforementioned threshold, the cable guides the anchor as it
descends, even though as explained earlier more of the vessel’s heave
is passed towards the anchor. Above 𝑉𝑊 = 0.35 m∕s the guiding effect
of the cable diminishes, hence the higher anchor’s deviation in the 𝑌
direction, even though less of vessel’s heave gets transferred to the
anchor itself, due to decoupling. In practical terms, this can be further
optimised. If our goal during installation is to limit anchor’s deviation,
then one can utilise appropriate passive heave compensator that will
minimise the anchor’s oscillations during its descent at lower values
of winch velocity. In Fig. 15(b), the orientation range of the anchor is
shown. The yaw range is the difference between the yaw angle at the

time the anchor reaches the seabed and the angle from the moment the
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Fig. 14. Variation of the anchor drift in the 𝑋 (a) and 𝑌 (b) directions for all winch velocities. 𝑌 axis is in the wave propagation direction. (c) 3D trajectories of the anchor’s
descent to the seabed from the settling position for all winch speeds 𝑉𝑊 . Colour bar represents the winch velocity for each test.
Fig. 15. (a) Variation of the anchor descent velocity (𝑉𝐴) and (b) operational range of yaw (𝜙𝑍 ) as a function of winch velocity (𝑉𝑊 ) for wave heights 𝐻𝑆 ∈ (1, 5) m. The
horizontal line marks anchor’s free fall velocity in water, 𝑉𝐴 = 0.35 m∕s. The vertical line denotes the winch velocity equal to anchor’s free fall velocity.
winch is released. The yaw angle 𝜙𝑍 has a minimum value for winch
velocities between 0.32 and 0.38 m/s, while outside that interval it
increases significantly (up to 30 deg), which confirms further benefit of
matching the winch velocity and free fall velocity of the anchor itself.

From the analysis presented above, we can make preliminary obser-
vations about the overall effects of the winch velocity on the anchor’s
descent. There is a clear trade-off, as using slower winch velocities
results in a longer descent time and increased amplitude of oscillations
related to vessel’s heave (see Fig. 13(b)), while at the same time
providing improved guidance of the anchor, due to lower deviations
in the 𝑋 and 𝑌 directions (see Fig. 14). On the other hand, as shown
11
in Fig. 15, operating the winch above the free fall velocity of the
anchor results in optimal conditions in terms of anchor’s yaw, which
in turn should prevent entanglement of the cables/hoses connected to
the anchor. The subsequent analysis focuses on establishing the effect of
significant wave height 𝐻𝑆 on the anchor’s descent in a narrower range
of winch velocities between 0.3 and 0.5 m/s, as it allows optimal yaw
response.

4.3.2. Effects of wave height
In this section, we study in detail the effect of significant wave

height (interval: 2–5 m) on the variable buoyancy anchor’s descent
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Fig. 16. Descent time as a function of winch velocity for all winch velocities. Base case with 𝐻𝑆 = 1 m (a) and wave cases with 𝐻𝑆 ranging from 2 to 5 m (b).
Fig. 17. Variation of the anchor’s vertical position with time for all wave cases. Colour bar represents the winch velocity for all panels. Vertical dashed lines indicate the time at
which the anchor reaches the seabed.
in a narrower window of winch velocities (0.3–0.5 m/s) identified as
optimal and more beneficial from offshore deployment point of view
(e.g. reduced descent time, reduced coupling to vessel’s heave, mini-
mum yaw angle during descent when winch velocity matches anchor’s
free fall velocity). A full set of tests carried out in this section and
corresponding simulation parameters are presented in Table 5. Descent
times for all wave heights are shown in Fig. 16(b), which depicts the
considered interval marked by red a rectangle in panel (a) that shows
the full set of results for the base case (see Section 4.3.1). Depending on
the winch velocity (0.3–0.5 m/s), the anchor can be deployed within
4.7 and 3.7 min. Although there are small variations of the descent
time when significant wave height changes, one can conclude that in
general the 𝐻 has no significant impact on the deployment time. On
12

𝑆

average, cases with 𝐻𝑆 = 5 m, take roughly 0.3 min (18 s) longer that
the cases with 𝐻𝑆 = 1 m (Fig. 11(b)). Such time difference will have no
significant impact on the whole installation process. For all considered
wave heights the descent time follows the same trend as a function of
winch velocity (inverse function observed earlier in Section 4.3.1). The
small abrupt change for 𝐻𝑆 = 4 m is attributed to a numerical error
and is insignificant in terms of the general trend observed.

Next let us consider, how the significant wave height influences
the vertical position of the anchor as it descends to the seabed. This
is shown in Fig. 17, which is constructed in the same way as results
presented earlier in Fig. 14(c). Each panel represents the data obtained
for all winch velocities (0.3–0.5 m/s) for a specific wave height (see
Table 5). The vertical lines mark the exact time the anchor reaches the
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Fig. 18. Anchor landing position in the 𝑋 (a) and 𝑌 (b) directions for all winch speeds and all wave heights. (c) 3D descent trajectories for all wave cases (2.0, 2.5, 3.0, 3.5,
4.0, 5.0 m) and winch velocities (0.3–0.5 m/s). Colour bar represents the winch velocity for all panels.
seabed. Comparing each of the panels, it is possible to see that, due
to the heave compensation used in the winch, there are no significant
wave-induced differences. However, it is thought that the anchor (due
to its low weight in water) gets ‘‘trapped’’ closer to surface in higher
waves, actively hindering its descent. This artefact can be seen in the
descent time series, where there is a concave response at around 𝑍 =
13

𝐴

−40 m. Once, the anchor descends sufficiently low in the water column,
its descent rate increases and is in line with lower wave height cases.

The drift of the anchor in the 𝑋 and 𝑌 directions is explored in
Fig. 18(a)–(b). It can be seen that the anchor lands further away in the
𝑌 direction by up to 12 m as wave height increases (red markers). In
the 𝑋 direction, however, the drift is minor, up to 2 m from the starting
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Fig. 19. Winch force range as a function of winch velocity. Base case with 𝐻𝑆 = 1 m (a) and wave cases with 𝐻𝑆 ranging from 2 to 5 m (b). Red rectangle on (a) refers to the
axes limits on (b).
position. As explained in Section 4.3.1, the drift in 𝑋 direction is related
to the initial position and orientation of the anchor under vessel’s
stern. Fig. 18(c) shows the 3D trajectories of the anchor’s descent for
varying winch velocities and wave heights. As shown in Fig. 18(a)–
(b), increasing drift along 𝑌 direction as wave height increases, is
evident in the 3D trajectories. Interestingly, through the 3D trajectories
we can observe the oscillations of the anchor on the 𝑋-𝑌 plane as it
descends to the seabed. Increasing significant wave height will increase
the amplitude of the anchor’s horizontal oscillations, particularly closer
to surface. Nevertheless, these vibrations diminish as the anchor gets
deeper in the water column, as shown in the 3D trajectories (Fig. 18).
Vibrations observed on the way to the seabed have little impact on
the overall landing position of the anchor itself, though from panel (b)
one can see a correlation between wave height and increased drift in
𝑌 direction.

The orientation of the anchor for all of the above considered wave
cases is superimposed onto the results for the base case (see Sec-
tion 4.3.1) as shown in Fig. 15(a)–(b). The general behaviour of the
anchor in terms of its descent velocity and induced yaw is very similar
and follows the trends described already for the base case. Above
𝑉𝑊 = 0.35 m∕s the anchor’s descent is decoupled from the winch, as
the anchor moves slower than the winch. As for 1 m significant wave
height case, the optimal value (minimum) of yaw occurs when winch
velocity 𝑉𝑊 is between 0.32 and 0.38 m/s. This indicates that overall
effect of significant wave height on the variable anchor’s orientation is
minimal, and the main parameter that can induce yaw, possibly leading
to cable entanglement issues, is the winch velocity. Hence, from the
point of future offshore deployment plans this needs to be considered
carefully.

Next, let us consider how the winch force changes with the winch
velocity when the significant wave height varies. For a significant wave
height 𝐻𝑆 = 1.0 m, shown in Fig. 19(a), the results indicate that, in
the presence of passive heave compensation, the working load peak to
peak amplitude on the winch cable decreases from 80 kN at the lowest
winch velocities to about 30 kN for 𝑉𝑊 > 0.35 m∕s. The spread visible
in the force data is associated with the wave-induced oscillations. This
observation can be linked to Fig. 15(a), where the winch has total
control of the anchor’s descent at 𝑉𝑊 < 0.35 m∕s, thus resulting in
higher winch forces. Fig. 19(b) shows the force amplitude acting on
the winch for all the wave cases (𝐻𝑆 = 2–5 m). This range is similar
for all wave heights and does not present any trend associated with
the winch speed. 𝐹𝑊 has an average of 22 kN for 𝑉𝑊 < 0.35 m∕s,
with maximum and minimum values of 32 and 12 kN, respectively.
For 𝑉𝑊 > 0.35 m∕s we observe a higher degree of scattering of the
winch force amplitude, which increases slightly with the winch velocity
(scattering of the results makes it difficult to quantify precisely). This
indicates further benefits of operating the winch at a velocity matched
to the anchor’s free fall velocity in water (dependent on the amount of
14
Fig. 20. (a) Drag and lift forces as a function of fluid velocity 𝑣 from CFD analysis in
ANSYS. (b) Calibrated response for drag and lift forces obtained from the Simulator.
Lift and drag forces are marked in red and blue, respectively. The lift force acting on
the anchor is negative, though only its magnitude is shown on the graphs.
Source: Adopted from Martinez et al. (2023a).

ballast), as the observed force amplitude is reduced compared to lower
winch velocities. The force variation can be further optimised during
the installation phase by utilising passive heave compensation devices
available within offshore industry. The increased drift of the anchor in
the direction of waves for higher winch velocities can be addressed by
either adjusting the vessel’s position just before the anchor touches the
seabed or by carefully estimating the appropriate initial position of the
vessel based on site weather conditions and results presented in this
paper.

4.3.3. Effects of ocean currents
The effect that ocean currents have on anchor’s descent is anal-

ysed in this Section. For that purpose, two variables are studied: four
different ballast masses, (𝑚𝐵 : 6.3, 12.6, 25.2 and 31.5 tonnes) and
current velocities ranging from 0 to 1 knots (see Table 6 for all values
of 𝑚𝐵 and 𝑈). Firstly, the local drag and lift coefficients used in the
Simulator had to be calibrated. In order to achieve this, first a series
of Computational Fluid Dynamics (CFD) simulations in ANSYS were
conducted to establish the relationship between the drag/lift forces



Ocean Engineering 285 (2023) 115417R. Martinez et al.
Fig. 21. Schematic showing the deployment process under influence of underwater current. (1) Ballast starts getting pumped into the anchor to create negative buoyancy. (2) Due
to the currents, the anchor drifts in the current’s direction while sinking until finds an equilibrium. (3) The anchor descends to the seabed and drifts in the current’s direction,
landing far from the initial deployment point.
Fig. 22. Anchor’s 𝑍 (a), 𝑌 (c) and 𝑋 (e) position at the instant just before releasing the winch. Anchor’s orientation yaw, 𝜙𝑍 (b), pitch, 𝜙𝑌 (d) and roll, 𝜙𝑋 (f) at the instant
before releasing the winch. All panels are shown as a function of flow velocity 𝑈 .
acting on the anchor as a function of fluid velocity 𝑣 (See Martinez et al.
(2023a) for more details regarding the CFD analysis and the calibration
process). This is shown in Fig. 20(a), where the red and blue curves
depict the lift and drag forces, respectively. Note, that the anchor has
a negative lift force due to its shape, but the plot depicts its absolute
15
value. Next, by identifying appropriate local drag/lift coefficients, the
drag and lift force responses as a function of 𝑣 were obtained, as shown
in Fig. 20(b). Good agreement between the forces predicted through
CFD and from the Simulator was achieved, which in turn allows us
to study in detail the effects of ocean currents on the deployment
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Fig. 23. 3D trajectories of anchor descent with a ballast mass of (a) 𝑚𝐵 = 6.3 t, (b) 𝑚𝐵 = 12.6 t, (c) 𝑚𝐵 = 25.2 t and (d) 𝑚𝐵 = 31.5 t for all flow velocities (0–1 kn). Colour of
lines represent the flow velocity in knots. Anchor’s orientation 𝜙𝑍 (e) as a function of current velocity 𝑈 .
scenario (Martinez et al., 2023b,a). Local drag and lift coefficients
dependent on mesh are 𝐶𝐷 = 0.091 and 𝐶𝐿 = −0.059, respectively, and
are used to generate results shown in Fig. 20(b).

Once the local drag and lift forces are calibrated, the simulations
with current can be performed. In this case, significant wave height
(𝐻𝑆 = 1 m) and peak period (𝑇𝑃 = 10 s) remain constant and the effect
of current velocity and ballast mass (Table 6) are explored. Fig. 21
shows how the descent process is influenced by the current and how
it differs from Fig. 6. At point (2), the anchor will reach a lower
equilibrium depth as it gets lifted and pushed backwards by the current,
instead of hanging under the vessel stern. At point (3) the anchor will
be highly influenced by the current, where it will see a significant drift
in the current direction.
16
In order to quantify how underwater currents influence the posi-
tioning stage of the anchor, let us consider their effect on the anchor’s
position (𝑍, 𝑌 and 𝑋) and orientation (𝛷𝑍 , 𝛷𝑌 , and 𝛷𝑋) prior to
releasing the winch. It is expected that both vertical (𝑍) and lateral (𝑌 )
displacements will decrease and increase, respectively with the current
velocity 𝑈 . To address that, we can increase amount of ballast pumped
into the anchor, which should allow the lift forces responsible for such
a behaviour to be overcome. This is illustrated in Fig. 22(a) & (c), which
confirms that if the anchor’s weight is high enough, the lift force due
to the current can be negated, ensuring an equilibrium position with
lower lateral drift and higher depth below the stern can be achieved.
As the anchor is lifted up by the current, it is also dragged in the
direction of current (Fig. 22(c)), though this distance is limited by the
slack on the cable. The 𝑋 position of the anchor (Fig. 22(e)) is not
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Fig. 24. Time histories of the anchor’s vertical position (a) and winch force (b) for anchors with different ballast masses.
nfluenced by presence of current as the vessel is positioned parallel
o it, but as explained in Section 4.3.1, the initial orientation of the
nchor (yaw) will induce counter intuitive drift in 𝑋 direction as the
nchor retains 6 degrees-of-freedom. Note that the 𝑋 and 𝑌 data shown
n panels (c) and (e) is normalised to the initial (resting) position, hence
oth figures start at 0. The anchor’s orientation is not influenced by its
verall weight but currents can induce an increase in yaw (Fig. 22(b))
nd pitch (Fig. 22(d), but not in roll (Fig. 22(f)).

As a next step, let us consider what happens with the anchor from
he point the winch is released. This is studied in detail through the 3D
escent trajectories obtained for winch velocity of 𝑉𝑊 = 0.35 m∕s and
urrent flow velocities 𝑈 between 0 and 1 kn. By repeating the analysis
or selected cases of ballast mass (𝑚𝐵 = 6.3 t, 𝑚𝐵 = 12.6 t, 𝑚𝐵 = 25.2 t,
𝑚𝐵 = 31.5 t) it is possible to verify how one can counteract the influence
of strong currents on the anchor’s trajectory as it descends to the
seabed. This is illustrated in Fig. 23, where panels (a)–(d) correspond
to the ballast masses listed above. Note, that the specific values of the
ballast mass considered here, are multiples of ballast mass used in the
base case (See Section 4.3.2) and were chosen to observe a general
influence of ballast mass on the anchor’s trajectory. The 𝑋 and 𝑌 data
is normalised with respect to its initial position. At lower flows and
highest ballast cases (Fig. 23(d)), the anchor lands almost exactly at
its initial position on 𝑋-𝑌 plane. However, for higher current velocity
and for the lightest ballast case (Fig. 23(a)), the anchor lands almost
180 m away from the initial position in the direction of the flow 𝑌 .
This is related to the low effective weight of the anchor in water, as
the underwater currents are able to induce its extreme drift on the way
to the seabed. In the cross-flow direction 𝑋, the furthest the anchor
lands is around 8 m from its initial position. It is clear that the drift of
the anchor decreases as the amount of ballast increases and increases
with the current velocity. In order to expand the operational weather
conditions during future offshore installations of the variable buoyancy
anchors, it will be therefore beneficial to increase the initial amount
of ballast pumped into an anchor, so that high drift can be avoided
if strong underwater currents are present in the particular location.
Increasing ballast mass has also a stabilising effect in terms of yaw
induced on the anchor, 𝜙𝑍 , as shown in panel (e) of Fig. 23. Overall,
the yaw angle stabilises as the current velocity increases and decreases
with amount of ballast pumped into the anchor. This is an important
observation, that will limit any winch cable entanglement issues during
future offshore deployment.

Finally, we consider the effect of an increased ballast mass on the
descent time and the winch forces observed. Since the simulations
described in this section are run with a fixed winch velocity, there
should not be any significant change in descent time. Likewise, the
winch force is expected to change only by accounting for increased
ballast mass. This is demonstrated through time histories of the vertical
17

position (a) and winch force amplitude (b) for different ballast masses,
shown in Fig. 24. Note, that the cases presented here are for 𝑈 = 0 kn
so that effect of ballast mass can be studied alone. It appears that in all
instances, it takes the same amount of time (4 min) for the anchor to
descend, but this is related to a fixed winch velocity. So the increase
in ballast mass does not translate into an increase in anchor’s descent
velocity. However, looking at the winch force time series, we clearly
observe that the tension in the cable increases with weight and the
wave-induced oscillations (see Section 4.3.1) are more visible. These
vibrations have the same amplitude for all ballast masses, except for
the lightest case, which is the base case from Section 4.3.1. In practice
this means that there is a weight-specific ideal winch velocity at which
𝑉𝐴 = 𝑉𝑊 (Fig. 15), that will need to be identified when planning
future offshore installation of such anchors in areas of high underwater
currents.

5. Conclusions

Virtual prototyping of the deployment of a novel variable buoyancy
anchor design using a real-physics Marine Simulator is described in
this work. The anchor has a variable, controllable buoyancy, which
means that it can float and be towed from harbour to the deployment
location. Consequently, the installation can be done utilising just a
winch instead of a heavy-lift crane, that requires a larger, higher emis-
sion, and more expensive vessel. The purpose of the detailed analysis
presented here was to aid and de-risk the future offshore deployment of
variable buoyancy anchors, such as that developed by Aubin Group and
Oceneatics, thereby accelerating its Technology Readiness Level (TRL)
and providing suitable alternative for traditional gravity based anchors.
Moreover, such analysis allows better preparation and planning of
future field trials of this technology, by identifying and verifying the
importance of certain operating parameters for the proposed deploy-
ment scenario of variable buoyancy anchors. This in turn will provide
novel and sustainable solution for existing and future floating wind
projects (e.g. Celtic sea, ScotWind, Innovation and Targeted Oil and
Gas (INTOG) Decarbonisation).

A number of operational and environmental parameters have been
considered during the virtual prototyping of the variable buoyancy
anchor system presented in this paper. This included detailed analysis
of winch velocity, ballast pump rate, ballast mass, underwater cur-
rent velocity, significant wave height and their effect on the overall
installation process (e.g. positioning, descent stages, anchor’s drift due
to environmental loading, winch force and coupling between vessel’s
heave and anchor’s vertical position). For example, winch velocity is
an important parameter for the deployment process, as at slower rates
it can negatively impact the forces acting on the winch and transmit the
vessel’s heave motions to the anchor as it descends through the water
column. On the other hand, the winch cable guides the anchor during

its descent, so increasing the velocity too much results in anchor’s drift.
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There is a clear trade-off here, as using slower winch velocities results
in a longer descent time and increased amplitude of oscillations related
to vessel’s heave, while at the same time providing lower deviations
in horizontal directions. Moreover, it is possible to identify an optimal
winch velocity, that will be close to anchor’s free fall velocity in water,
as it reduces winch force amplitude during descent and ensures optimal
conditions regarding anchor’s orientation (yaw), thereby reducing the
risk of entanglement of the winch cable and hoses. The winch force
variation can be further optimised during installation phase by utilising
passive heave compensation devices available within offshore industry.
Increased drift of the anchor in the direction of waves for higher winch
velocities can be addressed by either adjusting the vessel’s position
just before the anchor touches the seabed or by carefully estimating
the appropriate initial position of the vessel based on site weather
conditions and results presented here.

Ballast pump rate has a direct influence on the time it takes for the
variable buoyancy anchor to take its position under stern of the vessel
(before its descent to the seabed), so it is beneficial to keep it high to
limit the exposure of the anchor to wave loading. On the other hand the
main factor, that can significantly disrupt the deployment of variable
buoyancy anchors due to their low weight in water, is the underwater
current resulting in significant drift of the anchor. This decreases as
the amount of ballast increases and increases with the current velocity.
In order to expand the operational weather conditions during future
offshore installations, it will be beneficial therefore to increase the
initial amount of ballast pumped into an anchor, so that high drift can
be avoided at strong underwater currents locations. In such conditions,
one will need to determine the anchor’s free fall velocity, so that
optimal winch velocity can be applied (𝑉𝑊 ≈ 𝑉𝐴). Increasing ballast
mass has also a stabilising effect in terms of the yaw induced on the
anchor. Overall, the yaw angle reaches a threshold as the current
velocity increases and decreases with the amount of ballast pumped
into the anchor. This is an important observation, that will limit any
winch cable entanglement issues in future offshore applications.

Finally, the effect of waves, particularly significant wave height,
on the simulated deployment of variable buoyancy anchors has been
considered in detail. Compared to ballast pump rate, underwater cur-
rent and winch velocity, the significant wave height of the JONSWAP
spectrum considered, has a limited influence of the feasibility of de-
ploying variable buoyancy anchors. Increasing significant wave height
will increase the amplitude of the anchor’s oscillations in the 𝑋-𝑌
lane, particularly closer to surface where the anchor gets ‘‘caught’’
n the wave orbitals that reach further down the water column. These
ibrations diminish as the anchor is deeper in the water column.
evertheless, vibrations observed on the way to the seabed have little

mpact on the overall landing position of the anchor itself, though one
an see a weak correlation between wave height and increased drift in
he wave direction. The overall effect of significant wave height on the
ariable anchor’s orientation is minimal, and the main parameter that
an induce yaw, possibly leading to cable entanglement issues, is the
inch velocity that from the point of future offshore deployment needs

pecial attention.
This work has demonstrated that virtual prototyping can be a

seful tool to expand our understanding of the offshore deployment of
echnologies currently under development, such as variable buoyancy
nchors. Through the analysis presented here, it was possible to identify
mportance and significance of number of operational parameters, that
ill need to be considered when planning in detail future field trials.
dditionally, the feasibility of deploying variable buoyancy anchors has
een demonstrated in a wide range of possible weather conditions, that
ill contribute to de-risking future offshore installation. The developed
odel can be further utilised and improved once a specific location for
eployment of this novel type of anchors is chosen. This will contribute
o eliminating any uncertainties in terms of system parameters or
nvironmental conditions, that may have influenced studies presented
18

n this paper. Additionally, the research methods used in this study
allow for performing simulations in real time, which demonstrates a
significant computational advantage over other modelling software that
could be potentially used for such a study (e.g. OrcaFlex, OpenFAST). In
terms of future work in this topic, the model presented here will be used
to explore towing dynamics of variable buoyancy anchors. Moreover,
the Marine Simulator used in this study will be utilised for analysing
other new technologies, such as for example novel concepts of floating
wind turbines and mooring lines load reduction techniques.
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Appendix. Test matrices

See Tables 1–6.

Table 1
Buoyancy parameters.

Case Q [m3/min]

1 0.04
2 0.09
3 0.17
4 0.26
5 0.34
6 0.47
7 0.60
8 0.73
9 0.85
10 1.02

Case Q [m3/min]

11 1.07
12 1.07
13 1.24
14 1.33
15 1.37
16 1.37
17 1.45
18 1.62
19 1.87
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Table 2
Positioning parameters.

H𝑆 [m]; T𝑃 [s]
V𝑊 [m/s] 0.05 0.09 0.13 0.18 0.21 0.25 0.29 0.34 0.42 0.46 0.50 0.55

1.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

1.5, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.5, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3.5, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

4.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

5.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Table 3
Positioning parameters – Continued.

H𝑆 [m]; T𝑃 [s]
V𝑊 [m/s] 0.62 0.67 0.72 0.73 0.75 0.80 0.85 0.90 0.93 0.97 1.03

1.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

1.5, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.5, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3.5, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

4.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

5.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Table 4
Descent parameters – Base case.

V𝑊 [m/s] H𝑆 [m] T [s]

0.025 1 10
0.040 1 10
0.050 1 10
0.060 1 10
0.075 1 10
0.090 1 10
0.100 1 10
0.125 1 10
0.150 1 10
0.160 1 10
0.170 1 10
0.175 1 10
0.180 1 10
0.190 1 10
0.200 1 10
0.210 1 10
0.220 1 10
0.225 1 10
0.250 1 10
0.260 1 10

V𝐴 [m/s] H𝑆 [m] T [s]

0.270 1 10
0.275 1 10
0.290 1 10
0.300 1 10
0.300 1 10
0.310 1 10
0.320 1 10
0.325 1 10
0.330 1 10
0.340 1 10
0.350 1 10
0.350 1 10
0.360 1 10
0.375 1 10
0.380 1 10
0.400 1 10
0.425 1 10
0.450 1 10
0.475 1 10
0.500 1 10
Table 5
Descent parameters – Waves.

H𝑆 [m]; T𝑃 [s]
V𝑊 [m/s] 0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50

2.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

2.5, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

3.5, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

4.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

5.0, 10 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Table 6
Descent parameters – Currents.

𝑚𝐵 [t];
U [kn] 0.00 0.09 0.18 0.27 0.38 0.49 0.58 0.69 0.76 0.83 0.90 1.01

6.3 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

12.6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

25.2 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

31.5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
19
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