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ABSTRACT
Tidal stream turbines operate in the harsh marine environment, subjected to turbulence, wave action and wakes from upstream devices when deployed
in arrays. Turbines may be mounted on the sea bed or on floating platforms. Numerical models are invaluable to study individual and array perfor-
mance and their interaction with environmental flows. To date, shallow water models and three-dimensional Reynolds averaged Navier–Stokes
(RANS) simulations predominate the simulation of turbine arrays, while large-eddy simulation (LES) is becoming more widely used due to avail-
ability of high-performance computing resources. The accuracy of turbine performance and load prediction depends on the ability to represent
turbulence in the tidal flow and unsteady wake effects. Inclusion of waves increases the modelling complexity and is particularly significant for
floating platforms. In this Vision Paper, we provide a perspective on the numerical approaches currently used for modelling tidal flows and marine
turbines, suggesting future challenges envisaged in this field.
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1 Introduction

Wind and marine turbines generate renewable energy with sim-
ilar flow characteristics when in isolation. However, grid scale
power generation requires turbines to be deployed in farms and
interaction with wind and tidal flows differs quite notably. An
advantage for wind energy is that the atmospheric boundary
layer normally extends a kilometre or more above ground or
sea level without an upper bounding surface, while tidal flows
are usually on continental shelves with depths less than 100 m
bounded by the water surface. This determines turbine size and
downstream wake recovery, and hence farm layout.

An advantage of marine power is its predictability as defined
by tidal cycles. A disadvantage is the hostile marine environ-
ment itself which can be highly turbulent with many scales,
both large-scale bathymetry and bed-induced, with intermit-
tent, superimposed oscillatory wave action. Deployment gen-
erally requires a period of slack tide within a benign weather
window. Sea water is inherently corrosive and, in addition,
promotes marine growth on structures. Both fixed and float-
ing platforms are being developed as for offshore wind with

subsea foundations or moorings for floaters. Importantly there
are many sites worldwide where strong tidal currents, greater
than 3 m s−1, make marine turbines an attractive renewable
energy option, with capacity order 1 MW and little visual intru-
sion. There are various sites under consideration in the UK and
Channel Islands, France, USA, Canada, Korea, China amongst
others. The world capacity is thought to be about 120 GW or 5%
that of wind or wave with a large proportion, around 11.5 GW,
in the UK (Coles et al., 2021; Offshore Energy, 2015).

There has been considerable effort on laboratory scale mea-
surements of turbine flows, computational modelling and some
limited field measurements. The basic fluid mechanics of tur-
bines, wakes, and associated blockage is well understood and
has been comprehensively reviewed in Adcock et al. (2021).
Tidal modelling is a quite mature field with various 3D ocean
models assuming hydrostatic pressure and accounting for the
buoyancy effects due to salinity and temperature (within the
Boussinesq assumption). Depth-averaged models are also used
to reduce computation costs for some assessments. Different lev-
els of coupling with turbine arrays are possible and this is one
focus of this paper.
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We first present different levels of models for turbines and
tidal flows with associated physical assumptions. Then the
models’ efficacy is assessed, followed by consideration of com-
bination of tidal modelling with wave modelling. The modelling
of fixed and floating platforms is then described. The paper
concludes with suggested future modelling developments.

2 Turbine and tidal models

The various levels for modelling tidal stream turbines in tidal
models are shown in Table 1.

2.1 Turbine models

In its most basic form the actuator disc is represented as a pres-
sure drop extracting energy from the flow as shown in Fig. 1
(left). In one dimension, considering stream tubes, this ele-
gantly gives the axial induction factor defining the change in
velocity at the disc relative to free stream velocity (Betz, 1920;
Glauert, 1935). This then defines the power and thrust coef-
ficients, CP and CT, giving an upper limit for CPmax = 16/27
known as the Betz limit. With blockage factor B (defined by
the turbine swept area divided by channel cross-sectional area)
this may be increased as CP1max = (16/27)/(1 − B)2 (Garrett &
Cummins, 2013). This linear-momentum actuator disc theory
has shown how maximum energy yield would increase when

Table 1 Levels of turbine and tidal flow models

Turbine model Tidal model

Actuator disc models 2D depth-averaged modelling
Velocity deficit wake models 3D hydrostatic pressure model
Blade element momentum

theory (BEMT) model
3D with density variation

(Boussinesq)
Actuator line model (RANS

or LES)
3D dynamic pressure model

(RANS or LES)
Blade resolved model (RANS

or LES)
With platform interaction as

well as rotor
With support platform

modelling, fixed and
floating

With superimposed wave
action

deploying turbines in fences, rows or with other arrangements
(Draper & Nishino, 2014; Nishino & Willden, 2012, 2013; Ouro
& Nishino, 2021; Vennell, 2012), as reviewed in Adcock et al.
(2021). This theoretical approach does not consider the turbine
wake; a representation as a porous disc may be used experimen-
tally (e.g. Hachmann et al., 2021; Myers & Bahaj, 2012) or in a
computational flow model in three dimensions (e.g. Roc et al.,
2014).

It is well known that the resulting wake velocity deficit pro-
file over a transverse vertical plane behind the turbine may be
represented as Gaussian in self-similar form (Fig. 1b, following
classic theories of axi-symmetric and two-dimensional wakes
(Tennekes & Lumley, 1972). The velocity deficit distribution
(�U, given in Eq. 1) scales with the maximum normalized
velocity deficit C(x) and features a radial distribution f (r/D) that
is approximately Gaussian, with the wake centred at hub height
above the bed (zh):
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where Cartesian x, y, z coordinates are relative to the bed below
the rotor hub and other variables are defined in Fig. 1. This
Gaussian model can be directly applied if the thrust coeffi-
cient (CT) is known, which also determines the onset wake
width (ε · D). The wake diameter (DW, Fig. 1b) grows lin-
early according to the wake expansion rate (kw), proportional
to the oncoming turbulence intensity, normally adopting val-
ues obtained from wind turbine wakes, as no study to date
has quantified this for tidal turbines directly. Such an analytical
model conserves momentum and mass flux, and has been widely
used to represent the far wakes of wind turbines (Bastankhah
& Porté-Agel, 2014). Similar models have been proposed for
the two-dimensional far wakes of tidal turbines adopting experi-
mental measurements (Ouro, Harrold, et al., 2019; Stallard et al.,
2015).

Figure 1 Theoretical representation of the wake behind a single tidal turbine adopting (a) linear-momentum actuator disc theory where U denotes
streamwise velocity, A area and p pressure with a subscript denoting location (adapted from Garrett & Cummins, 2013); and (b) Gaussian wake
velocity field in which �U denotes velocity deficit, x distance downstream of the rotor, D rotor diameter and the wake width is represented by Dw
with kw the wake expansion rate and ε · D the onset wake width
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Linear superposition of individual velocity deficits has been
shown to predict wakes of small arrays including channel
blockage quite accurately (Stansby & Stallard, 2016). The local
velocity at a turbine resulting from the cumulative wakes of
upstream turbines determines the thrust and power for that
turbine. Since power scales with the cube of velocity, the assess-
ment of accuracy of wake superposition methods is important.
Coupling such a tidal farm representation with a large scale
(regional) flow model is yet to be accomplished. Whilst this
paper focuses on horizontal axis turbines, the complex vertical
axis turbine wakes can also be well captured by theoretical wake
models using a super-Gaussian distribution that depends on the
turbine’s diameter and height (Ouro & Lazennec, 2021).

Actuator disc modelling may be improved by Blade Element
Momentum Theory (BEMT). In this case the onset flow with
axial and tangential induction factors defines the radial varia-
tion of lift and drag forces along a blade, based on quasi-steady
foil coefficients, to give the average radial variation of thrust and
torque on the rotor disc plane (e.g. Edmunds et al., 2017). The
radial force distribution is then imposed on the computational
mesh to give the flow field, accounting for possible additional
effects due to blade tip losses. This permits the flow physics to
be included, allowing account for swirl, and ambient and blade
tip turbulence (Chapman et al., 2013; Masters et al., 2011). This
approach has been applied to model turbine arrays, giving rea-
sonable agreement between experiments and model predictions,
similar to velocity deficit superposition (Olczak et al., 2016).
This also allows shear in the onset flow to be accounted for.

Actuator line modelling is a more direct approach where
the radial load distribution on each blade is determined in a
similar way but now these individual load distributions are
directly imposed on the computational mesh with forces dis-
tributed onto the neighbouring fluid cells using interpolation
functions. Prandtl-like corrections at the blade tip may be also
included. This approach has been successfully applied to tidal
arrays (Apsley et al., 2018; Churchfield et al., 2013; Ouro &
Nishino, 2021; Ouro, Ramírez, et al., 2019).

The explicit resolution of a turbine rotor requires high spatial
refinement. This has been carried out using Reynolds Aver-
aged Navier–Stokes (RANS) and large-eddy simulation (LES)
approaches, with either a wall-resolved method (Afgan et al.,
2013; Ahmed et al., 2017), wall-modelled method (Kang et al.,
2012, 2014; McNaughton et al., 2014) or an immersed bound-
ary method (Bai et al., 2014; Chawdhary et al., 2017; Ouro et al.,
2017; Ouro & Stoesser, 2019; Posa et al., 2021; Posa & Broglia,
2021). A fine mesh related to the blades may be locally rotating
at the rotor speed to avoid remeshing at every time step, as this
is computationally expensive. This technique is known as a slid-
ing mesh with boundary conditions interpolated from the fixed
outer mesh to guarantee continuity between grids (Afgan et al.,
2013; McNaughton et al., 2014; Tatum et al., 2016).

The approaches described above enable the support plat-
form, stanchion, or other structural parts to be also included in
the model. The detailed simulations may improve rotor design:

maximizing power performance, reproducing the turbulence
structures developed by the rotating turbines (Posa et al., 2021),
accounting for bathymetry effects (Ouro & Stoesser, 2019), and
characterizing the region of the turbine wakes (Kang et al.,
2014).

Explicitly resolving the turbine rotor requires large high-
performance computing (HPC) resources to run simulations
within a reasonable amount of time, especially if LES is adopted
as it resolves the flow scales as small as the computational
mesh; this includes onset turbulence thus giving an almost
fully resolved flow field (Stoesser, 2014). Simulations at this
“device scale” have been limited to one or two turbines. Wall-
resolved simulation requires the largest computing resources as
viscous scales near the turbine blades need to be resolved. Wall-
modelled boundary conditions alleviate some of the very fine
resolution near the blades which also allows for larger time
steps. This is similar to the immersed boundary method which
has the additional advantage of decoupling the fluid and solid
meshes with variables exchanged via interpolation functions.

On the other hand, actuator models allow simulation domains
of up to a kilometre with a few rotors embedded providing good
representation of the wake field and structural loads (Chawdhary
et al., 2017, 2018; Churchfield et al., 2013; Creech et al., 2017;
Ouro & Nishino, 2021).

2.2 Tidal models

Tidal models have been applied in civil engineering for decades,
principally to simulate flooding with storm surge, sediment and
contaminants transport in coastal and estuarial regions including
ports, and sewage and power station outfalls, as discussed in a
JHR Vision Paper on coastal hydrodynamics (Stansby, 2013). In
such regions, the tidal flows may be well mixed vertically and
thus depth-averaged models have been used modelling the bal-
ance between momentum, hydrostatic pressure, and bed friction
with additional horizontal mixing. Such depth-averaged mod-
elling is useful for flows with limited curvature. With prominent
bathymetric features such as islands or headlands, the presence
of re-circulations or wakes generally result in strong curvature,
leading to unrealistic predictions of depth-averaged quanti-
ties (Stansby, 2006; Stansby et al., 2016). Three-dimensional
modelling with hydrostatic pressure has also been common-
place in oceanography for decades, e.g. ROMS (Shchepetkin &
McWilliams, 2005), FVCOM (Chen et al., 2003), POM (Blum-
berg & Mellor, 2013) and TELEMAC-3D (Hervouet, 2007).
In such models, the bed boundary layer condition is modelled
as well as secondary flows (due to curvature) normal to the
depth-average velocity direction. Flow curvature also increases
horizontal mixing and thereby bed friction due to the increased
velocity gradient at the bed (Stansby, 2003). This feature deter-
mines the onset of unsteady wakes and causes less energetic
eddy shedding (Stansby, 2006). The assumption of hydrostatic
pressure in three dimensions for modelling complex wakes in
oscillatory flow due to bathymetries of small slope has been
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tested at laboratory scale with laminar flow and demonstrated
to be applicable (Stansby & Lloyd, 2001). This assumption
has been also shown to be effective for oscillatory headland
flows with turbulence modelling, comparing with experiment
(Stansby et al., 2016). For tidal flows with significant curvature
due to headlands and islands, three-dimensional modelling with
hydrostatic pressure is arguably a minimum requirement.

For tidal turbines, local turbulence prediction is required as it
determines loading on blades, nacelle and platform, and hence
fatigue life, and also drives wake recovery which determines
array layout. Field measurements suggest the relative turbulence
intensities of 10% to 18% depending on the site (Harrold &
Ouro, 2019; Milne et al., 2016), higher than conventional values
for atmospheric boundary layers. There could also be notable
differences in turbulence between ebb and flood tides at the same
site, depending on the velocities during each tidal phase and
bathymetry (Sellar et al., 2018). These effects would be simu-
lated with fully 3D CFD model but its use for large domains is
restricted due to high computational demand.

The vertical profile of tidal velocities is normally well repre-
sented by power or logarithmic laws, although profiles of flow
velocities can be more complex with highest values at mid-water
depth due to bottom roughness effects or wave action (Harrold
& Ouro, 2019; Lewis et al., 2021; Sellar et al., 2018). Determin-
ing both mean flow and turbulence properties are essential in
building realistic inflow boundary conditions in numerical mod-
els. This is especially important if three-dimensional models are
used, as robust methods that generate physics-informed artificial
inflow turbulence, e.g. the synthetic eddy method (Jarrin et al.,
2009; Ouro et al., 2017, 2019a), can replace the high compu-
tational cost of running precursor simulations. Input turbulence
has been described in numerical models using the classical von-
Karman spectrum (Parkinson & Collier, 2016) or the Kaimal
spectrum proposed by the IEC standard (IEC 61400-3, 2009).
In terms of turbulence anisotropy, lateral and vertical turbulence
intensities (σ v and σ w) can be estimated from the streamwise
component (σ u) using approximate ratios σ v/σ u = [0.65–0.75]
and σ v/σ u = [0.45–0.60]. The longitudinal integral length scale
can be approximated by Lu = (zH )0.5, where z is height above
the bed and H is depth (Nezu & Nakagawa, 1993), providing
realistic results for tidal sites (Garcia-Novo & Kyozuka, 2019;
Milne et al., 2016). The integral turbulence length scales relative
to the rotor diameter at tidal sites may be expected to be smaller
than those in air flows with wind turbines as rotor diameter in
tidal flows may occupy a significant proportion of depth while
length scales are restricted by depth in tidal flows. Detailed data
on the turbulence length scales and Reynolds stresses have been
reported for steady channel flow using LES in Ahmed et al.
(2020), showing that the free surface only modifies the top 10%
of the boundary layer formed at a solid boundary.

The bathymetry at tidal sites is often spatially heterogeneous,
with the bed-generated turbulence depending on a bed rough-
ness height and geometry. Isolated features such as rocks or deep
ridges can also be found complicating the ideal deployment of

tidal turbines and exacerbating the asymmetric flow distribution
during ebb and flood tides (Harrold & Ouro, 2019). Shallow
water models account for the bathymetry features but in most
studies with 3D models a simple flat bed is adopted, as used in
most laboratory experiments.

In addition, surface wave effects due to swell or wind forcing
may be superimposed with tidal dynamics causing additional
loading but also increased mixing.

2.3 Wave modelling

Traditionally the effect of currents on waves has been of prime
interest when considering loading on offshore structures. This
remains of concern for extreme loading on marine turbines, but
we also have to account for the effect of waves on currents
and turbine wakes during operational conditions. At the sim-
plest level, wave characteristics are defined by the mean current
velocity in the wave direction, with the Doppler shift deter-
mining the wave frequency in the frame of reference relative
to the current giving zero mean velocity. Stokes and stream
function theories up to maximum steepness may be applied
for non-breaking waves (Fenton, 1985; Rienecker & Fenton,
1981). For breaking waves, the breaking forces may be con-
siderably amplified for surface piercing bodies (Stansby et al.,
2013) or floating platforms. There has been limited investiga-
tion in operational conditions but with opposing waves it has
been shown through laboratory investigation that turbine thrust
due to superimposed wave velocities may be simply superim-
posed (Fernandez-Rodriguez et al., 2014). There will also be
effects on wake recovery as increased mixing may result which
will improve power generation in arrays. However, there has
been little study on this matter to date.

2.4 Hydrokinetic turbines in rivers

Tidal stream turbines, also known as hydrokinetic turbines, can
be deployed in rivers with most of the same computational
modelling techniques applicable to such environments. Flow in
rivers is highly dependent on their morphology with the advan-
tage of being predominantly unidirectional except at the river
mouth where tides can influence the flow dynamics and become
partially bi-directional (Sánchez et al., 2014). Ambient mean
velocities and turbulence properties benefit from determination
on-site. Deploying turbines in such environments can lead to
sediment transport changes that need to be understood. Musa
et al. (2018) proposed an analytical formulation to predict local
scour in erodible bed surfaces around hydrokinetic devices.
Chawdhary et al. (2018) performed high-resolution LES of an
array of hydrokinetic turbines in the Roosevelt Island Tidal
Energy Project in New York City (USA), finding that deploy-
ing 30 turbines did not make a significant disruption to the river
flow. VanZwieten et al. (2015) estimated that about 120 TWh
per year can be harnessed from rivers in the USA using hydroki-
netic turbines. However, the shallow flow conditions determine
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the turbine size and thus devices with rated capacity of only
up to a few kW can be deployed. Potential applications are
to supply uninterrupted renewable energy to remote and iso-
lated communities. The rectangular cross-section of vertical axis
turbines can be larger than the swept area of horizontal axis
turbines, giving potential for increasing power generation.

3 Platform modelling: fixed and floating

3.1 Fixed platforms

Many tidal turbine developers are opting for bottom-fixed
devices to minimize the influence of waves and make use of
simple gravity foundations. However, at the lower part of the
water column turbulence intensity is larger due to the bed influ-
ence (Mercier et al., 2020; Ouro & Stoesser, 2019) although
there are lower velocities than near the free-surface. Compli-
cated maintenance and installation operations increase opera-
tional costs. Representation of the support structure, e.g. nacelle
or vertical stanchions, can be modelled as simple blockage
on the mesh (Apsley et al., 2018), represented by a momen-
tum loss (Porté-Agel et al., 2011), by adopting the immersed
boundary method (Ouro et al., 2017), or by fully resolving the
geometry (Mason-Jones et al., 2013; Posa & Broglia, 2021).
The inclusion of the hub or nacelle determines the flow field
when using actuator line models whilst the other structural
components seem to have less influence on the wake (Apsley
et al., 2018; Shives & Crawford, 2016). Examples of bottom-
fixed turbines are those from SIMEC Atlantis, such as the
AR1500 or AR2000 (https://simecatlantis.com/), NOVA Inno-
vation (https://www.novainnovation.com/), and the decommis-
sioned Sea-Gen that had two 600 kW rotors.

3.2 Floating platforms

Floating platforms for tidal turbines have several attractions.
They are relatively straightforward to deploy and maintain with-
out the need to fix to the sea bed and thus access to more
sites becomes possible. Near-surface flow velocities are gener-
ally greater than near-bed velocities and thus power-generating
potential is greater (as power is proportional to flow veloc-
ity cubed). There is relatively low turbulence intensity in the
near-surface region too. Flow direction generally shows little
variation, so the mooring alignment need not change. Floating
platforms would also be preferable for large depths occurring
in locations of strong ocean currents, e.g. around Taiwan and
Japan, as well as tidal currents on continental shelves. The
disadvantage of floating platforms is that they do require moor-
ings subject to wave action, which may be extreme and will
induce oscillating blade loads, reducing fatigue life (Mullings
& Stallard, 2021).

The development of floating platforms for wind turbines
is much more advanced (Carbon Trust, 2015), with semi-
submersible or barge types probably closest to those for marine

turbines. Time-domain methods have been developed based on
BEMT for the turbine and Cummins method for linear wave
diffraction-radiation theory for the platform with additional drag
forces; the open-source FAST code is available from NREL
(Jonkman & Buhl, 2005). There are additional second-order
hydrodynamic forces due to sum and difference frequencies
in the spectrum, with difference frequencies generating mean
forces, and due to radiation and drag damping. The quasi-
steady prediction of thrust based on relative velocity in the CT

velocity dependence has been shown to be quite close to actu-
ator line modelling for oscillatory turbine motion (Apsley &
Stansby, 2020). The linear/second-order hydrodynamic mod-
elling may be expected to give good prediction for small to
moderate waves, although oscillatory motion is still quite well
predicted in large waves, while mean hydrodynamic forces may
be underestimated (Stansby et al., 2019). However, the mean
wind turbine thrust is significantly greater so this limitation may
not be problematic. Snap mooring forces may also be underesti-
mated. Full CFD has been undertaken by Liu et al. (2017) using
OpenFOAM. The differences for marine platforms are: (1) that
current is now substantial; and (2) the flow acting on the tur-
bine may be affected by the platform while the wind turbine is
mainly affected by the onset wind flow and the nacelle motion.
Accounting for the effect of currents on waves due to Doppler
frequency shift is important in all cases.

The question of the platform effect on rotors has been par-
tially addressed with physical modelling using a porous disc
to represent the turbine (Brown et al., 2021). For the particu-
lar Modular Tidal Generation design investigated, they found
that in currents alone the turbine thrust is increased slightly by
the platform ( ∼ 10%). With moderate waves and currents, the
mean mooring force is mainly determined by the current (unaf-
fected by waves) and the pitch response by waves (unaffected by
currents) but the cyclic loading and power from the turbine is a
more complex interaction. The effect of extreme waves was not
considered though. The actuator disc approach in unsteady flow
due to waves with platform motion was found to give good pre-
dictions, termed weighted body force implementation (Brown,
Ransley, et al., 2020). This was incorporated in OpenFOAM in a
coupled model for an idealized platform of truncated cylindrical
shape (Brown, Ransley, Zheng, et al., 2020).

In large waves the turbine will be parked (DNVGL, 2015)
and the modelling problem is similar to that for floating
wind platforms with the blades represented by a thrust on
the nacelle or by actuator lines along the blades giving finer
resolution. With linear diffraction-radiation-drag modelling the
velocity field may be assumed to be that due to the undisturbed
wave/current field as an approximation to give these forces, due
to relative velocity from drag/lift coefficients. The wave field
may include breaking waves and be modelled by CFD (Open-
FOAM) or SPH (DualSPHysics: Domínguez et al., 2021). Non-
linear Froude–Krylov forces (due to the undisturbed pressure
field) may replace linear values to give more realistic excita-
tion forcing, which has proved effective for a single float on an
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elastic mooring (Lind et al., 2016). Such approaches need to be
validated against physical experiment or CFD/SPH or prefer-
ably both. In operational conditions with small wave heights the
rotor represented as a porous disc may in principle be included
in potential flow analysis to give hydrodynamic coefficients
(e.g. WAMIT, Lee & Newman, 2013) with added viscous/drag
effects. The fully coupled system may be applied as for large
waves with various levels of turbine representation determin-
ing computational requirements. The motion of the platforms
will affect power generation and also wake recovery which
will determine array layout. With floating platforms, arrays for
large-scale electricity generation have yet to be formulated.

Some of the companies developing tidal turbine in float-
ing platforms are Orbital Marine Power with the O2 device
(www.orbitalmarine.com), Sustainable Marine Energy that
develops the PLAT-I power system (www.sustainablemarine.
com), Modular Tidal Generators Ltd, or Magallanes Renovables
with the ATIR device.

4 Present and future modelling of turbine arrays

In this section we are concerned with turbine arrays, includ-
ing wake interactions, which may be considered in isolation or
embedded in regional coastal models. It is desirable to model
turbine wake generation with as much resolution as possible,
extending as far as possible into the wake regions and for as long
as possible to cover tidal cycles. Large scale modelling is chal-
lenging as turbine models represent a wide range of scales and
coastal models simplify their characteristics. Here we discuss
the use of such models to simulate marine turbine arrays.

4.1 Hierarchy of models, expectations and computer
resources needed

The temporal and spatial scales of interest range from seconds
( ∼ turbine rotation period) to hours ( ∼ tidal phase) to days

( ∼ monthly cycles) and from centimetres ( ∼ turbine blade tip
chord) to kilometres ( ∼ array wakes), respectively. Figure 2
shows these temporal and spatial scales and associated mod-
elling approaches with relevant computational times. In prac-
tice, blade-resolved RANS or LES modelling may be applied to
one or two turbines only if HPC resources are available and the
highest resolved array modelling has used actuator lines with
modest parallel processing (8–64 cores) while coarser BEMT
and actuator disc representations have been widely applied on
serial processing.

Turbines have been represented in large-scale depth-
integrated tidal models with parameterizations for turbine drag,
thrust and support structure drag, similar to wind turbines.
This approach was applied, e.g. in the finite difference model
DIVAST, to investigate environmental impact of a turbine array
in the Severn estuary (Ahmadian & Falconer, 2012). To account
for losses due to wake mixing and blockage in cross stream
turbine rows an elevation change can be imposed based on
actuator disc modelling with conservation of mass and momen-
tum (Adcock et al., 2013). This technique was incorporated in
the discontinuous Galerkin model ADCIRC and applied to the
Pentland Firth to give estimates of electricity generation, of
about 1.9 GW. Importantly, the distinction was made between
the “available” power which may be converted into electricity
and the total power “extracted” from the tidal system including
wake losses. Actuator disc theory can be also used to esti-
mate equivalent bottom drag, giving power predictions (Kramer
& Piggott, 2016). The 3D model with hydrostatic pressure,
FVCOM, essentially an ocean model, has been applied to the
Pentland Firth, assuming turbine resistance only due to turbine
thrust. With this model, O’Hara Murray and Gallego (2017)
found an upper limit on power generation of 5.3 GW while
De Dominicis et al. (2017) found a more representative value
of 1.64 GW. Similar work using Delft3D assessed the suitabil-
ity of deploying tidal turbines in narrow channels characterized
by complex bathymetry features (Ramos et al., 2014; Sánchez

Figure 2 Interlink between physical scales of interest and available computational frameworks. The scales of resolved turbulence can range from
those obtained with an eddy-viscosity model (EVM) in ocean or shallow water models to the sub-grid scales (SGS) in LES. Visualization of turbulent
flow structures on the left subfigure follows from Ouro, Ramírez, et al. (2019) and Ouro, Harrold, et al. (2019).
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et al., 2014). The 3D hydrostatic ROMS model with nested
meshes (Shchepetkin & McWilliams, 2005) to resolve turbine
wakes, with a mesh size about 10% of a turbine diameter, was
applied to study turbine arrays in Fromveur Strait (western Brit-
tany, France; Guillou et al., 2020). To reduce uncertainty in
resources characterization, Lewis et al. (2021) proposed stan-
dardized curves for the power and thrust coefficients for tidal
turbines based on 14 horizontal-axis designs.

The turbine representations outlined above reflect a prag-
matic approach to extending functionalities already available
in existing coastal/ocean models. The “elevation change actua-
tor disc row model” for depth-averaged modelling is physically
appealing but has the limitation of low flow curvature and thus
is appropriate only for a small number of turbine rows. Within
this constraint, such modelling systems are highly efficient. In
general, the 3D hydrostatic modelling is quite accurate when
used without turbines which introduce difficulties in reproduc-
ing wake mixing, important for determining effective resistance.
These difficulties relate to a relatively coarse mesh, turbulence
modelling appropriate for tidal flows rather than for wake condi-
tions, and restricted vertical motion due to hydrostatic pressure
assumption. It would be attractive to couple an external 3D
hydrostatic model with an internal RANS or LES turbine, or
array, actuator disc, BEMT or actuator line model, covering
wake motion, but this has yet to be achieved.

4.2 Towards LES as a tool for turbine array design

At the array scale, the modeller needs to decide on the rotor
representation with an actuator disc or line model and which
turbulence closure to use, within RANS, LES or a hybrid of
these. Most studies looking into tidal arrays, independently of
the number of turbines, use RANS given it can run on laptops
or workstations, whilst LES is restricted to the availability of
HPC resources (Sotiropoulos, 2015), as in most applications
in hydraulics or environmental flows (Stoesser, 2014). RANS
closures do not resolve turbulence directly but instead model
its characteristics based on the mean or slowly varying flow

field. The adopted turbulence model plays a vital role in cap-
turing the wake characteristics, e.g. shear production due to tip
vortices can be underestimated with some RANS turbulence
models such as standard k-ε or k-ω, thus requiring additional
corrections such as SST (shear stress transport) (Apsley et al.,
2018; Abolghasemi et al., 2017; Olczak et al., 2016; Shives &
Crawford, 2016). LES requires high spatial resolution near the
turbine, being less sensitive to the sub-grid-scale model as it
resolves the turbulence length scales larger than the grid size
which govern the downstream wake (Ouro & Nishino, 2021;
Ouro, Ramírez, et al., 2019; Posa et al., 2021). Rotor representa-
tion in turbine arrays is normally achieved with actuator lines or
disc. Typical grid resolutions that provide good estimates of per-
formance and wake velocity field require over 40–50 grid points
per rotor diameter. Lower resolution would still capture most of
the wake dynamics but estimates of hydrodynamic forces can be
inaccurate (Martinez-Tossas et al., 2015).

The ability of an actuator line model (ALM) to represent the
flow dynamics in tidal arrays depends on the turbulence closure
adopted. As an example, Fig. 3 shows the instantaneous velocity
field and a vorticity iso-surface obtained adopting RANS (with
the STREAM code, Apsley et al., 2018) and LES (with DOFAS
code, Ouro, Harrold, et al., 2019; Ouro, Ramírez, et al., 2019)
for a tidal array with three rows of three, four and five turbines
per row, hub-to-hub row spacing of 1.5 diameters and four diam-
eters between rows (Olczak et al., 2016). Note the more refined
flow structures with LES. In both cases the ALM captures the
tip vortices and low-velocity wake, but the former are dissi-
pated faster in the RANS results than in those of LES. RANS
then underpredicts turbulent mixing, overestimating the velocity
deficit in the wake. The computing expense of LES was approxi-
mately 11,000 CPU hours running on 51 cores on a HPC facility,
whilst RANS reduced the simulation time to 36 h using a 16-
core workstation, equivalent to approximately 600 CPU hours.
Thus, the cost of running this simulation until flow statistics are
converged with LES (including Reynolds stresses) is about 20
times that taken in RANS (on same number of processors) to
reach steady state values.

Figure 3 Simulation of a tidal stream turbine array with 12 turbines distributed in three rows. Comparison of the instantaneous streamwise velocity
magnitude at hub height and on a vorticity iso-surface computed with RANS (left) using STREAM (Apsley et al., 2018) and from LES (right) using
DOFAS (Ouro, Harrold, et al., 2019; Ouro, Ramírez, et al., 2019)
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LES, however, remains a most valuable computational
approach to resolve turbulent flows given the increasing avail-
ability of HPC resources and significant benefits in terms of
the output diverse information about flow properties. The initial
work on LES of tidal turbines has been mostly dedicated to sin-
gle turbines to unveil the flow mechanics and obtain estimates
of hydrodynamic performance. Examples of the cost of perform-
ing LES remain limited as in many publications the number of
CPUs adopted or equivalent CPU hours are not reported. Nev-
ertheless, some indications can serve as a guidance, as outlined
below. Afgan et al. (2013) used 2048 cores to perform wall-
resolved LES and RANS simulations using Code_SATURNE
for a laboratory-scale turbine, requiring an equivalent of 4.4
and 0.14 million CPU hours respectively. Bai et al. (2014) sim-
ulated the same turbine using an immersed boundary method
that allowed the reduction of the number of processors to 150.
Kang et al. (2012) used 800 processors to simulate a 5 m diam-
eter turbine. Ahmed et al. (2017) performed the LES of a 1MW
devices using 4096 cores. Creech et al. (2017) performed a LES
with ALM using the code Fluidity to examine the wake evolu-
tion behind the 1.2 MW two-rotor SeaGen turbine, and required
more than 0.5 million CPU hours with 2400 cores. Ouro and
Stoesser (2019) simulated tidal turbines operating over irregular
bathymetry using 456 CPUs with an equivalent 760,000 CPU
hours to provide accurate statistics of the low-frequency interac-
tion between bed- and turbine-induced turbulence. The LES of
a seven-turbine array by Ouro, Ramírez, et al. (2019) required
over 50 k CPU hours using 51 cores. Posa and Broglia (2021)
adopted 2048 CPUs with a major cost of 12 million core hours
to capture with very high resolution the turbulent structures of
the wake behind a single turbine. Ouro and Nishino (2021) com-
puted, for the first time, LES of “infinitely long” tidal arrays
using periodic boundary conditions with up to 48 turbines using
864 cores to compute approximately 1.5 h of physical time in an
equivalent of 60 k CPU hours.

Most of these studies considered from one up to 48 devices
modelled in relatively small spatial domains. There will be
an increased computational demand when modelling planned
extensive turbine arrays with over 100 devices in wider spa-
tial domains, e.g. spanning a whole tidal channel. Thus, LES
(and RANS) codes need to upscale well when increasing from
hundreds to thousands of CPUs so they can efficiently model
spatial domains of the order of kilometres; e.g. the consented
area at MeyGen (UK) or Raz-Blanchard (France). In this con-
text, we envisage two important considerations that will enable
LES to be applied to high Reynolds number flows. First, the
adoption of wall-functions to impose stresses near the tidal
channel bed according to smooth or rough logarithmic veloc-
ity distributions will reduce near-wall resolution, decreasing
the required number of grid cells and time step restrictions to
satisfy numerical stability (based on the Courant–Friedrichs–
Lewy condition). Secondly, reduced-order (actuator) models for
turbine rotor representation allow the use of relatively coarse
mesh grids whilst capturing the most relevant flow phenomena.

Geometry-resolved approaches are unfeasible for such applica-
tions at this stage.

The accuracy of the predictions with LES relies on the
adopted turbulent inflow boundary conditions, including turbu-
lence length scale, turbulence intensity and vertical distribution
of mean velocities. These can be hard to measure in the field
with acoustic Doppler current profilers (ADCPs) due to the
required high spatial and temporal resolution and logistical
constraints. Proper uncertainty quantification can be of sig-
nificant value in the prescription of turbulence at the inflow
boundary conditions to provide more robust estimates of turbine
array energy yield.

Despite the computational cost of LES, it provides invaluable
information about the flow mechanics that can lead to develop-
ing low-order wake models based on the conventional Gaussian
formulation (Bastankhah & Porté-Agel, 2014; Ouro & Lazen-
nec, 2021; Stansby & Stallard, 2016) or by adopting data-driven
approaches such as proper-orthogonal decomposition (POD) or
dynamic mode decomposition (DMD) (Schmid, 2010). The lat-
ter have been used for wind turbines quite extensively to identify
the most energetic flow structures present within and over the
wind farm (VerHulst & Meneveau, 2014; Zhang & Stevens,
2020) but have not yet been adopted for tidal turbines. They
can be used to quantify and predict phenomena such as wake
meandering or changes to the wake dynamics in the presence of
waves.

A relevant question to be answered in the coming years is
whether LES can become a commercial tool for array design,
to be added in parallel with BEMT and analytical wake mod-
els. Despite its computational cost, LES is highly beneficial as it
could provide accurate estimates of wake–turbine interactions,
effects of bathymetry, background turbulence, and underpin cou-
pled models of turbine–flow interactions. Given the mostly
bi-directional nature of the flow at tidal sites, few flow condi-
tions are required to be analysed, which reduces the number of
LES runs.

An example presented in Fig. 4 relates to the application of
DOFAS (Ouro, Ramírez, et al., 2019) as an LES-ALM tool for
the micro-siting assessment of a six-turbine array to be deployed
in Bluemull Sound, Scotland (UK) by NOVA Innovation Ltd,
under the EU-funded enFAIT project aimed at quantifying wake
effects in a two-row array (enFAIT, 2019). The bathymetry at the
site, shown in Fig. 4 (left), obtained from the free-access Emod-
net database (www.emodnet-bathymetry.eu), is characterized by
a large depth variation at the tidal channel centre and represented
in DOFAS with an immersed boundary method. The computa-
tional domain extended 600 m by 300 m in the horizontal plane
(dashed line in Fig. 4 (left)) with a uniform grid resolution of
0.25 m (yielding 36 points across the turbine rotor’s diameter).
The total number of grid cells is over 540 million, demand-
ing a computational cost of about 32,000 CPU hours with 225
CPUs to simulate nearly 30 min of physical time. Due to the
unavailability of turbulence characteristics at the site, only the
mean flow from ADCP measurements (Macleod et al., 2019)
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Figure 4 Left: bathymetry at Bluemull Sound (Scotland) depicting the location of the six tidal turbines and the computational domain modelled
outlined with a dashed line. Right: LES results obtained with DOFAS (Ouro, Ramírez, et al., 2019) with values of instantaneous velocity and
iso-surface of the vortex identification Q-criterion (Hunt et al., 1988)

Figure 5 Instantaneous wake dynamics represented with Q-criterion iso-surfaces and contours of streamwise velocities, obtained from a LES using
DOFAS (Ouro, Ramírez, et al., 2019)

with an estimated bulk velocity of approximately 2 m s−1 is pre-
scribed at the inflow. Absence of turbulence at the inflow can
be viewed as a worst-case scenario in which wake recovery is
slowest and thus wake deficit effects remain for longer distances
(Ouro et al., 2017). Rotor speed was estimated to yield a tip-
speed ratio of 4.0 as a common operation point that corresponds
to maximum performance. Instantaneous streamwise velocities
obtained for the flood tide (north to south direction) are shown in
Fig. 4 (right) capturing the interaction between the two rows of
turbines spaced approximately 12 diameters apart. Bathymetry-
induced turbulence is visible on the shallower region and tip
vortices are also well captured.

Whilst the computational cost of using LES is high, the out-
puts are clearly valuable, and its explicit turbulence resolving
nature provides more certainty in the results than with the turbu-
lence modelling adopted in RANS. The key outcomes provided
by DOFAS LES code include: mean wakes being aligned with
the flow direction and not curved as observed from shallow
water models (Macleod et al., 2019); slope of the bathymetry
being large enough to cause important differences in wake
recovery during ebb and flood tide with a three-turbine row
simulated; a streamwise spacing between rows of 12 diameters
being enough to avoid wake effects due to bathymetry-induced

turbulence. The latter agrees with Ouro and Stoesser (2019) who
compared LES results for a single turbine operating over a flat-
bed (typical laboratory conditions) and a bathymetry with a train
of dunes. Thus, LES can provide reliable estimates of improved
energy yield when changing the turbines’ location or hub
height.

LES is also able to investigate effects of waves which may
be oblique or collinear and multi-directional, as an alternative
to, or reducing the scope of physical experiments. Waves may
significantly affect extreme loads, fatigue and wake recovery.
These effects apply to both bed mounted turbines which are sen-
sitive to the level of submergence and floating platforms which
may respond dynamically. These aspects are largely unexplored.
Figure 5 shows the wake developed behind a tidal turbine mod-
elled with ALM in presence of waves obtained with DOFAS,
indicating that patches of high- and low-velocity leads to an
intermittency in the wake dynamics, also affecting the coherence
of tip vortices. The computational cost of explicitly resolving
the air–water interface, e.g. using the level-set method (Ouro,
Lopez-Novoa, et al., 2021) or volume of fluids (Tatum et al.,
2016), can be deemed as approximately double that with shear-
free rigid-lid conditions. The effect of array wakes on wave
propagation has also yet to be assessed.



10 P.K. Stansby and P. Ouro Journal of Hydraulic Research (2022)

4.3 Optimization of turbine array layout and operation

The layout optimization is required during the design steps of
large tidal turbine arrays as these will comprise (at least) dozens
of devices arranged in multiple rows. Turbines in downstream
rows operate in lower momentum, highly turbulent wakes gen-
erated by upstream turbines which decrease their energy yield
and increase fatigue loads, depending on row spacing. The lay-
out optimization aims at minimizing wake–turbine interaction
by changing the positions of the turbines and thus maximiz-
ing the energy yield. Varying the streamwise and lateral spacing
between turbines has been shown to influence the energy gen-
eration (Ouro & Nishino, 2021; Thiébot et al., 2020). Further
constraints can be the limits of the spatial deployment region
(i.e. consent area). Multi-objective optimization including min-
imization of cabling costs with cabling-routing algorithms can
also be incorporated such that cost–benefit of the array is
maximized (Culley et al., 2016).

Optimization algorithms require the iteration and evaluation
of intermediate solutions until the optimum is found. Despite
only two flow conditions being considered, i.e. ebb and flood
tides, the inherent computational expense of the optimization
runs restricts its use with three-dimensional models regardless
of the method used to represent the turbine rotors.

Two main strategies for tidal array layout optimization
prevail:

(1) Physics-informed analytical wake models, built using
experimental wake measurements (Stallard et al., 2015)
or high-fidelity simulations allow layout optimization
with minimum computational cost, even on a standard
laptop (Stansby & Stallard, 2016). This analytical wake
model optimization treats each turbine and its wake indi-
vidually and can be further expanded to include different
operation points in order to minimize the thrust exerted
by turbines, enabling downstream devices to increase
their energy generation capabilities (Hachmann et al.,
2021).

(2) Owing to the low computational cost of shallow water
models, a continuum representation of turbine density
can be adopted to optimize the array layout (Funke et al.,
2014, 2015). This approach allows the optimization of
the micro-siting design of tidal arrays, incorporating the
impacts on the bulk channel tidal flow. This technique
has been applied when considering tidal energy strategy
for the Pentland Firth.

Whilst both methods provide good quantitative results for
an initial assessment of an optimized layout, we envisage the
need for an approach combining the physically realistic turbine
wake representation with the specific features of the tidal flow at
the potential deployment location, which in turn will be modi-
fied by the turbines’ presence (Garcia-Novo & Kyozuka, 2021).
Finally, towards a more holistic optimization approach, further
refinement of the optimization procedures should incorporate

design constrains such as shipping routes, deployment and
maintenance costs, and ecological impacts (Vazquez & Iglesias,
2016).

Turbine control will be employed once arrays are deployed.
This will be different from wind turbines as the environmental
flow physics involved are different, including the presence of
wave impacts. However, yaw variation of tidal turbines will be
less relevant due to the predictability of the flow direction during
flood and ebb tides.

4.4 Limitations of present capability and
knowledge/capability gaps

Field and experimental data on flow–turbine interactions are
scarce. Most laboratory tests have been conducted for single tur-
bines and only few works have studied two or three devices
(Stallard et al., 2013); while studies of a dozen or more tur-
bines or porous discs are even rarer (Hachmann et al., 2021;
Olczak et al., 2016). This is in contrast to wind turbine tests
in which arrays with over 100 turbines have been examined in
wind tunnels (Bossuyt et al., 2018).

Field data with operating tidal turbines are extremely limited.
Exceptions are the field measurement campaign of the Reliable
Data Acquisition Platform for Tidal (ReDAPT) project with a 1
MW turbine deployed at the tidal test site within the European
Marine Energy Centre (EMEC) (Parkinson & Collier, 2016;
Sellar et al., 2018), and from the DeltaStream turbine at Ram-
sey Sound (UK) (Harrold et al., 2020; Harrold & Ouro, 2019).
Measuring wakes in the marine environment is a complex and
difficult undertaking. It is still unknown how rapidly a tidal
turbine wake recovers in the field, whether it is similar to the
values found in the laboratory, and how the wake expansion and
recovery rate varies. Such information is invaluable to quantify
whether current models, such as the theoretical Gaussian model,
under- or over-estimate wake effects and thus energy yield.

An additional issue to mention relates to confidentiality in
rotor design by manufacturers that impose difficulties in devel-
oping research methods to account for specific details of rotors
(Parkinson & Collier, 2016; Diaz-Dorado et al., 2021). It would
be extremely beneficial for the tidal research to adopt a test (or
benchmark) tidal turbine rotor design, as the wind turbine com-
munity has done with the NREL 5MW (Jonkman & Buhl, 2005)
and now 15 MW wind turbine (Allen et al., 2020), enabling full
characterization (loadings, wake evolution with current, waves,
bathymetry, etc.) and encouraging cross-comparison between
codes, including blind tests.

5 Current and forthcoming challenges

5.1 Very large turbines in extensive arrays. How big may
arrays be?

Tidal arrays are expected to grow over forthcoming years both
in terms of turbine number and rotor diameter. With such arrays,
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Figure 6 Schematic of the flow developed in tidal turbine arrays that are (a) bottom-fixed and (b) floating

challenges can arise from wake–turbine interactions in sec-
ondary rows that delay the recovery of mean kinetic energy
across the array. Namely, an internal boundary layer is expected
to be created (Fig. 6a), after the first row of turbines, that com-
promises the vertical fluxes of kinetic energy, key in wind farm
aerodynamics (Stevens & Meneveau, 2017). Future research
should look into characterizing such internal boundary layers
and their role on array performance, to answer key questions:
how is the kinetic energy transported through the tidal channel
to be harnessed by secondary row turbines? Does this process
depend on the relative submergence? Can flow energy ever be
so depleted that downstream turbines have no useful resource?
And, at what conditions do the tidal channel and turbine array
dynamics become interdependent?

Figure 6 depicts these array-induced effects for bottom-fixed
(a) and floating (b) tidal turbine arrays, in the presence of waves,
irregular bathymetry (characterized by roughness height Δ and
bed slope m), and individual turbine wakes. Behaviour of float-
ing turbines in arrays with large number of devices can impact
the wave field, dampening waves’ effect to some degree on
secondary rows.

Determining the layout of the arrays can become more
important in tidal arrays compared to wind farms, with aligned
and staggered arrays performing notably differently for similar
turbine spacing (Ouro & Nishino, 2021).

5.2 Wake expansion in vertically constrained environments

Deployment sites currently under consideration for deploying
tidal arrays have shallow water conditions enabling a reduc-
tion in OPEX (operating expenditure) due to faster and easier
maintenance and logistics. Small ratios of water depth (H ) to
turbine diameter (D), if lower than 2, can lead to a delayed wake
recovery behind a single turbine (Ouro, Stansby, et al., 2021),
likely contributing to a reduction in power generation in back
row turbines due to wake effects (Olczak et al., 2016). Thus,
characterizing the wake expansion in shallow waters becomes

essential to determine which sites are more suitable for arrays
with a large number of turbines; e.g. MeyGen phase II has an
expected 398 MW of installed capacity with approximately 100
turbines to be deployed. The magnitude of this effect is expected
to be different for bottom-fixed and floating devices.

5.3 Quantification of the impact of bathymetry

Bathymetry effects originate from multi-scale bed roughness
and non-zero slope. Irregular bathymetry is a source of
turbulence that can positively contribute to a faster recovery
of turbine wakes but increase the extreme loads and reduce
fatigue life (Mercier et al., 2020; Ouro & Stoesser, 2019). Esti-
mates of how wall-turbulence at a given bed roughness height
(Δ in Fig. 6) drives wake recovery (e.g. wake expansion rate
in theoretical models) and rotor loading would allow a better
characterization of tidal sites regarding their suitability for array
deployment. Effect of relative size of bedform heights in relation
to the turbine diameter is another aspect to be clarified. The bed
slope is also likely to impact the wake recovery of tidal turbines,
as positive slope (reduction of the water depth) introduces pos-
itive pressure gradients that can accelerate momentum recovery
(Shamsoddin & Porté-Agel, 2018), while a recovery delay can
be experienced with negative bed slopes, i.e. with increasing
water depth. Determining the threshold of the bed slope (m in
Fig. 6), which, if exceeded, leads to a significant contribution to
the turbine wake dynamics, has yet to be determined (Cai et al.,
2021).

5.4 Coupling of far-field coastal models and near-field
RANS/LES models

Thus far, numerical models aim at representing a well-defined
range of spatio-temporal scales (Fig. 2). Large tidal arrays
deployed in confined channels can lead to far-field effects that
might not be captured by an array-scale model. Linking array
modelling to sediment transport or water quality modelling can
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also be beneficial. Coupling multi-scale and multi-process mod-
els should help in developing a holistic modelling framework
adopting a near-field 3D RANS/LES model linked to a far-
field 3D hydrostatic pressure model. Physical and numerical
challenges will appear at coupling interfaces. They are likely
to include definition of the turbulent velocity at the inflow of
the near-field domain; determining synthetic turbulence quanti-
ties when transitioning from the hydrostatic pressure model to
the full 3D model; definition of a sharp or buffer region at the
interface between models; and efficient usage of computational
resources and their synchronization required to execute parallel
multi-scale simulations with codes using different grid resolu-
tion and time step integration. An alternative option is to adopt
an overall hydrostatic pressure model, embedding the tidal tur-
bine array in a small LES domain and this within a larger one
resolved with RANS (Bourgoin et al., 2020). The wind energy
community has made some progress in such coupling between
mesoscale (atmospheric) models with microscale LES models
(Hewitt et al., 2018; Porté-Agel et al., 2020).

5.5 Hybrid tidal and wind turbine designs

Combination of tidal turbines with wind turbines can become
an attractive technology able to harness the kinetic energy from
the intermittent wind and that from the predictable tidal flow
with a shared platform. This wind-tidal infrastructure can yield
a notable increase in energy yield (Lande-Sudall et al., 2018,
2019). Considering bottom-fixed structures, typical wind tur-
bine monopiles have diameters similar to those of tidal turbines,
leading to large momentum losses in the tidal flow (Vennell
et al., 2015), which need to be considered together with block-
age effects. Floating tidal-wind systems will be subjected to the
thrust and loading on underwater rotors and the wind turbine.
Moorings and platform stability would need to be considered in
such coupled systems.

5.6 Exascale computing: an opportunity for harnessing
computational power

In the 2010s there was a massive increase in research
related to the numerical modelling of tidal stream turbines,
partly attributed to the increasingly available HPC resources
(Sotiropoulos, 2015). In forthcoming years, such increase and
availability of HPC resources, in the so-called pre-exascale
era, will hopefully enable researchers to perform simulations
with higher fidelity approaches such as LES for larger spatial
domains that embed tidal turbine arrays. This can enable opti-
mization of micro-sitting of tidal turbines in consent areas to
maximize energy yield by minimizing effects from wake losses,
turbulence from bathymetry or wave action.

Mesh-based numerical models based on the incompressible
Navier–Stokes equations are most mature. Recent numerical
frameworks have arisen as possible alternatives. Smoothed par-
ticle hydrodynamics or lattice–Boltzmann methods can run on

graphics processing units (GPUs) that are considerably cheaper
than running simulations on multi-CPU in high-performance
computing facilities (Lind et al., 2020; Mercier et al.,
2020).

5.7 Integrating numerical modelling with ecological
assessments and policy

Reliable numerical models that capture as realistically as possi-
ble the flow around tidal turbine arrays provide an opportunity to
quantify the impact of this renewable energy technology on the
marine ecosystem (Copping et al., 2020; Copping & Hemery,
2020; Fraser et al., 2018). This includes spatio-temporal animal
distribution and species’ behaviour, such as predator–prey inter-
actions or birds foraging (Lieber et al., 2019; Williamson et al.,
2022). Minimum spacing between turbines can be assessed
to allow passage of marine mammals and fish, thus inform-
ing array design. Turbulence in the turbine wakes results in
acoustic contamination that can disturb the aquatic fauna (Ben-
jamins et al., 2015). Successful development of the tidal energy
industry with deployment of many tidal arrays will also see
large-scale array-wake effects on the regional environment as
found in the offshore wind industry. Numerical models will pro-
vide an opportunity to anticipate potential energy loss when two
or more arrays operate in close proximity. These aspects can
inform policy both in terms of environmental impact assessment
and multi array deployment (Waldman et al., 2019).

6 Conclusions

Considering large-scale engineering developments, all available
analysis tools should be exploited. This is particularly the case
for renewable energy generated by marine turbines in complex
flows. Experiments are clearly desirable for basic understand-
ing and validation of computational modelling, but they can be
expensive, time consuming, and requiring scale effects inter-
pretation. Unified computational modelling from blade to basin
scale is not going to be practical even with exascale computing.
Almost fully resolved LES modelling at blade scale is possible
for one, possibly two, turbines, giving invaluable information
on turbulence and wave loading and hence fatigue and extreme
conditions. For modest arrays, less than 20 turbines say, actua-
tor line modelling is practical with RANS modelling on parallel
computing (say 16 cores) and with LES using HPC. The total
forces acting on turbine blades may be obtained with realistic
wake simulation. Synthetic turbulence may be used for input
conditions. Coupling LES with regional scale 3-D tidal mod-
els which may assume hydrostatic pressure is desirable but has
yet to be explored. There is considerable scope for improved
modelling of floating platforms including moorings. Simula-
tions including turbines, waves and turbulent flow remains
to be undertaken in spite of high complexity and computa-
tional demands. Despite its requirement for high-performance
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computing, LES is likely to become an essential tool in tidal
turbine array design. LES applications would benefit from field
measurements for quality assurance and thus provide capabil-
ity for future array developments worldwide. Building multi-
scale models seems attractive to address limitations of different
numerical frameworks, underpinning cost-effective and realistic
tools. Reliable numerical models can underpin future policy and
environmental impact assessment for large-scale tidal energy
projects.
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Notation

A = area (m2)
CT = thrust coefficient (–)
D = rotor diameter (m)
Dw = wake diameter (m)
H = water depth (m)
Hs = surface wave height (m)
kw = wake expansion rate (–)
m = bed gradient (–)
p = pressure (Nm−2)
r = radius (m)
t = time (s)
u = instantaneous horizontal velocity (ms−1)
U = average horizontal velocity (ms−1)
U0 = upstream velocity (ms−1)
x = horizontal distance in streamwise direction (m)
y = horizontal distance transverse to stream direction (m)
z = vertical distance (m)
zb = bed elevation (m)
zcrest = crest bed elevation (m)

ztrough = trough bed elevation (m)
zh = rotor hub height above bed or below water surface
zw = wave elevation above mean water level
ε = constant defining onset wake diameter (at x = 0)

relative to rotor diameter (–)
Δ = bed roughness height (m)
Δ U = velocity deficit in wake (ms−1)
lw = wavelength (m)
σ b = standard deviation of bed roughness height (m)
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