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Development of a fully nonlinear, coupled numerical model for assessment of floating
tidal stream concepts
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Abstract

Compared with existing seabed mounted systems, floating tidal concepts offer an increase in viable sites, along with
the ability to harvest higher flow speeds near the free surface. However, such systems will be required to survive in high-
energy wave-driven environments, and the performance and survivability of such systems is largely unknown. Current
industry standards generally use a decoupled numerical approach to assess this problem, but this paper presents the
development of a framework for an efficient numerical tool that is capable of predicting the fully nonlinear, coupled be-
haviour of floating tidal stream systems. Using the open-source CFD libraries of OpenFOAM as a basis, and a previously
developed computationally efficient turbine model, the framework has been demonstrated using a generalised system.
Verification against alternative codes based on linear potential theory shows good agreement when the floating structure
is considered alone in linear waves. Systematic introduction of mooring forces and the turbine model demonstrates that
it is necessary to consider all components of a floating tidal concept simultaneously, and that coupling between platform
motion and fluid flow can substantially increase the cyclic amplitude of the turbine loading compared with a fixed device.
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1. Introduction

In an effort to address the ever-present energy trilemma,
the economic exploitation of renewable energy sources has
become paramount for many of the World’s governments
(United Nations, 2015). For nations with sufficient re-
source, such as the UK (UK Government, 2009), research
into the development of Offshore Renewable Energy (ORE)
sources has become a priority area (UK Government, 2009)
and due to its predictability, as well as its proximity to
land, tidal stream energy has become an attractive option
for a key role in the future energy mix (UK Government,
2009). Furthermore, the tidal stream industry has ma-
tured quickly by utilising technological developments made
in existing industries, such as hydro and wind (particularly
in the case of the Horizontal Axis Tidal Turbine (HATT))
(Fraenkel, 2002; Bahaj and Myers, 2003; Couch and Bry-
den, 2006; Batten et al., 2007; Ben Elghali et al., 2007;
Greaves and Iglesias, 2018), and is almost cost-competitive
with more established renewable energy sources (Greaves
and Iglesias, 2018).

However, a major concern for the growing tidal stream
industry is that there only appears to be a small num-
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ber of suitable sites for tidal stream projects (Greaves and
Iglesias, 2018). This issue is compounded by an appar-
ent convergence in the tidal stream technology towards
seabed-mounted (or gravity-based devices) which impose
limits on the range of water depths, as well as the nature
of the bathymetry, at proposed sites (Greaves and Iglesias,
2018). In order to establish a supply chain for the indus-
try, encourage investment and ensure economic viability,
tidal stream technology needs to be developed to reduce
the restrictions on possible development locations and in-
crease the total potentially extractable resource (Couch
and Bryden, 2006; Iglesias et al., 2012; Lewis et al., 2015).

In response to this, a number of floating tidal stream
concepts have been proposed (Turnock et al., 2007; Røkke
and Nilssen, 2013; Ransley et al., 2016; Shi et al., 2016;
Policy and Innovation Group, 2017). Floating devices are
less limited by water depth and bathymetry, greatly in-
creasing the number of potential development sites; they
also tend to be simpler and quicker to install, maintain
and recover as they can often be towed to site, reducing
the considerable expense associated with the use of special-
ist installation vessels (Lazakis et al., 2013). In addition
to this, floating devices benefit from a turbine position to-
wards the top of the water column, where the flow speed
(and hence the resource) is greatest (Lewis et al., 2017;
Greaves and Iglesias, 2018). This leads to a further in-
crease in the potential resource when compared to projects
involving seabed-mounted devices.
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Despite the considerable advantages of floating tidal
stream concepts (over the more established seabed-mounted
devices), they require a number of additional consider-
ations to be made regarding their location at the free-
surface. Not only do floating devices potentially have a
greater impact on other stakeholders, e.g. navigational
obstructions and aesthetic issues, but they are also ex-
posed to free-surface effects and waves, raising concerns
over both the power delivery and the survivability of the
devices (Galloway et al., 2010; Nicholls-Lee, 2011; Faudot
and Dahlhaug, 2012; Fernandez-Rodriguez et al., 2014; Ol-
czak, 2016; Tatum et al., 2016). Presently, there is a dis-
tinct lack of understanding concerning the free-surface ef-
fects, wave loading and wave-induced motion of floating
tidal stream devices and, therefore, considerable risk due
to the uncertainties in the anticipated power output, cyclic
loading of the turbine (Galloway et al., 2010; Fernandez-
Rodriguez et al., 2014; Olczak, 2016; Tatum et al., 2016)
and predicted mooring line loads (Knappett et al., 2015;
Weller et al., 2015). Further research is required, to im-
prove the predicted behaviour, fatigue assessments and
power delivery, before these devices will ever become com-
mercially viable.

Due to the need to reduce risk, modelling (both physi-
cal and numerical) has become integral to the development
of ORE devices (Li and Yu, 2012; Adcock et al., 2015; Day
et al., 2015; Borthwick, 2016). Numerical modelling, in
particular, is being utilised consistently at low Technology
Readiness Levels (TRLs) and has been shown to provide
much of the quantitative description required for engineer-
ing design at a much lower cost when compared with phys-
ical modelling (Day et al., 2015). However, high-fidelity,
coupled, modelling of floating structures is an emerging
area of research in itself (Ransley et al., 2017a,b) and the
case of a floating tidal stream device; with fully nonlinear
hydrodynamics, wave-current interaction, coupled motion
of a floating structure and mooring system, and (possibly
multiple) submerged turbines; represent the very state of
the art in numerical simulation.

Existing numerical codes are rarely capable of includ-
ing all of these elements and, for those that are, the be-
haviour tends to be linearised and each of the elements
treated separately, i.e. a ‘decoupled’ model. This cre-
ates considerable uncertainty in the power delivery and
survivability predicted by these models (Galloway et al.,
2010; Faudot and Dahlhaug, 2012; Fernandez-Rodriguez
et al., 2014). A model which includes the contribution
of all elements simultaneously as well as the fully non-
linear hydrodynamics, complex structural geometry and
floating-body motion is therefore desirable when assessing
the behaviour of these devices, the loads (in the mooring
lines for example) and the power output from the turbine.
Unfortunately, such a model, if available, would likely suf-
fer from excessive CPU requirements making the use of
such a tool prohibitive in routine design processes (Borg
et al., 2014).

The aim of this work is, therefore, to develop an effi-

cient numerical tool that is capable of predicting the fully
nonlinear, coupled behaviour of floating tidal stream sys-
tems, including the motion of the structure, the loads in
the mooring lines and the power output of the submerged
turbine, and use it to assess the accuracy of more simpli-
fied methods.

This is the second article in a series that document the
development, demonstration and application of the com-
plete tool. In the first article a methodology is demon-
strated, for a computationally efficient HATT model that
can predict accurately the coupled forces on the turbine as
well as remain stable throughout arbitrary motion through
the computational mesh (Brown et al., 2020b). In this ar-
ticle the HATT model is coupled with the existing rigid-
body motion solver from the open-source Computational
Fluid Dynamics (CFD) libraries of OpenFOAM. This al-
lows for simulation of floating structures with the addi-
tional, time-varying, thrust force from the turbine included
in the equation of motion; the effect of which is demon-
strated here through the idealised test case of a surface-
piercing, vertical cylinder connected to a submerged HATT
with a single-point, taut mooring. The motion of the struc-
ture in waves is assessed through an incremental increase
in complexity from a constrained case, excluding the tur-
bine, to a freely floating, moored system with the turbine
present. Results for the motion are compared against an
analytical solution and those generated using Linear Po-
tential Theory (LPT). The influence of the structure’s mo-
tion on the power output of the turbine is then assessed
and compared against a theoretical prediction. The cou-
pled model is then used to simulate the device in a series of
combined wave-current cases and the nature of the body
motion and power output assessed with reference to more
traditional linear and uncoupled methods.

2. Methodology

A new library, allowing for the representation of tidal
turbines, has been designed and implemented in Open-
FOAM v4.1 (Weller et al., 2017), an open-source tool-
box aimed at solving continuum mechanics problems (in-
cluding CFD). The software is written in C++ and is
based around the Object Orientated Programming (OOP)
paradigm, offering a large collection of solvers and shared
libraries. Consequently, the new turbine library is easily
coupled with many of the existing solvers as previously
demonstrated on single phase steady (simpleFOAM) and
transient (pisoFOAM) solvers (Brown et al., 2020b). How-
ever, this study uses a transient two-phase approach and
hence the turbine methodology is coupled with interFOAM

(Rusche, 2002) which solves the incompressible Reynolds-
Averaged Navier-Stokes (RANS) equations for two, incom-
pressible, isothermal and immiscible fluids using the Fi-
nite Volume Method (FVM). Assuming laminar flow and
neglecting surface tension, the incompressible (unsteady)
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RANS equations take the following form

∂(ρu)

∂t
+∇ · (ρuu) = −∇p+∇2(µu) + ρg + T, (1)

∇ · u = 0, (2)

where p is the pressure; u = (u, v, w) is the fluid veloc-
ity; ρ is the fluid density; µ is the dynamic viscosity; g is
acceleration due to gravity; and T is the momentum sink
due to the presence of the turbine. The two-phase solver
interFOAM uses the Volume Of Fluid (VOF) method to
track the interface between the two phases, which are con-
sidered to be a single continuous fluid with variable density
and viscosity according to

ρ = α1ρ0 + (1− α1)ρ1, (3)

µ = α1µ0 + (1− α1)µ1, (4)

where subscripts 0 and 1 represent air and water, respec-
tively. The phase fraction, α1, is a non-dimensional pa-
rameter that represents the phase averaged volume frac-
tion in each cell, and ranges from zero (representing a cell
containing only air) to one (representing a cell containing
only water). The interface can then be found from values
of α1 such that 0 < α1 < 1.

A similar ‘blending approach’ is used to treat the ve-
locities of the two phases

u = α1u0 + (1− α1)u1, (5)

and the RANS equations are then solved using these ‘blended’
values, with the VOF advection equation,

∂α1

∂t
+∇ · (uα1) = 0, (6)

solved separately (based on the velocities obtained) to de-
termine the new location of the interface between the two
fluid phases.

2.1. Turbine Model

Although highly-detailed flow structure around a tidal
turbine can be obtained in CFD via a blade-resolved ap-
proach, this methodology’s large computational require-
ments generally limit its use to studies focusing on spe-
cific details relating to an isolated turbine, such as per-
formance changes due to turbulence (Lloyd et al., 2014);
surface-gravity waves (Tatum et al., 2016); and the inter-
action with a diffuser (Song et al., 2019). In the present
application where the turbine only forms a single compo-
nent of the entire system, the computational expense of
the blade-resolved approach is infeasibly large if all parts
of the system are to be modelled simultaneously in a cou-
pled approach. Hence, in this work, a more computation-
ally efficient approach has been adopted using a ‘weighted
body force implementation’ which, at each time step, iden-
tifies and applies weights to a region of the computational
domain (representing the turbine), determines the local

velocity at the turbine position and adds an additional,
equal and opposite force, T (based on the thrust on the
turbine), to the momentum equations (equation 1) (Brown
et al., 2020b). A summary of the key steps of the method
is given in this section with the reader referred to Brown
et al. (2020b) for full details.

The method relies on calculating the free stream veloc-
ity, u∞, (and hence thrust, T , on the turbine) based on
the local velocity in the region of the turbine, ut. This is
achieved by reverse engineering actuator theory (Burton
et al., 2001),

u∞ =
ut

(1− a)
, T =

1

2
ρCtAu

2
∞, (7)

where a is the axial induction factor, A is the swept area
of the turbine and Ct = 4a(1 − a) is the turbine thrust
coefficient (Brown et al., 2020b). The local velocity, ut,
is considered to be the axial component of the weighted
average of the instantaneous velocity (relative to the plat-
form’s motion) in each of the mesh cells,

uav =

(
1

V

N∑
i=1

uiViWi

)
− vhub, (8)

where N is the total number of cells in the turbine region;
Vi is the volume in the ith cell; vhub is the velocity at the
turbine hub; V is the total weighted volume of the turbine
region

V =

N∑
i=1

ViWi. (9)

The weighting of the ith cell (Wi), is determined based
on the relative proximity of that cell to the centre of the
turbine,

dx = xcell − xhub = (dx, dy, dz), r = (0, dy, dz), (10)

and follows a Gaussian distribution in the turbine region,

W =


1

σ
√
2π

exp

(
− dx2

2σ2

)
if |dx| ≤ nσ and |r| ≤ R,

0 otherwise,

(11)
where σ is the Gaussian root mean square width (Brown
et al., 2020b) and n is a user-defined coefficient (set by
default to 2 according to the sensitivity analysis in Brown
et al. (2020b)).

2.2. Coupling with Rigid Body Solver

In order to simulate floating tidal energy concepts,
the methodology outlined in Section 2.1 and Brown
et al. (2020b) has been coupled with OpenFOAM’s
sixDoFRigidBodyMotion solver which allows for rigid
body motion of a structure in Six Degrees Of Freedom
(6DOF) using the existing dynamic mesh motion libraries.
The sixDoFRigidBodyMotion solver itself has already
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been thoroughly validated for other floating renewable en-
ergy devices (Ransley et al., 2017a; Brown et al., 2020a;
Ransley et al., 2020), but the present coupling introduces
additional complexity into the turbine method since the
turbine is now able to move in six degrees of freedom. In
Brown et al. (2020b) the turbine methodology was shown
to be robust when passing through a mesh at a prescribed
velocity (in translation and rotation) but, here, the instan-
taneous location of the turbine cells will be arbitrary and
must be determined using the orientation and position of
the platform. Therefore, the cells corresponding to the
turbine region are now selected by rotating the coordinate
system based on the orientation matrix of the body, Qbody,
i.e.

dx′ = QT
body · (QT

0 · dx), (12)

where Q0 is the initial orientation of the turbine calculated
according to

Q0(α, β, γ) = Rx

(α
2

)
Ry

(β
2

)
Rz

(
γ
)
Ry

(β
2

)
Rx

(α
2

)
,

(13)
where Rx, Ry, Rz are matrices defining a rotation about
the global x, y and z axes respectively. These are defined
as

Rx =

1 0 0
0 cos (α) − sin (α)
0 sin (α) cos (α)

 , (14)

Ry =

 cos (β) 0 sin (β)
0 1 0

− sin (β) 0 cos (β)

 , (15)

Rz =

cos (γ) − sin (γ) 0
sin (γ) cos (γ) 0

0 0 1

 , (16)

where α, β and γ are the angles of roll, pitch and yaw
respectively.

The turbine model calculation then proceeds as de-
scribed in Section 2.1 (with dx replaced by dx′). The
velocity at the centre of the turbine, vhub is determined
based on the linear (v) and angular (ω) velocities of the
system, assuming that the structure is rigid,

vhub = (ω × (xhub − xCoM ) + v), (17)

where xCoM is the position of the centre of mass. The
thrust force on the turbine, T (equation 7), is then in-
cluded in the equation of motion (equation 1) of the body
as an additional force acting at a position coincident with
that of the turbine hub, xhub. The 6DOF solver updates
both the acceleration, a, and torque, τ , on the body, at
each time step,

a = afluid + aturbine + amooring, (18)

τ = τfluid + τturbine + τmooring, (19)

where

aturbine =
Txaxis
m

, (20)

τturbine = QT
body · (τt + (xhub − xCoM )× Txaxis), (21)

and
xaxis = QT

body · (QT · x̂), (22)

is the axial direction of the turbine in the global coordinate
system. Here m is the mass of the body; τt is the torque
imparted by the turbine at the hub position, xhub; afluid
and τfluid are the contributions from the fluid loading to
the acceleration and torque imposed on the body respec-
tively, and; amooring and τmooring are the contributions
from the mooring system as described in Section 2.3.

In the turbine model presented here, the torque im-
parted by the turbine, τt, is set to zero, i.e. the scenario is
akin to freely rotating blades with no power extraction via
the generator (pure thrust). In future work, turbine mod-
els will be created that include the torque due to energy
extraction via the turbine; these are easily implemented
due to the OOP structure of the developments discussed
in this work.

2.3. Moorings

Station-keeping is a key aspect in the design of floating
tidal energy concepts and, typically, this is achieved using
a system of moorings and anchors. In this study, sim-
ple moorings are considered for demonstration purposes
but the implementation is again easily adapted to accom-
modate more complicated mooring systems via the OOP
paradigm.

The moorings are expressed as an additional force (a
‘restraint’) in the equation of motion of the body, similar
to the approach used for the turbine described above. The
mooring force from each mooring line, Fmooring, is calcu-
lated using a slightly adapted version of Hooke’s law (for
a linear spring) and is applied at a predefined attachment
point that moves rigidly with the body, xmooring, in the
direction of a vector joining xmooring to a predefined an-
chor position, xanchor. The acceleration due to a single
mooring is then given by:

amooring =
Fmooring

m
, (23)

where

Fmooring =

{
−k(|l| − l0)̂l if|l| > l0

(0, 0, 0) if|l| ≤ l0,
(24)

k is the mooring stiffness, l0 is the rest length of the moor-
ing and

l = xmooring − xanchor, (25)

is a vector, inline with the mooring force, with a magnitude
equal to the current length of the mooring.

4



Similarly, as in the case of the turbine (equation 21),
the torque on the body due to a mooring line is given by

τmooring = QT
body · ((xmooring − xCoM )×Fmooring). (26)

In this work, the moorings are assumed to be mass-
less and have been designed so that there is no reaction
force due to compression, i.e. when the mooring is slack
(equation 24).

2.4. The General Case

In the most general case, a floating tidal stream con-
cept may consist of a buoyant platform with any number
of mooring lines and multiple submerged turbines. The
developments discussed here have been designed in such
a way that this general case is easily implemented. For a
device with n mooring lines and j turbines, equations 18
and 19 simply become

a = afluid +
∑
j

aturbine,j +
∑
n

amooring,n, (27)

τ = τfluid +
∑
j

τturbine,j +
∑
n

τmooring,n. (28)

3. Test Case

To demonstrate the capabilities of the framework de-
veloped here, an idealised test case is considered, using a
vertical, surface-piercing, cylindrical structure with radius
r = 6 m, length l = 3 m, and draft d = 1.5 m for the plat-
form. This geometry is chosen to allow for comparison
with analytical and benchmarking solutions; the dimen-
sions are chosen to give a waterplane area, mass and draft
similar to those of an existing floating tidal stream concept
(Ransley et al., 2016).

Using the additional toolbox waves2Foam (Jacobsen
et al., 2012), regular waves of height H = 0.3 m are gen-
erated, using stream function wave theory (Dean, 1965;
Fenton, 1988), in a water depth of h = 20 m. A range
of wave periods, from T = 3 s to T = 5.5 s, are chosen
to sample the frequency space around the analytical nat-
ural frequency of the structure, f0 (see Section 3.1). Con-
sequently, the waves considered here are all deep water
waves of either Stokes 1st or 2nd order; it is believed that
this constraint allows for reasonable comparison with lin-
ear models, i.e. those typically used in engineering design
practices.

The CFD numerical domain has a width (y-axis) and
height (z-axis) of 30 m and 32 m respectively. To absorb
reflected waves, Relaxation Zones (RZs) are positioned at
both the outlet and inlet boundaries of the numerical do-
main (Jacobsen et al., 2012). The length of the numer-
ical domain has, therefore, been parametrically designed
such that the lengths (in the direction of wave propaga-
tion (x-axis)) of the inlet RZ, working section and outlet
RZ are 0.5 wavelengths (L), 1.5L and 1.5L respectively.
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Figure 1: Numerical domain used for the simulations of the generic
coupled system in the x− z (a) and x− y (b) planes.

The outlet RZ is purposely longer than normally required
for wave-only conditions, i.e. for 0.1% reflection (Jacobsen
et al., 2012), as it has been found that in combined wave-
current conditions a longer RZ is necessary to achieve the
same level of absorption as that in wave-only cases (Rans-
ley et al., 2016). The centre of the cylinder is situated at
the origin of the domain, which is located at the Still Wa-
ter Level (SWL), 1.25L (in the x-direction) from the inlet
boundary (Figure 1).

The numerical domain is discretised initially with cu-
bic cells (side length ∆x = 0.4 m; Aspect Ratio of 1).
The free surface region (−0.2 m ≤ z ≤ 0.3 m) and mesh
around the structure are then refined by two octree levels
(Greaves and Borthwick, 1999), so that the discretisation
is 0.1 m (Figure 2), giving 3 cells over the wave height.
For the steepest wave considered (T = 3 s) this is antic-
ipated to give a Root Mean Squared (RMS) tolerance of
2%, but for the majority of the wave periods considered
the tolerance is expected to be 1% or less due to reduced
steepness (Ransley, 2015). Additionally, there is a 5 m3

refinement region of two octree levels (∆x = 0.1 m) with
its centre coincident with the centre of the turbine region
(see Section 4 for turbine details). Since the turbine is
not present in all of the simulations discussed in this sec-
tion, the mesh does not necessarily need to be refined in
this region. However, it was considered necessary to keep
the mesh consistent throughout so that any effects arising
from mesh dependency were minimised.

The side walls of the domain and the seabed (Figure 1)
are treated as solid walls and have non-slip boundary con-
ditions applied for velocity. The cylinder is also considered
to be a solid object and uses a modified non-slip condition
that accounts for the movement of the boundary. The inlet
and outlet velocities are set to the desired velocity profile,
i.e. combined wave and current at the inlet and current
only at the outlet. The velocity values at the atmosphere
boundary are calculated according to the near-cell pres-
sure with the pressure on the boundary set to the total
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Figure 2: Visualisation of the mesh structure used in this work.

pressure, defined as

p = p0 +
1

2
ρ|u|2, (29)

where p0 is a user-defined reference value set to zero in
this work since the solver uses the difference between total
and hydrostatic pressure.

A mesh independence study was conducted to quan-
tify the anticipated numerical uncertainty following the
method of Eça and Hoekstra (2014), which has been suc-
cessfully demonstrated previously for similar floating ap-
plications (Eskilsson et al., 2017; Brown et al., 2020a).
Four meshes were considered, each using the same refine-
ment structure as described above but with a different ini-
tial discretisation (∆x = 0.8 m, 0.6 m, 0.4 m and 0.2 m).
The T=4 s wave-only case has been considered, and it is
assumed that the numerical uncertainty will be similar for
the remaining cases. The results of this mesh indepen-
dence study indicate that the chosen mesh leads to a nu-
merical uncertainty of 5%, 4% and 1.5% for the surge,
heave and pitch degrees of freedom, respectively.

Each simulation is run for 12 wave periods and the Re-
sponse Amplitude Operators (RAOs) are calculated using
the 6 periods after a stable periodic solution is found. The
heave and pitch RAOs are calculated by identifying the
zero up-crossings in the time series, calculating the am-
plitudes of the motion between subsequent zero-crossings,
and taking the mean of the amplitudes. In cases where the
surge motion is unconstrained, the surge generally includes
a significant drift component superposed onto the periodic
response, hence, additional processing is required: a mov-
ing average is removed from the data using a window width
of 1 wave period; the remaining data is then periodic and
the same procedure as that used for the heave and pitch
RAOs is utilised. Throughout this section, 95% confidence
intervals, calculated using 2 standard deviations of the set
of amplitudes, are also presented.

3.1. Industry Standard Verification

For verification purposes and to provide a baseline so-
lution, this section presents a comparison of the RAOs ob-
tained for the cylinder only, i.e. no moorings or turbine,
between the present, fully nonlinear model and the current

industry standard for predicting responses to wave excita-
tion. The most commonly used approaches are based upon
Linear Potential Theory (LPT), and predict the wave in-
duced forces on structures in frequency-space through cal-
culation of the hydrodynamic coefficients (added mass, a,
radiation damping, b and excitation force, Fe). LPT as-
sumes that the flow is both inviscid and irrotational to
allow the problem to be formulated in terms of the veloc-
ity potential, and must satisfy boundary conditions on the
body, seabed, free surface and far field.

This problem can be solved using multiple numerical
approaches including Eigen function expansion (Zheng and
Zhang, 2015) and Boundary Element Methods (BEMs)
based on the Free Surface Green function (Lee and New-
man, 2004), or Rankine source panel method (Xie and
Vassalos, 2012). The Eigen function expansion method
uses separation of variables to expand the velocity poten-
tials using Bessel functions (Siddorn and Eatock Taylor,
2008; Zheng and Zhang, 2015), which satisfy the free sur-
face, sea bottom and far field conditions. The unknown
coefficients of the expanded velocity potentials are deter-
mined using the body boundary condition and continuity
of velocity and pressure at the domain interface. By us-
ing a form of Green’s Theorem (Lee and Newman, 2004),
the Free Surface Green function method satisfies all of the
conditions except the one on the body, and therefore only
the source distribution on the mean wetted hull surface
must be considered in order to obtain the diffraction and
radiation velocity potentials. The Rankine panel method
uses Rankine source (Xie and Vassalos, 2012) as the pri-
mary solution of the Laplace equation, and does not satisfy
any of the boundary conditions for the velocity potentials.
Therefore, all of the domain boundaries need to be discre-
tised and sources distributed on them (Xie and Vassalos,
2007, 2012).

In theory, all of these three methods should produce the
same hydrodynamic coefficients and, hence, wave excita-
tion forces for a particular floating structure. Therefore,
the user must determine the suitability of each method for
a particular problem based on the relative advantages and
disadvantages. The Eigen function expansion method is
capable of analysing thousands of frequencies in the order
of minutes because it does not require discretisation of the
boundaries, making it the most computationally efficient
method considered here, although it is only suitable for
bodies of specified regular shape e.g. circular cylinders
(Garrett, 1971; Zheng and Zhang, 2015). The Free Sur-
face Green function method can be applied more generally
for 3-D bodies, and since the source only needs to be dis-
tributed on the wetted hull surface, the resultant equation
is relatively small (Faltinsen, 1993), making it a commonly
used technique in available panel method codes (e.g. AN-
SYS Aqwa (ANSYS, Inc., 2019), NEMOH (L’École Cen-
trale De Nantes, 2019)). However, the Free Surface Green
function method is not suitable for nonlinear free surface
flow problems. Rankine source based methods have the
flexibility to alter the free surface boundary condition in
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Figure 3: Comparison of the CFD (•) predictions (with 95% confi-
dence interval) of surge (a), heave (b), and pitch (c) RAOs with LPT
solutions using additional damping: ζ3 = 10% and ζ5 = 5% (——);
ζ3 = 5% and ζ5 = 10% (− − −); and anticipated region for CFD
results (shaded area).

order to consider higher order problems, even fully nonlin-
ear free surface boundary conditions, viscous effects (reso-
nance problem) and different sea bottom topologies. How-
ever, due to the need to distribute the source on all flow
boundaries, the resultant equations are relatively larger
(compared with Free Surface Green function methods) and
hence require more computational effort to resolve.

Despite this, all of the methods are still substantially
cheaper computationally than CFD, and generally per-
form acceptably for idealised wave-only conditions, making
them a useful design tool for simplified systems. However,
they tend to exclude the contributions of other parts of
the system (e.g. moorings and installed turbines) or treat
them as decoupled. The comparison presented in this sec-
tion is solely intended to verify that the CFD results are
agreeable with industry standards in simplified conditions,
ensuring that the results can be used as a reliable bench-
mark to determine any complications due to other com-
ponents of the floating tidal system (Sections 4 and 5).
Therefore, LPT solutions are presented that have been
obtained using an in-house Eigen function expansion code
(Zheng and Zhang, 2015) (without prior knowledge of the
CFD results), and have been verified independently using
Free Surface Green function (ANSYS Aqwa (ANSYS, Inc.,
2019), NEMOH (L’École Centrale De Nantes, 2019)) and
Rankine source (in-house (Xie and Vassalos, 2007, 2012))
based BEMs for further confidence in the solution.

Figure 3 presents a comparison of the CFD (•) pre-
dictions (with 95% confidence interval) of surge (a), heave

(b), and pitch (c) RAOs with the LPT solution. Addi-
tional damping (representing viscous effects), denoted Bν

here, is usually required in these models to avoid unphys-
ically large responses at the resonance frequencies, and is
estimated based on the critical damping

Bν
j,j = 2ζj

√
(Mj,j + Mj,j)Kj,j , (30)

where the subscript j represents the jth element of the
inertial (M), added mass (M) and hydrostatic stiffness
(K) matrices. The parameter ζ is a user-defined value
representing an estimated percentage in each Degree Of
Freedom (DOF). Based on experience (Xie and Vassalos,
2012) and analysis of previous structures (Himeno, 1981;
Kawahara et al., 2009), it is thought (without prior knowl-
edge of the CFD results) that 5−10% is a suitable estima-
tion for both heave (ζ3), and pitch (ζ5), with none in the
other DOFs. Furthermore, following sensitivity analysis of
the LPT solutions, it is found that heave is independent
of the additional damping due to pitch, and vice versa in
this case, whilst surge is also dependent on the additional
pitch. Therefore, two solutions are presented representing
the upper and lower bounds: the low heave (ζ3 = 5%),
high pitch (ζ5 = 10%) case (− − −); and the high heave
(ζ3 = 10%), low pitch (ζ5 = 5%) case (——); with the
expectation that the CFD results will lie in between the
two (shaded area).

The CFD results are agreeable with the LPT solution
for all DOFs, and generally lie within the shaded region as
hypothesised. Figure 3a shows that there are minor dis-
crepancies in the surge RAO: for instance at f ≈ 0.27 Hz,
there is a minimum in the high heave, low pitch (10% ζ3 &
5% ζ5) solution which are not observed in the CFD; but
overall, it is considered to be captured acceptably. The
CFD predictions of the heave RAO (Figure 3b), generally
agree better with the high heave (10% ζ3), rather than low
heave (5% ζ3) case, implying that 10% is a good estimation
for viscous damping in this case. However, the responses
to frequencies near the peak (0.2 Hz ≤ f ≤ 0.225 Hz) are
over-estimated using this higher damping, although it is
noted that there is lower confidence (higher variability)
in the results at these frequencies. This is likely due to
radiated waves being reflected from the side walls of the
domain (where there is no absorption), which could be re-
duced by increasing the width of the domain or applying
lateral wave absorption methods. In pitch (Figure 3c), the
CFD solutions are in good agreement with LPT, and gen-
erally follow the low pitch (5% ζ5) very well, indicating
that an additional viscous damping of 5% is suitable.

Overall, the present CFD results agree well with the
LPT model for the small amplitude linear waves consid-
ered here, verifying that the CFD solution can be reliably
used as the base solution when introducing additional com-
ponents of the system, as discussed in Sections 4 and 5.
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Figure 4: Change [%] in a) surge, b) heave, and c) pitch RAO predic-
tions relative to the CFD results presented in Section 3.1, through the
inclusion of the mooring (N), and the turbine and mooring combined
(�). For reference, the base solutions (CFD results from Section 3.1)
are also presented (◦).

4. Coupled Modelling in Waves

In Section 3.1, it was verified that the present model
captures the RAOs of a floating surface-piercing cylinder
in agreement with other popular methods used by the off-
shore industry. However, the real benefit of the present
model is its ability to accommodate additional forces aris-
ing from moorings and the submerged turbine that make
up a complete floating tidal energy concept. The coupled
nature of these additional elements is rarely included when
modelling these devices and so, in this section, the effect of
evaluating the entire coupled system is compared against
the CFD results from Section 3.1 to demonstrate the im-
portant discrepancies in present design practices.

For this demonstration, a single mooring line is used
for station keeping with a rest length, l0, of 18.2 m and
stiffness k = 41875 N m−2. The stiffness of the mooring
has been chosen by scaling up an existing mooring which
was used in physical experiments in the COAST labora-
tory at the University of Plymouth (Hann et al., 2015).
When at rest, the mooring attachment is at (0, 0,−1.5),
in the centre of the bottom face of the cylinder, the moor-
ing is vertical and the anchor position is on the seabed at
(0, 0,−20).

The turbine parameters are set to R = 2, Ct = 0.9,
σ = 0.15 and N = 2 giving an anticipated error in the
predicted free-stream velocity of only 1% (Brown et al.,
2020b). The centre of the turbine is located centrally,
2.5 m below the bottom of the structure (z = −4 m) (Fig-

ure 1). The turbine support structure is neglected for sim-
plicity and, to allow for direct comparison, the turbine is
assumed to be massless so that the mass of the system
and the rest position are the same with and without the
turbine included.

Figure 4 presents the differences, relative to the struc-
ture only, wave-only CFD results presented in Section 3.1,
in the predicted surge (a), heave (b), and pitch (c) RAOs
when the model includes: the mooring only (N), or; both
the mooring and turbine (�). For reference, the structure
only CFD results obtained in Section 3.1, used as the base
solution, are also presented (◦).

Including only the mooring does not substantially af-
fect the surge (Figure 4a) or pitch (Figure 4c) RAOs, with
differences generally 2% or less compared to the CFD re-
sults in Section 3.1. This is thought to be due to the use
of a relatively compliant single point mooring, rather than
a four-point mooring design which would constrain both
the surge and pitch motion more effectively. On the other
hand, the mooring does significantly alter the heave RAO
(Figure 4b), with differences of up to 15%. Including the
mooring damps the heave motion of the system around
the unmoored peak frequency and increases the response
at higher frequencies implying a shift in the peak response
towards those high frequencies.

With both the single point mooring and turbine in-
cluded (�), the surge (Figure 4a) and heave (Figure 4b)
RAOs do not differ substantially from the moored-only
cases. The lack of observed differences in the surge re-
sponse is a little surprising, but is thought to be a con-
sequence of the relatively low flow velocities under small
waves, resulting in a low thrust on the turbine. It is an-
ticipated that in more realistic flows, i.e. larger waves as
well as currents, the thrust exerted on the turbine would
have a much larger effect on the surge RAO (see Sec-
tion 5). Despite this, even with the low thrust observed
in these small wave-only cases, the pitch RAO is reduced
markedly around the peak frequency of the CFD results
from Section 3.1. This demonstrates that having the tur-
bine thrust coupled to the motion of the cylinder adds
additional damping to the pitch of the system and indi-
cates that, even in relatively benign cases, inclusion of the
turbine can significantly change the behaviour of the de-
vice. This further justifies the need for a tool which can
consider the fully-coupled nature of floating tidal systems.

4.1. Motion-Thrust Coupling

The present numerical model shows that the combina-
tion of waves, moorings and turbine substantially change
the devices motion, and that it is essential to use a cou-
pled model to capture these changes. However, develop-
ers are also likely to be interested in the platform mo-
tion’s influence on the turbine, since any changes in thrust
due to the motion will potentially alter the turbine fatigue
rate and complicate power delivery. Therefore, this section
analyses the platform’s motion-thrust coupling by compar-
ing turbine thrust in moored and fixed conditions. Since
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Figure 5: Thrust ratio, Tm/Tf (•) and fixed amplitude Tf (�) as a
function of frequency (a); Pitch (�) and surge (N) RAOs with moor-
ing and turbine in wave-only conditions (b). The error bars represent
the 95% confidence interval based on two standard deviations of the
wave periods used for sampling.

the effects of wave-induced motion on turbines is a crucial
uncertainty in the development of floating tidal systems,
wave-only conditions are used for the analysis in this sec-
tion to avoid complications caused by currents. Therefore,
the turbine thrust amplitude has been obtained by simu-
lating the device in a fixed (equilibrium) position using the
range of wave frequencies considered in Section 3.1.

The fixed turbine thrust amplitude (Tf ) decreases with
increasing wave frequency (� in Figure 5a) due to the re-
duced horizontal velocities in these conditions. Interest-
ingly, the turbine thrust amplitudes in moored conditions
(Tm) are substantially increased in comparison to the loads
experienced in fixed conditions: Figure 5a presents the ra-
tio (•) of moored and fixed amplitudes (Tm/Tf ) and shows
that the increase is frequency dependent and ranges from
3− 40 times larger in the wave conditions simulated here.
This considerable increase is thought to be related to the
motion of the device: considering the pitch RAO, obtained
using the same wave periods as Tm, and presented in Fig-
ure 5b (�), it follows a similar trend as the relative thrust
increase, indicating that the two parameters are related.
The values presented here are likely to be exaggerated
due to the large motion relative to the low flow veloci-
ties in wave-only conditions, but an increase due to the
motion is still probable in more realistic conditions due to
the turbine acting like a large lever-arm in pitch, making
it a critical consideration for developers. The surge was
also expected to be a factor in the load cycling, but the
RAO (N) does not follow any obvious pattern with the
thrust ratio, although it does display a similar trend to
the thrust on the fixed turbine. This latter observation is
likely due to both parameters primarily being functions of
drag, and consequently the square of the horizontal flow
velocity (equation 7).

The error bars in Figure 5 (95% confidence interval) in-

-2

-1

0

1

2

T
 [

k
N

]

a)

-0.8

-0.4

0

0.4

0.8

v
h

u
b
 [

m
/s

]

b)

26 27 28 29 30 31 32 33 34

time [s]

-0.2

-0.1

0

0.1

0.2

-0.2

-0.1

0

0.1

0.2c)

Figure 6: Time series of T (a); vhub (b); vx (——) and ωy (——)
(c); in f = 0.25 Hz waves. The cross-correlation (C) between each
variable and the thrust is shown in the corresponding colour.

dicate that there is substantially more variability in thrust
amplitude than the RAOs, thought to be due to high sen-
sitivity to changes in pitch due to the lever-arm effect. The
variability in pitch and surge is likely caused by reflections
in the numerical tank from a number of sources: the outlet
relaxation zone, side walls or interaction of radiated waves
with the incident wave, which can be mitigated through
increased domain size.

The influence of both the surge and pitch parameters is
likely to be a function of their phases relative to the wave
velocity, and hence geometry of the device and mooring
design. Figure 6 presents time series of the turbine thrust
(a), axial velocity at the centre of the turbine, vhub, (b)
the horizontal velocity, vx (——), and angular velocity
about the y axis, ωy (——), of the cylinder (c) in the
f = 0.25 Hz case. The axial velocity has been obtained
using equations (17) and (22), i.e.

vhub = xaxis · vhub. (31)

The times of maximum (or minimum) turbine thrust are
shown in each plot (−−−), and these occur close to times
of minimum (or maximum) axial velocity (Figure 6b, ——
) indicating a strong negative correlation (cross-correlation
coefficient, C = −0.976). The negative relationship is due
to the turbine observing a positive relative velocity when
vhub is negative (equation 8). There is a very slight dis-
crepancy between the peaks in thrust and vhub, which is
likely due to the influence of the flow velocity and its phase
relationship with the platforms motion. The angular ve-
locity about the y-axis (Figure 6c, ——) has a similarly
strong correlation with thrust (C = 0.952, positive due to
the definition of the axis), providing further evidence that
the pitch is the dominant factor in this problem. How-
ever, the peaks do occur slightly later than vhub due to
the horizontal linear velocity of the system (Figure 6c, —
—), which is less considerable in the present application
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but does influence the results slightly.
This section highlights the necessity to consider the

whole system as a single coupled problem, since thrust on
the turbine both influences and is influenced by the motion
of the platform, which in turn is strongly two-way coupled
with the mooring dynamics. Although the relative increase
in thrust amplitude due to motion is expected to be less
significant in more realistic wave-currents conditions due
to increased flow velocities (and hence a smaller offset be-
tween motion and flow), it should still be a key consider-
ation for any developer due to the implications on power
delivery and fatigue. The present numerical framework
could be a key design tool especially in systems with com-
plex geometries, or flow conditions, where the motion/flow
phase relationship could be substantially different to that
observed here.

5. Coupled Modelling in Wave-Currents

In Section 4 it is shown that even in wave-only condi-
tions, i.e. at times of slack water in a tidal cycle, it is nec-
essary to consider the entire coupled system to predict the
precise behaviour of a floating tidal stream device. How-
ever throughout the majority of the time of deployment,
the device is subject to combined wave-current conditions.
Therefore, in this section, the new framework has been
used to model the behaviour of the device in a range of
wave-current conditions using a subset of wave frequen-
cies from Section 4.

5.1. Pre-processing and Initialisation

In the combined wave-current cases, a series of pre-
processing and initialisation steps are undertaken to: ac-
count for the addition drag force on the device (due to the
currents); ensure a high quality mesh is retained through-
out the simulations, and; minimise the time taken to reach
a stable equilibrium state.

First, the anchor point of the mooring is repositioned
at (-xeq,u, 0, -20) where xeq,u is the theoretical equilib-
rium position for each current speed, u. The equilibrium
position is determined by considering the horizontal force
balance between the mooring tension (equation 24) and
the thrust forces on the cylinder, Tcyl, and the turbine,
T (equation 7). As a first approximation (assuming the
thrust on the cylinder is dominated by drag forces),

Tcyl,u =
1

2
ρCDrlu

2, (32)

where CD is the drag coefficient and is set to 1 in this case
(Morison et al., 1950). Considering the displacement in
surge only, the equilibrium position, xeq,u, can be approx-
imated by satisfying

Tcyl,u+Tu = −k

(
1− l0√

x2eq,u + x20 + y20 + z20

)
xeq,u (33)

a)

b)

Figure 7: Snapshots of the case setup including the cylinder, turbine
region and horizontal velocity field for the u = 0.5, f = 0.2 Hz case:
Initial (current-only) conditions achieved through the initialisation
processes described in Section 5.1 (a); and the numerical solution
after 30 s of wave-current conditions (b).

where (x0, y0, z0) = (0, 0, 18.5) are the initial streamwise,
transverse and vertical lengths of the mooring respectively.

In the wave-current cases, the flow field variables are
initialised in two stages: 1) the model is run for 60 s, in
current only conditions, with the cylinder fixed; this en-
sures the turbine thrust and velocity field reach a pseudo-
equilibrium state before the cylinder is allowed to move.
2) The cylinder is released and a further 30 s is simulated
to allow the system to reach the actual (rather than theo-
retical) equilibrium position (Figure 7a).

Interestingly, it was found that the thrust on the tur-
bine consistently converged to a value 10−20% larger than
the theoretical solution for the prescribed inlet condition.
This could potentially be due to the use of a transient
solver but, since the model has been shown to be con-
verged to around 1% on a similar mesh in an unblocked
steady case (Brown et al., 2020b), this increase in thrust
is likely due to a combination of blockage effects caused by
the presence of the free surface (Myers and Bahaj, 2010;
Kolekar and Banerjee, 2015), the relatively shallow water
depth (Myers and Bahaj, 2010; Nishino and Willden, 2012;
Consul et al., 2013) and the proximity of the cylinder to
the turbine region (see increased flow speed between tur-
bine and cylinder in Figure 7a). This is an interesting
observation as an increase in thrust is effectively an in-
crease in power generated by the turbine and so could be
of significant value to device developers. The increased
thrust causes the surge equilibrium location to increase
from the theoretical prediction (equation 33) making the
second initialisation stage crucial. However, running 90 s
of CFD simulation for initialisation purposes is not accept-
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Figure 8: Surge (a), heave (c) and pitch (e) RAOs curves of the
moored device with turbine, for a range of current speeds: 0.0 (•),
0.1 (N), 0.2 (F), 0.3 (�), 0.4 (�) and 0.5 ms−1 (I). Also shown is
the relative change of each DOF from the wave-only solution (b,d,f).

able in routine design practices and future efforts should
be made to streamline the process. This could potentially
be achieved by providing an improved initial guess for the
velocity field, either using an analytical or less computa-
tionally expensive numerical approach such as a steady-
state simulation to provide the initial conditions.

5.2. Results

Using the initialised conditions (described in Section 5.1),
the structure is assessed in a range of wave-current condi-
tions (Figure 7b). A subset of the wave frequencies used
in Section 4 (0.2 Hz ≤ f ≤ 0.27 Hz, chosen to include
both heave and pitch peak frequency) are superposed on a
range of current speeds (0.1 ms−1 ≤ u ≤ 0.5 ms−1), using
the method described in Section 5.1. Note that the inlet
Reynolds numbers (2e6 ≤ Re ≤ 1e7) for the presented flow
speeds imply turbulent flow. However, since the case pre-
sented in this work is purely designed to demonstrate the
need for coupled modelling, laminar flow is still assumed
to allow comparison with the wave-only cases without the
added complication of turbulence.

Figure 8 presents the surge (a), heave (c) and pitch
(e) RAO curves of the moored device with turbine, for
a range of current speeds: 0.0 (•), 0.1 (N), 0.2 (F), 0.3
(�), 0.4 (�) and 0.5 ms−1 (I). Also shown is the relative
change of each DOF from the wave only solution (b,d,f).
The heave response (Figure 8b,d) can be seen to increase
substantially (up to 50%) with current speed, for all of the
wave frequencies. Such an increase in heave response is
slightly unexpected since wave height is anticipated to re-

duce slightly in the presence of a following current. There-
fore, it is hypothesised that the increase may be due to the
offset in surge caused by the combination of turbine and
current: i.e. since the mooring force no longer acts solely
in the vertical direction the structure may have more free-
dom to move in heave.

The pitch response (Figure 8e,f) shows the opposite
trend to the heave; as the current speed increases, the
pitch response reduces (by up to 30%), indicating that
the pitch damping due to the turbine and mooring com-
bination (observed originally in Figure 4c) increases with
current speed. Furthermore, the lower frequencies show a
much larger relative change than the higher frequencies,
indicating that there may be a shift in the peak pitch fre-
quency.

Unlike the other two degrees of freedom, the change in
surge response (Figure 8a,b) due to currents appears to
be heavily influenced by the wave frequency. The lower
frequencies show a decrease in surge amplitude, whereas
the higher frequencies generally increase the response, with
both increasing with current speed (up to ±30%). The
middle frequency considered (f = 0.235 Hz) is not sensitive
to the current speed since the model predicts a similar
decrease (≈ 10%) for all current cases. These observations
indicate that the surge peak frequency is being changed
by a combination of the current, turbine and mooring, and
that f = 0.235 is close to an inflection point in Figure 8b.

6. Conclusions

A novel and efficient computational framework for mod-
elling complete floating tidal systems is presented. The
method utilises OpenFOAM’s two-phase 6DOF rigid body
solver, algebraic restraints for the moorings and a body-
force type technique to include the influence of a sub-
merged turbine. The framework of the coupled model is
demonstrated via a simplified concept comprising a cylin-
drical barge, single point linear mooring and an actuator
disc turbine. An incremental approach is used to deter-
mine the effect of each component in the system. The
predicted response of the structure (without mooring or
turbine) in linear waves is verified against industry stan-
dard codes based on LPT, generally showing good agree-
ment. Addition of the mooring and turbine show changes
of around 5%, in linear waves, relative to the unrestrained
data. The changes in the wave-only cases are too small to
justify the additional computational expense of the present
model (compared to alternatives, such as LPT), but in the
wave-current conditions more substantial changes (up to
±50%) are observed in each DOF (surge, pitch and heave).
When considering the motion-turbine coupling, the mo-
tion is shown to increase substantially the amplitude of the
thrust on the turbine (up to 4000%), in wave-only condi-
tions. This is attributed to a combination of the pitch of
the device and the distance of the turbine from the centre
of rotation. Although this effect is amplified in wave-only
conditions, due to the high magnitudes of motion relative
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to flow velocity, an increase is still likely in more realistic
conditions. Hence, it is vital that the full motion-turbine
coupling of the system is considered in order to fully un-
derstand the potential implications in terms of fatigue and
power delivery.

The changes caused by considering the full tidal system
in combined wave-current conditions using a fully nonlin-
ear, coupled manner are substantial, especially when con-
sidering that the simulations were run using small ampli-
tude linear waves and significantly lower flow speeds than
would be observed at a realistic tidal test site. These sites
will consistently have to deal with combinations of high
flow speeds and large amplitude non-linear waves, poten-
tially interacting with the system from any direction, as
well as being able to survive extreme events. It is essential
to be able to evaluate the performance, motion and surviv-
ability of a full floating tidal system in these conditions be-
fore deploying a prototype, especially when considering the
substantial changes experienced in the relatively benign
conditions presented in this work. The numerical frame-
work presented here is capable of evaluating all of these
parameters as well as providing high-volumes of additional
information regarding the flow dynamics (Figure 7) which
could be used to provide design decisions regarding ar-
rays or assess the environmental impacts. Although the
presented numerical model has the potential to improve
confidence during the development stage of floating tidal
devices in the future, the work presented here is purely
intended to demonstrate the framework and therefore fo-
cuses on an idealised problem with a relatively low com-
plexity turbine model. This provides the foundation for
future research on the behaviour of floating tidal systems
in more realistic conditions but the model will first require
validation against scaled laboratory data. Following the
validation stage, it will provide a method to assess scaling
effects that cannot be easily evaluated without building a
full-scale prototype. Additionally, the OOP nature of the
code allows the potential for more sophisticated turbine
and mooring models to be implemented, allowing for more
detailed hydrodynamic analysis, and could be extended to
similar applications such as floating wind turbines.
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