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A B S T R A C T

This paper considers hub-depth impacts on mechanical loads for a tidal turbine operating in realistic coupled
wave–current sea states. A novel medium-fidelity actuator-line CFD model for simulating tidal turbine non-
steady hydrodynamic rotor load responses in the presence of turbulence, shear, and surface waves is developed.
The model is validated using tank testing data from a lab-scale turbine. The validated model is then upscaled,
to a power rating of 1.5 MW, and simulated in realistic wave–current conditions consistent with those of the
MeyGen site. Mean torque and thrust are found to increase with turbine hub height, and the presence of
waves is shown to increase mean torque and thrust values by up to 22% and 11%, respectively. The effect
on standard deviations and maximum values for these variables is more pronounced, with increases of up to
2500% and 1700% in signal standard deviations, and up to 80% and 30% in maximum values for torque and
thrust, respectively. The presence of longer period waves is also shown to reduce mean torque levels, while the
corresponding standard deviations and maximum values remained relatively unchanged. In such circumstances,
the turbine is operating with an undesirable combination of low-power and high-fatigue. Tidal turbine hub
loading characteristics and sensitivities, in the context of the operational loads which subsequently enter the
drivetrain and turbine support structure, are also analysed. The magnitude of out-of-plane rotor moments
are found to increase with the hub height and wave height. Complex flow interactions are shown to play
an important role in this context, leading to what is termed ‘‘wave-driven moment-type dominance’’ effects.
Overall, both the rotor location and wave composition are found to significantly impact the turbine’s rotor
mechanical load response.
1. Introduction

Scotland is blessed with a large, predictable natural resource; tidal
streams. Conservative estimates suggest a single location, the Pentland
Firth, could produce half the countries electrical demand Draper et al.
(2014). Tidal streams are extremely reliable and can be forecast many
years into the future, making tidal stream turbines an attractive avenue
for green energy investment that could aid in providing security of
supply within future energy networks (Clarke et al., 2006). Because
of this, Scotland has been able to position itself at the forefront of
research and development in tidal stream turbine technology, with
significant investment made in the sector over the last decade. Current
commercial developers such as Nova Innovation, Orbital Marine, and
SIMEC Atlantis Energy have all identified Scotland as a base from which
to centre their operations.

∗ Corresponding author.
E-mail address: callum.guy@ed.ac.uk (C. Guy).

Scotland’s first grid connected tidal stream turbine was OpenHy-
dro’s 250 kW open-centre machine, which was deployed in 2008 at
the European Marine Energy Centre (EMEC). EMEC has since seen
numerous installations of full scale tidal stream turbines such as At-
lantis’ AR1000 1MW machine in 2011, Alstom’s 1MW machine in 2013,
and more recently the world’s most powerful tidal turbine, Orbitals
2MW SR2000 in 2016 (later replaced by the O2 in 2021). Though
tidal stream energy converters have the potential to take numerous
forms, full scale devices have tended towards bladed rotors that bear
resemblance to wind turbines. At present, there are few tidal devices
contributing to the UK energy network as a whole. The largest capacity
project, MeyGen, comprising 4 1.5MW SIMEC Atlantis turbines, started
exporting electricity to the UK grid in 2016 and the connection of
Orbital Marine’s 2MW O2 in 2021, at the Fall of Wareness site, make
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up the major penetration of tidal to the UK grid. However, other
projects such as The Shetland Tidal Array, currently an array of 4 Nova
Innovation 600 kW turbines, has been delivering electrical power to
homes and businesses on the island of Shetland since 2016. A recent UK
Government Contract for Difference (CfD) auction allocated contracts
for 41MW between four new tidal stream projects, which will include
£20 million of support per year. The contracts will see the MeyGen
project expand by 28MW, and the deployment of a further 3 O2 devices,
taking Orbital Marine’s in-service capacity to 9.2MW. Together, this
would result in the UK’s installed tidal capacity exceeding 51MW by
2027, producing enough clean energy to supply approximately 74,000
homes a year. This would constitute a strong start in a period of
commercialization for the industry, however, with the current lack of
in-service experience and data, unforeseen challenges will likely arise
and need to be resolved.

With respect to tidal stream devices themselves, tidal turbines are
a less established technology than their cousin wind turbines. Whereas
wind turbine technology has now essentially converged to three-bladed
pitch-regulated machines, optimal design for tidal devices remains an
open question. Furthermore, given the differences in the operational
environments of wind and tidal turbines, it may be that optimal design
for a tidal device is different to that of a wind turbine. While this may
be the case, currently deployed tidal turbines do share a number of
similarities with modern wind turbines. This includes similar drivetrain
setups, where the rotor connects to a main shaft, supported by one
or more main bearings, which then possibly feeds into a gearbox and
then into an electromagnetic generator. Another key similarity between
tidal turbines and offshore wind turbines is the support structure. Both
technologies may be bottom-fixed or floating. For wind turbines this
distinction does not generally result in a change in hub height and thus
the rotor location within the flow field, however, where tidal turbines
are concerned this may influence the rotor’s position in the water
column. Generally, when re-configuring a tidal turbine from bottom
fixed to floating, the rotor is moved closer to the free surface where
the effects of shear and surface waves are likely more pronounced.
Crucially, a necessary prerequisite to optimizing tidal turbine design
in the above contexts will be establishing a detailed understanding of
their operational conditions and load characteristics. The importance of
such efforts is highlighted by ongoing research in the wind community
to better characterize operational wind turbine loading, thought to be
responsible for high rates of premature failure in major components,
including: main bearings, gearboxes, and generators (Hart et al., 2020;

ejad et al., 2022). It is reasonable to assume that these common failure
odes experienced by wind turbines will also manifest in tidal devices,

nd will be uncovered as more machines are deployed. The shared
rchitectures of wind and tidal turbines therefore presents a unique
pportunity to apply the learning from decades of wind turbine re-
earch and development to tidal turbines, in order to identify potential
ssues and then tackle them at this earlier stage of tidal technology
evelopment. Beyond the design of individual components, the ability
o assess and characterize the sensitivity of tidal turbine rotor load re-
ponses is valuable within the decision-making process with respect to
oth locating and controlling tidal devices. Taking the lead from wind
nergy research initiatives (Guo and Keller, 2018; Hart et al., 2019;

Hart, 2020; Guo et al., 2021; Hart et al., 2022), it is therefore proposed
that a first important step in understanding component selection and
optimal design, for tidal devices, is establishing a detailed knowledge
baseline for the characteristics and drivers of the mechanical loads
which enter the system at the turbine hub, before propagating along
the drivetrain and ultimately into the support structure. Furthermore, if
such work can be undertaken both at scale and through numerical mod-
elling, failure preventative actions may be identified prior to full scale
deployment, with the potential for substantial savings to developers.
The current paper therefore contributes to these outlined, necessary,
research efforts by developing a numerical model for the simulation
2

of tidal turbine rotors in realistic ocean environments. The model is
constructed with capacity to advance the complexity of the onset flow
into the rotor, and more fundamentally resolve turbulent structures
and the turbine’s effect on the fluid, compared to hydro-elastic models.
The model is presented, validated at tank scale and then applied to
study hub-height and wave effects on tidal turbine mechanical loading
conditions, characteristics and sensitivities. This is undertaken in the
presence of a realistic sheared current and turbulence. The application
of this model allows for the analysis of previously unconsidered load
characteristics and behaviours, at full scale, for the first time.

Note, for the sake of clarity, tidal rotor locations will be described
using ‘‘hub height’’ (above the seabed) throughout, rather than ‘‘depth’’
(below the free surface). This is necessary to ensure that the rotor
location is well-defined, since the location of the free surface changes
in time.

Section 2 provides an overview of the background to this work, in-
cluding prior research on the modelling of tidal turbine rotors. Section 3
then outlines the methodology for the current study, including model
development and model validation stages. Results and discussions for
both model validation and the full-scale analyses are presented in
Section 4. Section 5 then concludes the paper.

2. Background

The current section will provide a review of the current literature
on tidal turbine rotor loads, with a focus on rotor responses in waves.
Included here also, is an outline of the prior learning gained from the
wind sector, which provides motivation for the work more broadly.

At this early stage of the tidal industry, developers tend to deploy
‘over-engineered’ turbines with increased safety factors as mitigation
against the uncertainty of operating conditions. By understanding the
hydrodynamics better, this uncertainty is reduced, leading to more op-
timized design and operation, which in turn could help in reducing the
levelized cost of energy (LCOE) for the technology and make it a more
competitive green energy option in the future. The response to this
challenge, both in academia and industry, is typically a combination
of numerical modelling and scale physical testing owing to the limited
number of turbines in service with data available to analyse. Research is
attempting to more accurately characterize hydrodynamic rotor loads,
to reproduce the in-service conditions tidal turbines are subject to;
namely the often aggressively sheared flows, wave–current interactions
and turbulence.

As a starting point, it is useful to define common turbine rotor
performance metrics. Rotor performance is generally considered in
terms of torque and thrust, 𝑄 and, 𝑇 respectively. In the simplest
terms, torque can be considered the ‘useful’ loading which generates the
mechanical rotation from which electrical power is induced, and thrust
considered the ‘damage’ loading that imparts no useful work. These
quantities are normalized to give the classical performance indicators
𝐶𝑝 and 𝐶𝑇 (Eq. (1)) and commonly assessed against the tip speed ratio
(Eq. (2)), the non-dimensional rotor speed.

𝐶𝑃 = 𝑄𝛺
1
2𝜌𝐴𝑈

3
; 𝐶𝑇 = 𝑇

1
2𝜌𝐴𝑈

2
(1)

𝑇𝑆𝑅 = 𝛺𝑅
𝑈

(2)

Above, 𝜌 is the fluid density; 𝛺 represents rotor speed; 𝐴 the ro-
tor swept area; 𝑅 the rotor radius; and 𝑈 the normalizing veloc-
ity. The performance indicators are sensitive to 𝑈 , and its computa-
tion is non-standardized, so at times it may be more convenient to
consider torque and thrust in the absolute. There is a tendency to
use both dimensional and non-dimensional quantities interchangeably
when describing ‘performance’.

Tidal turbine performance is a focus of many experimental cam-
paigns, and research has centred on rotor responses to lab scale flows.
Many institutions have designed and manufactured scaled turbines (All-

mark et al., 2018; Payne et al., 2017; Gaurier et al., 2015), for the



Ocean Engineering 292 (2024) 116577C. Guy et al.

e
b
(
p
O
2
r
f
c
2

t
h
w
H
e
S
r
(
6
b
S
(
e
f
c
t

a
a
i
f
i
w
t
m
i
a
u
m
c
o
r
o
A
v
t
f
r
h
i
a
f
o
s
t

s
l

t
e
e
t
d
r
Z
b
d
3
t
p
e
(
l
h
m
b
i
i
i
t
w
b

i
t
h
f
s
t
t
c
s
2

3

a
t
b
C
t
s
a
d
t
p
t
f
i
n
t
u
m
t
s
A
l
n
h

purpose of tank testing. Facilities open to commercial clients such as
IFREMER and FloWave at the University of Edinburgh have examples
of generic 3 bladed, horizontal axis devices, which are commonly used.
Tank testing has targeted the isolation of key constituents of the real
tidal environment and their effects on turbine rotor loads. For example,
the effects of turbulence are studied in Mycek et al. (2014), Blackmore
et al. (2016), Medina et al. (2017), Gaurier et al. (2020), with Medina
t al. (2017) (which tests 2 turbulence regimes) observing correlations
etween upstream turbulence and rotor performance. Blackmore et al.
2016) shows again the significance of the onset flow field, finding
eak power coefficient variations of 10% in the presence of turbulence.
ther studies focus on the effects of flow misalignment (Galloway et al.,
014; Martinez et al., 2018), and on rotor responses within tidal ar-
ays (Noble et al., 2020). A unique and important constituent to ocean
lows is the presence of surface waves, and experiments have been
onducted to assess how waves impact rotor performance (Luznik et al.,
013; de Jesus Henriques et al., 2014; Martinez et al., 2018; Guo et al.,

2018; Draycott et al., 2019; Ordonez-Sanchez et al., 2019). It is consis-
ently found that wave impacts on mean performance remain minimal,
owever the increase in performance fluctuations in the presence of
aves is significant (Gaurier et al., 2013; Luznik et al., 2013; de Jesus
enriques et al., 2014; Martinez et al., 2018; Guo et al., 2018; Draycott
t al., 2019; Ordonez-Sanchez et al., 2019). For instance, Ordonez-
anchez et al. (2019) finds that the presence of a regular wave front
esulted in an increase in peak loads of 30%, while Draycott et al.
2019) shows peak thrust and power is increased by between 7%–
5% and 13%–160% respectively when waves are present. It has also
een found that peak loading is proportional to wave height (Ordonez-
anchez et al., 2019). Lust et al. (2013), Luznik et al. (2013), Guo et al.
2018) also investigate effects from turbine depth in their tow tank
xperiments. Guo et al. (2018) constructs response amplitude operators
or estimating wave loading and shows their sensitivity to submergence;
oncluding that submergence at 80% of the rotor diameter mitigated
he most severe effects of the waves tested.

Complimenting the research undertaken in tanks, numerical models
ttempt to predict rotor loading computationally. A range of fidelities
re present in the literature, from lower fidelity hydro-elastic models
mplementing a blade element momentum (BEM) approach, to high
idelity full resolution computational fluid dynamics (CFD). Examples
n the literature are still fairly limited, so there is a library to fill
ith new research. Tatum et al. (2016) uses a full resolution approach

o simulate a full scale tidal turbine in a single regular wave, imple-
enting both an uncoupled CFD, and a 2-way couple fluid structure

nteraction (FSI) model. Apsley et al. (2018) however, opts for the
ctuator-line method when simulating interacting turbines. Others have
sed the BEM method modified to include wave velocities and added
ass forces (Faudot and Dahlhaug, 2012; Guo et al., 2018). There are

lear advantages and disadvantages of each model type, BEM meth-
ds provide an efficient and fast compute that can provide accurate
esults in many well-defined flow regimes. They do, however, rely
n empirical corrections and statistical models for inflow turbulence.
dditionally, rotor effects on the onset flow are only weakly coupled
ia induction factors, calling into question their validity in application
o new flow environments. Higher fidelity CFD methods provide a more
ully coupled approach, resolving the whole inertial flow field, and
esolving turbulence in a more sophisticated manner, but suffer from
igh computational expense, especially where full-geometry resolution
s simulated. The computational expense may be alleviated, in part, by
move to actuator line representations of the rotor, which apply body

orces onto the flow field in place of resolving system geometries. This
ption represents a middle-ground in model fidelity, allowing for longer
imulation times windows while retaining turbine feedback effects on
he flow field.

It is the loads transferred from the rotor to the main shaft that re-
earchers in the wind sector are principally interested in when studying
3

oading and failures within the drivetrain. Such research has lead to D
he optimization of many components across a variety of manufactur-
rs. Subsequently, increases in scale and reliability have followed. An
xample of this progression is found in the move, by some manufac-
urers, to direct-drive machines. This removes the gearbox from the
rivetrain; a component commonly associated with increased failure
ates (Arabian-Hoseynabadi et al., 2010; Carroll et al., 2019; Liu and
hang, 2020). Another common source of failure is the rotor main
earing, with significant numbers failing earlier than their intended
esign life; Hart et al. (2019) reports main bearing failure rates of up to
0% over a 20-year design life. Work has been undertaken in this space
o investigate main bearing non-steady loading (Hart et al., 2022),
rogress main bearing modelling (Hart, 2020; Stirling et al., 2021) and
xplore possible drivers for early failures (Guo et al., 2021). Hart et al.
2019), Hart (2020), Hart et al. (2022) demonstrate that main bearing
oading is strongly linked to the characteristics of the onset wind field,
aving injected aero-elastic model outputs into structural main bearing
odels. It is a reasonable assumption that the same challenges faced

y the wind industry over the past few decades will begin to manifest
n tidal devices as more machines are deployed and time-in-service
ncreases. An early step in mitigating the early component failures seen
n wind turbines, is via the characterization of the onset flow conditions
hat drive the loading behaviour. And so, as demonstrated within the
ind sector, there is considerable value in model development and load
ehaviour evaluation for drivetrains in tidal energy devices.

A recent paper by Perez et al. (2022) is the first of its kind to
nvestigate the influence of rotor position within the water column on
idal turbine rotor loading at full-scale. Perez et al. (2022) studies 3 hub
eights under a variety of shear currents and wave environments using
ield velocity data injected into a BEM model, and finds that means and
tandard deviations of the performance coefficients are more sensitive
o shear than to waves in the studied cases. Additionally, it is found
hat long period waves can double mean performance coefficients, in
ontrast to others that report negligible increases to torque and thrust
ignals under wave loading (Ordonez-Sanchez et al., 2019; Guo et al.,
018; Martinez et al., 2018).

. Methodology

The current paper seeks to contribute to the literature on hub height
nd wave effects on tidal turbine performance. In addition, we seek
o progress the research on the numerical modelling of turbine rotors,
y presenting a mid-fidelity model to sit between geometry-resolved
FD and BEM modelling. The model utilizes a CFD-ALM approach
o fundamentally resolve the time dependent flow field inclusive of
urface waves, a sheared current and turbulence. The benefit of this
pproach is in the ability to more dynamically effect onset flow con-
itions, similar to full blade resolution, yet be sufficiently lightweight
o allow for longer time-period simulations within reasonable com-
ute times. In effect, this model aims to resolve medium to long
erm turbine responses with regard to mechanical loads in a complex
low field including surface waves. In this section the methodology
s presented for the development, validation and application of this
umerical model. The development of the model will briefly outline
he model’s theory and, as part of the validation, an overview of the
tilized experimental data will be given. For validation, the numerical
odel was configured to represent the University of Edinburgh lab scale

urbine. Once validated, the model was adjusted to represent a full
cale 1.5MW tidal turbine operating in a realistic ocean environment.

justification for the scale parameters is given, and a novel rotor-
oad metric is introduced for application in the subsequent analysis. All
umerical modelling was undertaken on the University of Edinburgh’s
igh performance computing facility, ‘Eddie’ (Edinburgh Compute and

ata Facility website, 2023).
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3.1. Numerical model development

To resolve the multi physics involved in tidal turbine rotor loading,
a coupled model is implemented. To study a wider range of conditions,
resolving time dependent flows more fundamentally to provide inputs
to the turbine model, a mid-fidelity actuator line modelling approach
is adopted. The additional complexity of rotor onset flow gained by
using a CFD approach coupled with an efficient numerical model of the
turbine allows for a larger comparative study as well as a more general
model to give confidence in resulting load transfers.

The model is constructed in OpenFOAM-v1912 (Weller et al., 1998)
and consists of two key parts; a 3D multiphase domain and an actuator-
line model (ALM) embedded within to represent the turbine rotor.
Both are more fully outlined in the following subsections. The domain
simulates surface waves, shear currents and turbulence, and the tur-
bine effects are projected onto the flow as an additional body force.
Both phases (water and air) are solved for using the 3D Reynolds-
averaged Navier–Stokes formulation. The discrete layer between the
phases is solved for with the volume of fluid (VOF) method. Boundary
conditions make use of the olaFlow libraries (Higuera, 2018) and the
actuator line model is inputted to the domain using the turbinesFoam
libraries (Bachant et al., 2016).

In this study, the general incompressible Navier–Stokes formulation
used to solve the coupled system becomes,
𝜕𝐔
𝜕𝑡

+ 𝐔 ⋅ ∇𝐔 = −1
𝜌
∇𝑝 + 𝜈∇2𝐔 + 𝐟 , (3)

here 𝐔 is the velocity field, 𝜌 the fluid density, 𝑝 the pressure field,
the fluid viscosity and 𝐟 the additional body force term from the

urbine, discussed further in Section 3.1.2. Bold variables denote vector
erms.

.1.1. Multiphase domain solver
The foundation of the numerical model are the Volume-Averaged

eynolds-Averaged Navier–Stokes (VARANS) equations. The VARANS
ethod allows for the simulation of multiple fluids separated by a
iscrete surface. In the case of this work, as for many other offshore en-
ineering applications, these fluids are water and air. In OpenFOAM®,
he ‘‘interFoam’’ solver is used. Assuming the two phases to be in-
ompressible, which is sufficient in this case, the VARANS governing
quations (continuity - Eq. (4), and conservation of mass - Eq. (5)) are,

⋅ 𝑼 = 0 (4)

𝜕𝜌𝑼
𝜕𝑡

+∇ ⋅ (𝜌𝑼𝑼 )−∇ ⋅ (𝜇𝑒𝑓𝑓∇𝑼 ) = −∇𝑝−𝒈𝒙∇𝜌+∇𝑼 ⋅∇𝜇𝑒𝑓𝑓 +𝜎𝜅∇𝛼, (5)

𝑼 is velocity; 𝜌 density; 𝑝 the pressure; 𝒈 the acceleration due to gravity;
𝒙 the position vector; 𝜎 is the surface tension coefficient; 𝜅 the interface
curvature; 𝛼 the volume fraction; and 𝜇𝑒𝑓𝑓 is the effective dynamic
viscosity. 𝜇𝑒𝑓𝑓 is composed of the fluid’s molecular viscosity and a
turbulence contribution, such that,

𝜇𝑒𝑓𝑓 = 𝜇 + 𝜌𝜈𝑡, (6)

with 𝜈𝑡 the turbulent kinetic viscosity obtained via the user defined
turbulence model. The interface curvature term (𝜅) is defined as,

𝜅 = −∇ ⋅
∇𝛼
|∇𝛼|

. (7)

The key parameter in the above VOF formulation is the volume
fraction, 𝛼, where 0 ≤ 𝛼 ≤ 1. An 𝛼 value of 1 indicates a cell containing
only water, while an 𝛼 value of 0 indicates a cell containing only
air. Intermediate values then specify the proportion of each. Fluid
properties within each cell are then determined via a VOF weighting
function. For example, the density within each cell is given by,

𝜌 = 𝛼𝜌𝑤𝑎𝑡𝑒𝑟 + (1 − 𝛼)𝜌𝑎𝑖𝑟. (8)

The current work implemented the interFoam solver through the
4

open-source libraries of olaFlow (Higuera, 2018), developed by Pablo
Fig. 1. Diagram of the velocity and force vectors acting on a blade section. Note, the
blade section is moving rotationally in the 𝜃 axis shown (i.e. upwards).

Higuera, and utilized the PIMPLE algorithm. olaFlow provides addi-
tional boundary conditions for the generation, absorption and reflection
of waves and currents. Turbulence was resolved using an adapted
𝑘 − 𝜔 𝑆𝑆𝑇 model (Devolder et al., 2017, 2018; Larsen and Fuhrman,
2018), available through a supplementary olaFlow library. The adapted
turbulence model contains an additional buoyancy term that prevents
build-up at the free surface.

3.1.2. Actuator line modelling
The ALM formulation used here was originally developed by Trold-

borg et al. (2007) to model flow around wind turbines. The technique
represents turbine blade sections as force distributions, as opposed to
via their physical geometry. The model in this work applies the force
distribution, 𝐟 , in Eq. (3). The forces are determined with the use
of lift and drag data for the corresponding hydrofoil at each blade
section. Lift and drag data at each blade section was generated using
XFOIL (Drela, 1989). The implementation of the ALM into this model
uses turbinesFoam (Bachant et al., 2016), created by Bachant and
Wosnik (2015), Bachant et al. (2018) and validated in Mendoza et al.
(2016), Mendoza and Goude (2017, 2020), Onel and Tuncer (2020),
Liu et al. (2022). For a more complete introduction to the turbineFoam
application the reader is directed to Bachant et al. (2018), here only a
brief overview of the theory will be given.

The turbinesFoam ALM is implemented through the fvOptions dic-
tionary, which allows for the simple addition of force terms to the
governing flow equation. Fig. 1 illustrates the velocity and force vectors
cting at a given blade section. The velocity experienced by the blade
ection, 𝑈𝑟𝑒𝑙, is obtained by summing the onset velocity, 𝑈 , with the
elocity as a result of the rotating rotor, −𝛺𝑟. The relative direction of
his resultant velocity on the section is given by the angle of attack, 𝛽.

From 𝑈𝑟𝑒𝑙, the forces of lift and drag, 𝐹𝐿 and 𝐹𝐷 respectively, are then,

𝐿 = 1
2
𝜌𝐴𝑒𝑙𝑒𝑚𝐶𝑙|𝑼 𝒓𝒆𝒍|

2 (9)

𝐹𝐷 = 1
2
𝜌𝐴𝑒𝑙𝑒𝑚𝐶𝑑 |𝑼 𝒓𝒆𝒍|

2, (10)

here 𝐴𝑒𝑙𝑒𝑚 is the blade section area (span × chord), and 𝐶𝑙 and 𝐶𝑑
the lift and drag coefficients for the given hydrofoil, respectively. These
coefficients are required as inputs to the model, and are functions of 𝛽.

The force calculated here is projected back onto the flow field using
a spherical Gaussian distribution, 𝜙, where,

𝜙 = 1
3
exp

[

−
(

|𝒓|
)]2

. (11)

𝜖3𝜋 2

𝜖
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𝜙 acts on a cell of distance |𝒓| from the actuator line’s quarter chord
osition. To avoid steep gradients and maintain stability, the Gaussian
ncludes the parameter 𝜖. 𝜖 is a width parameter and is set equal to be
he maximum of three possible values,

= max(𝜖𝑐ℎ𝑜𝑟𝑑 , 𝜖𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚, 𝜖𝑚𝑒𝑠ℎ). (12)

The possible width parameter values are related to: the chord length
(𝑙𝑐ℎ𝑜𝑟𝑑) of the element’s hydrofoil,

𝜖𝑐ℎ𝑜𝑟𝑑 = 1
4
𝑙𝑐ℎ𝑜𝑟𝑑 , (13)

the chord length and the local momentum thickness as a result of drag,

𝜖𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = 1
2
𝐶𝑑 𝑙𝑐ℎ𝑜𝑟𝑑 , (14)

and the local cell volume (𝑉𝑐𝑒𝑙𝑙),

𝜖𝑚𝑒𝑠ℎ = 4 3
√

𝑉𝑐𝑒𝑙𝑙 . (15)

.2. Numerical model validation

The validation of the numerical model was undertaken in two parts:
) validation of ALM performance through a range of rotational speeds
n the absence of surface waves, and 2) validation of the coupled system
n recreating wave loading on the rotor. In this section, data from
hysical testing at model scale will be introduced, and the methods
sed to analyse the data against numerical results given.

The model was configured to represent flow conditions in the
loWave wave–current test tank, described below. From Noble et al.
2020), current mapping shows that a plan area of approximately 10 m
6 m at the centre of the tank – where the scale turbine is located –

rovides bulk flow conditions that can be considered laterally constant.
ecause of this, a simple rectangular domain was implemented to
aintain computationally cost-effective simulations. The width of the
omain was set to 11 m, the length to 10 m, and the height to 3 m to
asily accommodate the 2 m water column in addition to the increased
ater elevations seen when waves are present. Zero-gradient wall
oundaries were applied to the bottom and sides of the domain. The
ide boundaries were sufficiently distanced from the turbine to cause
egligible blockage effects. A characteristic 1/15th log-law velocity
5

c

rofile was assigned to the inlet boundary, in line with the physical
low field in the tank (Noble et al., 2015), such that,

(𝑧) =
[ 𝑧
0.4ℎ

]
1
𝛾 ⋅ 𝑈∞, (16)

ith 𝛾 = 15. In wave validation cases, additional regular wave gen-
ration or absorption boundary conditions were added to the inlet or
utlet (dependent on whether waves were following or opposing the
urrent). An illustration of the domain is provided in Fig. 2. In all cases,
he current boundary condition was kept constant at the reference
eight velocity used in the experimental data. For the ALM validation,
he turbine speed was varied rather than the flow. In all cases, the
peration of the numerical model was such that it matched the physical
ests as closely as possible.

The numerical turbine model splits each blade into 23 separate
lade sections, whose hydrofoil profiles were retrieved from the orig-
nal design CAD model as 2D coordinates. An estimate of each sec-
ion’s operating conditions was obtained using the following Reynolds
umber,

𝐸𝑟 =
𝑐(𝑟)

√

𝑈2
𝑟𝑒𝑙 + (𝑟𝛺)2

𝜈
, (17)

where 𝑐(𝑟) is the chord length at radius 𝑟, 𝛺 is the rotational speed,
and 𝜈 the kinematic viscosity. This Reynolds number was then used
as an input to XFOIL, for calculating the lift and drag properties of
each blade section as a function of angle of attack, for each rotor
speed simulated. Note, this approximation of lift and drag was done
prior to CFD simulations. This constitutes a well-known limitation of
such modelling approaches. However, investigation of the effect on the
foils’ lift and drag properties reveals that a convergence occurs as the
Reynolds number increases, reducing sensitivities to these effects at
higher TSRs.

3.2.1. Experimental data
The experimental data used to validate the developed numerical

model comes from two separate test campaigns. The first was used
to validate the ALM, and the second to validate the rotor response to
waves. The ALM is validated against the work of Noble et al. (2020),
nd the wave responses against (Draycott et al., 2019). Both test
ampaigns were conducted at FloWave, The University of Edinburgh’s
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Table 1
Summary of validation test case inputs to the numerical model.

Wave height
[m]

Wave period
[s]

Wave direction Wave theory Ref flow speeda

[m/s]
Turbine speed
[RPM]

0.108 1.832 Following Stokes 1st 0.7755 90.0
0.184 2.498 Following Stokes 1st 0.7813 90.0
0.0248 3.246 Following Stokes 1st 0.7823 90.0
0.0446 3.242 Opposing Stokes 1st 0.7678 90.0
0.198 2.497 Opposing Stokes 2nd 0.7900 90.0
0.361 3.242 Opposing Stokes 2nd 0.8112 90.0

a This is the reference velocity for the log law profile, in this case taken at z = 1.4 m to match physical testing.
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ombined wave and current test tank. The FloWave test tank is a cir-
ular combined wave and current tank of diameter 25 m. It comprises
68 active-absorbing wave paddles situated around its circumference to
enerate and absorb surface waves, and a circular arrangement of 28
mpellers located beneath the tank floor to generate currents. With this
onfiguration, FloWave can generate independent waves and currents
bout 360 degrees.

The University of Edinburgh tidal turbine is a lab scale turbine
esigned to be bottom fixed and consisting of 3 fixed-pitch blades, with
rotor diameter of 1.2 m. The turbine is driven by an AC motor and was
esigned to operate at constant speed. The blades are constructed of
luminium and make use of the common NACA 63-8XX series hydrofoil
rofiles. The turbine has been used in many test campaigns to date.
or a detailed introduction to the turbine’s design and manufacture,
he reader is pointed to Payne et al. (2017). The data obtained from
he campaigns included rotor torque, thrust and angular velocity, in
ddition to flow velocity point measurements captured using FloWave’s
coustic Doppler velocimeter (ADV). Flow measurements in Noble et al.
2020), important to part 1 of the model validation (ALM validation
ver a range of speeds), were taken at hub height 2 rotor diam-
ters upstream of the operating turbine. These measurements were
ot synchronous with the turbine load measurements. Additionally,
n Draycott et al. (2019), wave elevation was captured directly above
he rotor plane.

.2.2. Actuator line turbine validation
The ALM was validated across 7 TSRs, from 1 to 7, to identify its ca-

ability to correctly reproduce blade loads in terms of thrust and torque
ver a range of rotor speeds. The numerical and physical turbines’ tip
peeds were normalized using the hub height velocity, taken 2 rotor
iameters upstream of the rotor. The TSR was altered for each case by
etting the turbine’s rotational speed. The onset flow remained constant
hroughout, during both physical testing and numerical modelling.
dditionally, simulations were performed using a standard BEM code
NREL’s AeroDyn – to identify the CFD model’s capabilities when

ompared to a lower order numerical approach. The classical non-
imensionalized performance coefficients, 𝐶𝑃 and 𝐶𝑇 (Eq. (1)), were
sed as the metrics for validation.

.2.3. Wave validation
For validating the wave loading response of the model, the turbine

as kept at a constant TSR; the turbine speed and current inputs
emained constant at approximately 90 RPM and a nominal 0.81 m/s
espectively. In the experimental testing, a velocity signal was taken
00 mm below the mean water line and so the mean velocity from
he signal and the reference height (z=1.4 m) was used to identify a
uitable shear profile for use in the numerical model (Eq. (16)). Three
egular waves were then applied in two directions – following and
pposing the current – such that six simulations were performed in
otal. Table 1, summarizes the wave heights and frequencies considered
6

n these test cases. a
.3. Model upscaling and full scale simulations

In order to investigate realistic hub loading in a representative real-
orld ocean environment, the validated test model was upscaled to

epresent a full-scale tidal turbine. The upscaled model was parame-
erized to represent a 1.5MW machine, situated in a realistic tidal flow
ite. To ensure the setup was typical of a real tidal site, inputs were
ased on the MeyGen site in the Pentland Firth. Coles et al. (2018)
rovides an excellent resource for the characterization of the MeyGen
ite. Matching profile information from Coles et al. (2018), the input
heared flow was set to 3 m/s at 20 m, the vertically extrapolated
sing a 1/7th power law. This profile shape is considered a good
epresentation of reality in that it is consistent with the findings of Coles
t al. (2018) and is equally confirmed by Lewis et al. (2017), who
nvestigated a similar tidal site in the Irish Sea. Wave heights and
eriods recorded in Coles et al. (2018) range from 1.27 m to 4.89 m,
nd 5.39s to 11.48s respectively. A turbulent length-scale of 50 m was
lso shown to be reasonable in a 3 m/s current.

The domain width was set to 110 m such that wall boundaries at
ach side would not affect the turbine response. The water depth was
pecified as 50 m, again representative of the MeyGen site. The stream-
ise dimension was set to 100 m to ensure the turbine – positioned
t the centre of the domain – experiences fully developed flow, with
o effects of back pressure from the outlet boundary. In terms of the
umerical turbine, no full-scale geometric information was available
ith which to accurately model an in-service tidal turbine. The full-

cale numerical turbine was therefore specified via linear (1:15) scaling
f the laboratory device. The previous 23 blade sections remain, with
caling applied to the chord lengths, rotor diameter and hub diameter.
n the upscaled model, the rotor diameter is 18 m and the hub diameter
s 1.8 m. For full-scale simulations, the turbine speed was set to a
onstant value of 14 RPM. Full-scale turbine TSR values were all in
he range 4 ≤ TSR ≤ 5, corresponding to the region of good model
erformance shown in validation results, see Section 4.1.1. While real
idal turbines of this size may not conform exactly to the resulting
caled model, as outlined in Section 1, the purpose of the current
tudy is to better understand the load conditions, characteristics and
ensitivities of full-scale tidal devices. Since the qualitative and relative
oad responses of the upscaled model, under the considered conditions,
ould be expected to be similar to that of in-service turbines of the

ame size, the developed model is deemed sufficient for the purposes
f this analysis.

A program of simulations was undertaken using the full scale setup,
herein, simulations were performed in a sheared bulk flow for a range
f wave and rotor height combinations. A full description of the regular
aves used in the simulations is found in Table 2. For each wave in

he table, a simulation was run with the rotor position (hub height)
et to 15, 25 and 35 m above the sea bed. All waves were simulated
s following the current; additionally, the three 11.5s period waves
ere also simulated opposing the current. The shorter period waves

ould not be simulated opposing the current due to wave blocking
ffects. Confidence in the results from such complex wave–current
nteractions would be questionable while relying on only a simple
uperposition approach. Additional control simulations were performed
t each hub height in the absence of waves. This resulted in an overall
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Fig. 3. Example of a mesh used from a 35 m hub height case simulation, highlighting the refinement regions around the turbine and at the free surface.
Table 2
Regular waves used in the full scale simulations.

Wave height
[m]

Wave period
[s]

Wave length
[m]

Wave steepness
(H/L)

Water category
(d/L)

Wave theory

1 5.5 47.2 0.021 Deep Stokes 2nd
3 5.5 47.2 0.064 Deep Stokes 2nd
5 5.5 47.2 0.106 Deep Stokes 3rd
1 8.5 112.0 0.009 Intermediate Stokes 2nd
3 8.5 112.0 0.027 Intermediate Stokes 2nd
5 8.5 112.0 0.045 Intermediate Stokes 2nd
1 11.5 191.5 0.005 Intermediate Stokes 1st
3 11.5 191.5 0.016 Intermediate Stokes 2nd
5 11.5 191.5 0.026 Intermediate Stokes 2nd
programme of 39 simulations in total. Mesh independence for the full
scale simulations was achieved at approximately 10-million cells. A
mesh example is available in Fig. 3, where mesh refinement regions can
be seen at both the free surface and rotor location. Simulation lengths
of 40s were prescribed, allowing for sufficient data collection beyond
the settling of numerical transients in all wave cases.

3.3.1. Maximum load span (MLS)
In addition to the standard rotor-load quantities of torque and trust,

later analysis of results warranted defining a suitable metric for quanti-
fying observed characteristics in the out-of-plane rotor moment loading
patterns (see Section 4.2.2). Focus was placed on the out-of-plane
rotor moments due to their importance in the context of drivetrain
and structural loading. The constructed out-of-plane moment metric is
the maximum load span (MLS), which seeks to capture the magnitude
and principal direction of moment load variations seen within each
simulation. The resultant out-of-plane rotor moment magnitude (𝑅),
given the coordinate system illustrated in Fig. 4 (right), is given by,

𝑅 =
√

𝑀2
𝑦 +𝑀2

𝑧 . (18)

On construction of a polar plot representing the resultant out-of-
plane rotor moment variations in time, for instance see Fig. 10(a), the
reader will notice the cyclic nature of the data plotted. Each data-point
in the resulting trace is represented by a magnitude and angle. The
MLS identifies the data points on the traces separated by the greatest
distance on the polar. The adjoining line between these points then
becomes the MLS, which (referring to Fig. 4) has magnitude (𝑑),

𝑑 =
√

𝑟21 + 𝑟
2
2 − 2𝑟1𝑟1 cos(𝜃2 − 𝜃1), (19)

and principal direction (𝜓),

𝜓 = 𝜃1 − sin−1
(

𝑟2 sin
−1(𝜃2 − 𝜃1)

)

. (20)
7

𝑑

While certainly a rudimentary metric, the MLS captures two key
characteristics present in the moment loading patterns considered in
this work. As such, it allows for features present across all results cases
to be readily summarized and compared.

4. Results & discussion

This section will present and discuss the findings of this work in two
parts. The first will focus on the validation results for the constructed
model, in terms of simulating the system from both a turbine, and
wave–current perspective. The second part will analyse the results of
the full scale turbine study.

4.1. Numerical model validation

4.1.1. Actuator line turbine validation
As has been described, the ALM was simulated over a range of

TSRs, and key performance indicators – 𝐶𝑃 and 𝐶𝑇 – were obtained.
The performance indicators serve as a benchmark for validating the
model against experimental data. An indicative set of values were also
obtained from AeroDyn (NREL’s BEM solver module in OpenFAST)
simulations, using inputs consistent with the CFD model, as additional
confirmation of model validity.

The results for all data sets are shown in Fig. 5. In the figure, the
pink markers and error bars indicate the experimental data. The error
bars illustrate the maximum and minimum attainable values of 𝐶𝑃
and 𝐶𝑇 , using one standard deviation, of the torque, thrust, rotational
speed, and velocity signals.

The general observation from both plots, in Fig. 5, is that the CFD
model and experimental data are in reasonable agreement throughout
the range of TSRs. Indeed, both numerical approaches return per-
formance indicator results which fall within the error bounds of the
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Fig. 4. (left) Maximum load span definition, illustrating the MLS between the 2 points determined as maximum distance from each other on the polar plot. d representing the
agnitude of the MLS and 𝜓 the angle at which it acts. (right) Definition of the coordinate system used in the analysis of rotor load, such that a moment about the 𝑦-axis (𝑀𝑦)

is pitching of the rotor and a moment about the 𝑧-axis (𝑀𝑧) is yawing. Positive directions are in accordance with the right-hand-rule.
Fig. 5. Plots of 𝐶𝑃 (top) and 𝐶𝑇 (bottom) showing the outputs from the CFD model,
he AeroDyn model, and the experimental data. Error bars on the experimental data
ndicate the minimum and maximum achievable values based on one standard deviation
n the velocity, torque, thrust and rotational speed signals.

xperimental data. Recognizing here that the scope of this part is to
alidate the CFD model in a low complexity flow, and not to compare
odel performance with a BEM approach, the BEM model is included

s an additional check. That being said, the CFD model is arguably
n better agreement with experimental data in regard to 𝐶𝑃 , though
his is less clear regarding 𝐶𝑇 . Based on these results, the performance
f the two modelling approaches (BEM and CFD) appear comparable.
owever, this is only in the context of time-averaged performance co-
fficients, and not necessarily indicative of the quality of the predicted
ime-varying load response behaviour of each model. CFD modelling
as used in the current study since it is able to more fundamentally

esolve non-steady inertial flow effects and fluid–structure interactions.
Considering the CFD model outputs versus the experimental data, a

ivergence is evident, beyond a TSR of 6, for the CFD model 𝐶𝑇 values.
his is indicative of an over-production of rotor thrust beyond a certain
otor speed in the numerical model. This may be due to a disparity
8

between physical fluid–structure interactions of the real turbine, and
the representation of these interactions in the 2D XFOIL code, used
to obtain lift and drag data. For instance, due to the relatively high
rotational speed of the physical turbine, it is quite possible that a
complex 3D flow develops around the blade, including flow separation.
Such effects cannot be adequately resolved using a panel method. In the
absence of available experimental data for the given blade sections, a
more complex CFD approach could be used to try and improve the sec-
tional lift and drag data for the hydrofoil sections. However, this would
come with a significant increase in complexity and computational cost.
For the purposes of this work, the model can be seen to achieve an
adequate reproduction of realistic turbine performance. In particular,
very good agreement to experimental data is seen for the mid-range
TSR values which are associated with rated operation.

4.1.2. Wave validation
To validate the wave–current boundary conditions and their effect

on rotor response, a series of simulations were conducted with the
numerical turbine model operating at constant speed. Six cases in total
were run, with time series of rotor torque, thrust and wave height
compared to those in the experimental data. Two example sets of results
are provided in Fig. 6, where one contains following waves and the
other contains opposing waves.

In Fig. 6, good agreement may be seen for all signals regarding
the frequency content. The CFD model torque signals may be seen to
track the upper bounds of the experimental data in both the following
and opposing waves. The thrust signals, on the other hand, show a
clear over-prediction from the CFD model. The likely reason for this
behaviour was discussed in the previous section. The CFD model was
simulated with the turbine operating at a TSR of 7, to match that
of the experimental turbine. Fig. 5 showed a slight deviation from
experimental data in 𝐶𝑃 , and further deviation in 𝐶𝑇 at this operating
point, these observed results are therefore expected based on that prior
analysis.

A further observation which can be made relates to the phasing of
the data types, with the CFD rotor torque and thrust seemingly phase-
shifted from the experimental data. The signals from each data type
are fully synchronized with their type. To synchronize the data types
with each other, wave height was chosen as the control parameter.
Having done this, the experimental torque and thrust signals tend to lag

behind the numerical results. There are a few potential explanations for
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A

Fig. 6. Wave case validation signals from validation case 1 (left) and validation case 4 (right). Experimental data indicated by the orange and simulation data is the green traces.

black dashed trace in the wave elevation plots represents the theoretical wave elevation from the Stokes theory used.
Fig. 7. Time series of the turbine torque/thrust (top) from the control simulations (i.e. those with no waves), the vertical line at 20 s indicating the point at which steady state is
entered and transients have settled. The bottom plot shows time series’ of normalized torque/thrust response in 3 sample wave heights. The cases are following waves at a period
of 8.5 s and a distance from the sea floor of 25 m.
this behaviour 1) is that the wave gauge position in the experimental
work may have been slightly off the rotor plane position, or 2) there
may be more complex wave–current interactions at play which are not
captured in the CFD modelling. Since the observed phase-shift is small,
it is of little consequence to the investigations undertaken in this work.

The CFD boundary conditions are those available in olaFlow
(Higuera, 2018) and these have already been validated independently
in other works. In the current work the wave elevation, 𝜂, comparisons
(Fig. 6) therefore mainly serve to validate the setup of the presented
model. The corresponding theoretical trace has also been plotted (black
dashed line) for convenience. In general, all three data types match well
to the experimental data in both following and opposing wave cases.
Note, the CFD elevation data is castellated due to the method used to
9

track the free surface, which simply identifies the cell where 𝛼 quantity
(see Section 3.1.1) is closest to 0.5. This method provides adequate
verification that the wave conditions are as expected. The slight wave
amplitude variations, versus their theoretical counterpart, is also due
to the same surface tracking method. Hence, this disparity does not
impact the turbine outputs.

In summary, it has been shown that the CFD model agrees well with
experimental data, across analysed cases, in terms of both rotor torque
and thrust responses respectively. A small offset in the magnitude of
thrust response was observed to occur beyond a TSR of about 6. How-
ever, as described in Section 3.3, full-scale simulations were undertaken
for turbine TSR values in the range 4 ≤ TSR ≤ 5 where close agreement
with experimental results has been demonstrated. The numerical model
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Fig. 8. Rotor torque statistical scatter plots for all simulated cases.
is therefore considered to have been successfully validated within the
scope of this analysis.

4.2. Full-scale simulation results

This section will now present and discuss the results of the full-
scale simulation study. First, the rotor torque and thrust responses are
considered, this forms a basis for onward examinations of the data.
With regard to the no-wave ‘control’ cases, the torque and thrust signals
10
for the 1.5 MW turbine located at each of the three rotor heights are
shown in Fig. 7 (top). The orange, blue and pink traces correspond
to the rotor at 15 m, 25 m and 35 m respectively. In these plots,
a numerical transient settling time of around 20 s, indicated by the
vertical black line, can be observed. During all subsequent analyses,
this first 20 s of data is removed in order to focus on the steady-state
behaviour attained after this point. The steady-state region shows that,
as might be expected in a shear flow, rotor torque and thrust increases
with rotor height, owing to greater current speeds higher in the water
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Fig. 9. Out of plane rotor moment plots taken from the control no-wave case with a rotor height of 15 m. Case is plotted in Cartesian (left) and polar (right), which are colour
mapped such that the polar projection can be traced through time.
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column. The mean values of the signals in the steady-state region are
indicated by horizontal dashed lines. The magnitudes of these values
are specific to this hypothetical turbine, so conclusions should not be
drawn based on their absolute value. Instead, we are interested in the
relative behaviour when compared to later presented wave cases.

Moving now to cases in which surface waves are present, Fig. 7
bottom) shows a subset of torque and thrust signals at different wave
eights. These results are all from the 8.5s period following-wave
ases, at a rotor height of 25 m. They are each normalized using
he corresponding mean value from Fig. 7(a) (top), at the same rotor
eight. The figure shows all three wave heights, with the amplitude
f the oscillating signals seen to increase as the wave height increases.
his behaviour is consistent with the results of Ordonez-Sanchez et al.
2019), Draycott et al. (2019), which highlight the increased variance
bserved in rotor response signals in the presence of waves in physical
odel testing. Returning to the results in Fig. 7(a), the peak torque

oads may be seen to increase by 25%, relative to the no-wave case, for
he 5.0 m wave. This confirms that experimentally observed increases
n peak loading of up to 30% (Ordonez-Sanchez et al., 2019), seen in
caled tank tests, also occur at full-scale.

.2.1. Rotor loading summary statistics
Summary statistics across the complete set of full-scale simula-

ions are now considered. First, rotor torque statistics, in terms of
eans, standard deviations and maximum values, are considered. Fig. 8

hows these torque statistics, normalized using the 15 m hub-height
ontrol case. As would be expected, the no-wave control cases show
n increasing trend with rotor height. Considering the following wave
ases of mean rotor torque results (top left of the figure), a clear
rend is present of an increasing mean torque with hub height. This
s readily interpreted as the effect of an increasing mean velocity for
low higher in the water column. Increases in wave height also result
n an increased mean rotor torque in most cases. The exceptions to
his are the 11.5s wave period cases, where any sensitivity to wave
eight appears to have vanished. The mean torque in such cases is
lustered close to the 1 m wave results at other wave periods. What
s occurring here demonstrates the complexity and interdependence of
he multifaceted system being modelled. In more detail: wave impacts
n the bulk flow are increased with increasing wave period, due to the
ncreased energy in longer waves. While it is tempting to interpreted
his as solely adding kinetic energy to the overall flow in the form
f an increased downstream velocity (resulting in a greater mean
otor torque), this is not the case. The form of wave orbitals, which
istort flow velocities and directions, occurring in longer period waves
11

ntroduce misalignment between the flow and the turbine’s plane of h
otation. As the wave length increases, so does the depth to which the
ave orbitals propagate, with the above effects therefore experienced
cross a greater proportion of the rotor. This, coupled with the wave
rbitals becoming wider (horizontally) and shorter (vertically) as the
ater-depth becomes categorized as intermediate, drive non-negligible

hanges in onset flow angles. For example, quantitative analysis of
hese effects in the 35 m hub height (5 m wave) case revealed that the
verage onset flow angle at two rotor diameters upstream of the rotor-
lane changed from −2.23◦ in the 8.5s period case to 1.33◦ in the 11.5s
eriod case. This resulted in mean angles of attack (averaged over one
lade throughout the 20 s simulation window) of 19.85◦ and 18.09◦,
espectively. This serves to highlight that relatively minor changes in
he angle of the onset flow can result in significant impacts to the mean
otor torque. Attention is now turned to the opposing wave cases (top
ight of the figure). Interestingly, there is only a small sensitivity to
he presence of waves at hub heights of 15 m and 25 m. A significant
eduction in the mean rotor torque then occurs at a hub height of
5 m when waves are present. This is again a result of complex flow
nteractions, similar to those described above. Also of note is the fact
hat the mean rotor torque was found to be relatively insensitive to
ave height for opposing waves cases at all hub heights.

Contrary to other studies that find minimal effects of waves on mean
erformance (Ordonez-Sanchez et al., 2019; Guo et al., 2018; Martinez
t al., 2018), these results indicate that the presence of waves can
ave a non-negligible effect on the mean rotor torque. For instance, the
.5s period following waves show the greatest increase in mean torque
gainst the no wave case. At a rotor height of 25 m, this increase is in
he range of 7.18% to 22.15% from the lowest to highest wave height,
espectively. Equally, in the opposing cases, mean torque was shown
o reduce significantly at the highest rotor position, with a reduction
f 14.46% relative to the no wave case. Where the presented results
re in agreement with other works in the literature is with respect
o increasing fluctuations in the presence of waves. This may clearly
e seen in the standard deviation results of Fig. 8 (middle), which
how significant increases in rotor torque standard deviations in the
resence of waves. While the no-wave cases show little change in terms
f signal standard deviations as the rotor moves closer to the free-
urface, at the 35 m rotor height (5 m, 8.5s waves) standard deviations
ncrease by in excess of 2500% compared to the control case. This
epresents a considerable change to the rotor loading and, in turn,
he load fluctuations entering the drivetrain. A further find here are
he observed increases in torque standard deviation with wave period.
oth the 15 m and 25 m rotor heights show a consistently increasing
alue of standard deviation with wave period. At the 35 m rotor height,

owever, the peak standard deviation occurs at the 8.5s wave period
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c
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t
r

Fig. 10. Out of plane rotor moment plots taken from 35 m hub height, 5 m wave height, following wave cases. Cases are plotted in Cartesian (left) and polar (right), which are
olour mapped such that the polar projection can be traced through time.
efore falling slightly again at the 11.5s period. This likely relates to
he complex flow effects described previously. Finally, the maximum
otor torque results of Fig. 8 (bottom) are considered. Many of the same

trends are again observed the maximum torque responses. As would be
expected, an increase in rotor and/or wave height results in increased
maximum torque values. A trend of increasing maximum torque with
increasing wave period is also observable up to a rotor height of 35 m,
12
at which point an increase in wave period from 8.5s to 11.5 leads to a
small reduction in maximum response. As previously, this results from
complex flow effects. More generally, the presence of waves can be
seen to increase peak rotor torque values by up to 80% (relative to no
waves). Similarly, an increase in rotor height of 10 m is predicted to
increase the maximum rotor torque by around 20%, for the conditions

simulated in this work.
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Fig. 11. Illustration of how wave induced velocities could cause asymmetric thrusting over a rotor. Blue vectors indicate wave velocities and red apparent velocities due to the
urbine’s rotation. The rotors have been rotated to visualize, but in this example would be normal to the wave celerity.
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Many of the same results trends, and additional influences from
omplex flow effects, are evident in rotor thrust results (see Fig. 13 in

Appendix). In particular, for thrust results also, the longest period wave
induces a notable drop on the mean thrust value, while thrust standard
deviations and maximum values remain relatively unchanged.

Perhaps the most important finding in the presented results is the
impact of longer period waves on rotor torque and thrust. Crucially,
these results indicate that long period waves may lead to a tidal
device experiencing what is arguably the ‘‘worst of all worlds’’, where
induced flow misalignments drive a reduction in the mean torque (so
a reduction in available energy) while, at the same time, the damaging
fluctuations and maximal loads in thrust and torque remain relatively
unchanged. Hence, under some ‘normal’ conditions in which a subset
of full-scale tidal turbines operate, complex flow interactions may
be occurring that result in the turbine experiencing both low energy
capture and high levels of ‘damage’.

4.2.2. Non-steady hub loading
The study of non-steady rotor loading in this work is focused on

the out-of-plane resultant rotor moments, which represent key input
loads to the drivetrain system. Fig. 9 shows out-of-plane rotor moment
esults, as both Cartesian component time-series and as a polar trace,
or 15 m hub height results in the absence of waves. Without the pres-
nce of wave, only relatively small cycles are present in the resultant
oment, which is centred on the 𝑀𝑦 axis. This indicates that the rotor

s, on average, overturning in pitch. This pitching moment is consistent
ith the higher flow velocities at the top of the rotor, present in a

heared tidal flow.
Fig. 10 then shows the same results when the turbine is at a

ub height of 35 m and exposed to 5 m following waves of various
eriods. In this latter figure, a markedly more complex loading pattern
s observed. Considering the Cartesian time series of 𝑀𝑦 and 𝑀𝑧,

comment can be made on the frequencies present in the signals.
irstly, the wave frequency is clearly reflected in each set of results. On
loser inspection, some evidence of the blade passing frequency (3P) is
ecognizable in the smaller fluctuations. Owing to the rotor speed, of
.233 Hz, a blade pass should fall at intervals of around 1.43s. This
13

s

s certainly the case in Fig. 9 in the absence of waves, however, it
s not fully born out in Fig. 10. This is again due to the complexity
nd interdependency of various flow field effects in the presence of
aves, and associated interactions with the turbine blades as they pass

hrough the flow. The inclusion of waves can be seen to introduce
yclical trajectories in the resultant rotor moment polar traces, similar
o those which have been studied previously in the context of wind
urbines (Hart, 2020; Hart et al., 2022). Of particular note is the fact
hat the form these cyclical out-of-plane moment trajectories take is
ependent on the wave period. Considering the moment trajectories
aken in turn from the shortest wave period (Fig. 10(a)) to the longest
Fig. 10(c)) notice that the moment cycles progress from being largely
itch-dominated to yaw-dominated. The observed dependence on wave
eriod is partially explained by the propagation of wave velocities
hrough the water column. Longer waves impart larger orbital velocity
tructures to greater depths. From linear wave theory, to depths of
alf a wavelength in deep waters and to the seabed in intermediate or
hallow waters. If these wave orbitals scale to the order of a tidal rotor
lane, the flow is significantly adjusted between the top and bottom
f the rotor, respectively. In effect this will amplify the pitch moment
esponse present as a result of a sheared current alone. The cyclical
ature of wave imparted velocities varies the apparent velocity at the
otor top and bottom, leading, in turn, to cycling between positive
nd negative pitching moments. The observed transition from pitch
ominant cycling to yaw dominant cycling, however, requires a more
n-depth consideration. Note, the rotational frequency of the turbine is
.233 Hz, which corresponds to a blade passing frequency of 0.7 Hz and
TSR of 4.4. Therefore, all modelled waves are quasi-steady from the

erspective of the rotor. This indicates that these results are not due to
ny sort of fortunate combination of rotor/blade and wave phasing. To
xplore what is driving the observed behaviour, Fig. 11 is included to
id the following discussion. What is likely occuring as the wave period
ncreases is that there is a greater prevalence of vertical velocities
nduced by the wave, owing to the increased levels of energy in the
ave at large periods. These vertical components have an opposite
ffect on the apparent flow velocity experienced by blades on either

ide of the central streamwise plane, due to the directionality of the
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Fig. 12. Scatter plots showing the MLS magnitude (top) and direction (bottom) for all simulation cases; both following (left) and opposing (right) waves. The blue shaded regions
on the angle plots indicate rotor pitching load dominance and the yellow regions indicate rotor yawing load dominance.
turbine’s rotation. Due to such effects, the thrust distribution across the
rotor becomes asymmetric, leading to a change in the turbine yawing
moments, and similarly there will be influences on the turbine pitching
moments. In the cases presented here, this yawing effect becomes the
dominant load behaviour for the longest wave period. This, in turn,
indicates that the wave-generated vertical velocity perturbations are
large enough to overcome the horizontal velocity under these operating
conditions. The studied turbine was therefore found to be subject to
what will be referred to as ‘‘wave-driven moment-type dominance’’.

The MLS is also shown in each of the plots in Fig. 10, from which
it is clear that the magnitude and direction provided by this metric
allow for the principal features in each to be readily described in
numerical form. Time varying out-of-plane rotor moment behaviour
is therefore examined across all simulation cases via the MLS metric.
Fig. 12 contains the MLS magnitude and principal direction results. In
the absence of waves, a small but steady increase in MLS magnitude is
present with rotor height. In the presence of waves, however, it is clear
that there is a strong correlation between increased MLS magnitudes
and increases in rotor height and/or wave height. Also clear in these
results is a consistent reduction in MLS magnitude with wave period.
Therefore, higher MLS values seem to correspond to a combination
of large wave heights and small wave periods. This suggests that an
increasing wave frequency is tending to amplify the moment response,
regardless of the MLS principal direction. Out of the two, wave height
appears to be the dominant driver of MLS magnitudes within the set
of considered conditions. A slight exception to this is seen at the 35 m
14

rotor height, which shows a considerable jump in MLS magnitude with
wave period. The dominant variable may therefore be subject to change
based on rotor position. These results also indicate that the effect
of wave period is diminished as the rotor is positioned lower in the
water column. This observation could prove useful when deciding on a
turbine’s designed operating location. Finally, these results show that
the opposing wave cases yielded greater MLS magnitudes in comparison
to their following wave counterparts.

With respect to the MLS principal direction results (Fig. 12, bottom),
the plots have been shaded to indicate whether the cases are pitch or
yaw dominant. The blue shaded regions indicate an out-of-plane rotor
moment that cycles predominantly in 𝑀𝑦 (pitch), and yellow indicates
cycling predominantly in 𝑀𝑧 (yaw). Note here also the exclusion of
the no-wave cases. This is due to the circular nature of their moment
traces, which causes the MLS principal direction to become arbitrary
and uninformative. More generally, the same holds for all instances
where moment traces are very circular. Within the MLS principal
direction results it can be seen that, across the full set of simulations,
shorter period waves tend to correspond to pitch-dominant load cycling
while longer period waves result in yaw-dominant load cycling. This is
consistent with the results of Fig. 10. However, there are exceptions
to this broader trend, specifically the 8.5s wave cases at 25 m and
35 m rotor heights. This is understood to be due to the fact that load
results in these cases fall somewhere between pitch and yaw-dominant
load cycling, resulting in polar traces which are closer to circular
and so the principal direction is less informative here. Furthermore,
MLS principal direction plots demonstrate a clear sensitivity to wave
direction. In the cases of following waves, the MLS principal directions
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Fig. 13. Rotor thrust statistical scatter plots for all the simulated cases.
for the longest period wave falls exclusively within yaw-dominant load
cycling regions, while in the opposing wave cases all but one fall within
pitch-dominant regions. These results again highlight the sensitivities,
complexities and myriad interactions that ultimately determine the
resulting load conditions at the turbine hub, which then propagate
into the drivetrain and turbine support structure. While this work has
presented important advances with respect to our understanding of
tidal turbine mechanical loading and flow interactions, it also serves
to highlight that much additional work is required in order to facilitate
optimal turbine design, location, and operation/control.
15
5. Conclusions

A numerical model of a turbine operating in a combined wave–
current environment was developed and validated against tank testing
data, showing good agreement for performance coefficients 𝐶𝑃 and 𝐶𝑇
across a range of TSRs. The rotor load response was further validated
in the presence of waves, again showing good agreement. The model
was subsequently linearly up-scaled to represent a full-scale 1.5 MW
tidal turbine operating in a realistic ocean environment. A series of
simulations were then performed in order to study the impacts of hub
height and wave conditions on turbine mechanical rotor loads. The
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key findings from the study showed that in cases of following waves,
the mean torque and thrust are increased consistently as the rotor
approaches free surface. Torque and thrust were also shown to increase
with wave height up until the longest period wave, where a decrease
then occurs. This was found to result from wave orbital velocities
distorting the onset bulk flow-angle, producing a misalignment with the
turbine rotor. Rotor loads were therefore found to be also dependent on
wave period. The observed reduction in mean torque, for longer period
waves, did not correspond to similar reductions in torque standard
deviations or maximum values. In this case, the turbine is operating
with an undesirable combination of reduced power and fatigue loads
which remain essentially unchanged. Opposing wave cases showed a
potential for decreases in torque and thrust responses as the hub height
is moved higher in the column, and more significant changes in rotor
loads were seen closer to the free surface. The presence of waves was
shown to increase mean torque and thrust levels by up to 22% and 11%
respectively. This corresponded to increases of 2500% and 1700% in
signal standard deviations, and increases of 80% and 30% to maximum
values for torque and thrust, respectively. A new metric, the Maximum
Load Span (MLS), was developed to analyse the form and magnitude of
cyclic out-of-plane rotor moment patterns. The MLS provides a useful
metric for quantifying the variability in loading experienced by the
rotor. The MLS was studied across the simulation package and was
found to be increase with both hub height and wave height. There
was also a seeming dependence on wave period, which changed the
cyclic form of the out-of-plane moment patterns, leading to what has
been referred to as ‘‘wave-driven moment-type dominance’’. Longer
wave periods resulted in moment loading that was dominated by a
yaw response, while shorter period waves resulted in a predominantly
pitching moment response. Overall, the rotor position in the water
column and wave composition were shown here to have a significant
impact on tidal turbine rotor mechanical load response.
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