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Abstract
Tomaximise the availability of power extraction from a tidal stream site, tidal turbines need to be able to operate reliably when
located within arrays. This requires a thorough understanding of the operating conditions, which include turbulence, velocity
shear due to bed proximity and roughness, ocean waves and due to upstream turbine wakes, over the range of flow speeds
that contribute to the loading experienced by the devices. High-fidelity models such as Large Eddy Simulation (LES) can be
used to represent these complex flow conditions and turbine device models can be embedded to predict loading. However, to
inform micro-siting of multiple turbines with an array, the computational cost of performing multiple simulations of this type
is impractical. Unsteady onset conditions can be generated from the LES to be used in an offline coupling fashion as input
to lower-fidelity load prediction models to enable computationally efficient array design. In this study, an in-house Blade
Element Momentum (BEM) method is assessed for prediction of the unsteady loads on the turbines of a floating tidal device
with unsteady inflow developed with the in-house LES solver DOFAS. Load predictions are compared to those obtained
using the same unsteady inflow to the commercial tool Tidal Bladed and from an Actuator Line Model (ALM) embedded in
the LES solver. Estimates of fatigue loads differ by up to 3% for mean thrust and 11% for blade root bending moment for a
turbine subject to a turbulent channel flow. When subjected to more complex flows typical of a turbine wake, the predictions
of rotor thrust fatigue differ by up to 10%, with loads reduced by the inclusion of a pitch controller.

Keywords Tidal turbine · Unsteady loading · Blade element momentum method · Large Eddy Simulation · Actuator line
model

1 Introduction

In 2022 and2023, 94MWof tidal streamenergyprojectswere
awarded under theUKGovernment’s contracts for difference
scheme. This is the mainmechanism for the UKGovernment
to support low carbon power generation, to give a reasonable
strike price for industry to commit to sources of renewable
energy. This is a step forward for the sector, but still requires
appropriate research and development, particularly to fur-
ther the understanding of methodologies suited to design
of the arrays of tidal turbines needed to fulfil the allocated
megawatts of power generation. The tidal stream resource
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within the UK is significant in terms of flow speeds and the
available kinetic energy flux. However, due to the nature of
the environment in which turbines operate, there are several
factors which result in a complex onset flow to each turbine.
Existing design standards, IEC–62600 or DNV-GL (2015),
list these factors as a mixture of velocity shear, turbulence
and waves. These standards are mostly adaptations of their
wind energy counterparts and for tidal stream, the extent to
which these flow characteristics influence unsteady loading
varies with site, deployment position within the site as well
as depth and the device type. There are a variety of types
of tidal energy converters from kites to vertical axis turbines
to more recognisable horizontal axis turbines. All of these
device types have been trialled at full scale, with the devel-
opment of arrays ongoing in the UK, France and Canada,
typically involving the deployment of horizontal axis tur-
bines.

The extent to which different environmental factors influ-
ence horizontal axis turbine loading is influenced by whether
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they are bed-mounted or floating, as shown in Mullings and
Stallard (2021), Stansby and Ouro (2022) andMullings et al.
(2023). When considering vertically sheared onset flow con-
ditions, floating turbines located near the surface are in a good
position for maintenance work on the device and will expe-
rience higher onset velocities. However, this position means
they are more exposed to wave loading when compared to
bed-mounted devices, Díaz-Dorado et al. (2021). In contrast
bed-mounted devices are subjected to bed generated turbu-
lence and a more severe shear profile, as shown in Parkinson
and Collier (2016), Ahmed et al. (2017), Harrold and Ouro
(2019), Ouro and Stoesser (2018) and Mercier et al. (2020).

In addition to considering the environmental conditions
as an influence on the onset flow field, as the sector devel-
ops more research is required to determine how turbines
operate in large arrays. A turbine located within an array
will be subject to the effects of blockage generated between
adjacent turbines, and to the wakes from upstream devices.
Some of these effects have been investigated both experimen-
tally and computationally in Masters et al. (2013), Stallard
et al. (2013), Stansby and Stallard (2016), Ouro and Nishino
(2021), Ouro et al. (2023) and McNaughton et al. (2022).

Methods for determining the loads and performance from
these combinations of unsteady onset flow conditions vary
from experimental to computational simulations. This study
focuses on computational methods of various fidelity lev-
els to simulate a turbulent onset flow field and the resultant
unsteady loading experienced by a horizontal axis tidal tur-
bine. Steady state performance of a turbine can be assessed
using Blade Element Momentum theory (BEM) where the
geometry of the turbine, aerodynamic properties of the blades
and the onset flow speed are required as input to the model.
When assessing the unsteady and time varying loading on
a turbine it is important to include velocity fluctuations
as inflow to the model, to represent measured turbulent
conditions. Previous studies have utilised spectral models,
sometimes referred to as the Sandia method, due to their
application to creating three-dimensional wind flow fields,
Veers (1988). In this approach power spectral densities (PSD)
across a grid of discretised points are combined with a coher-
ence function to create the flow field. The von Kármàn
spectrum is commonly used to provide a suitable PSD of
the stream-wise velocity for the application of tidal stream,
as seen in Milne et al. (2013), Parkinson and Collier (2016),
Mullings et al. (2019), Togneri et al. (2020). Comparisons in
Mullings and Stallard (2022) and Togneri et al. (2017) have
been made using this method and with a flow field generated
using a synthetic eddy method, developed by Jarrin et al.
(2006). Both methods can be used at low computational cost
to provide a suitable inflow to a BEM type model. How-

ever, such flow fields are typically propagated using Taylor’s
frozen turbulence hypothesis. As such the flow field does not
allow for any interaction between the turbine and the onset
flow.Whilst this is still a suitable method to create and use an
unsteady onset flow field, further parameters are required to
consider multiple devices in rows which will cause a velocity
deficit in the wake of an upstream device.

Semi-empirical wake models have been used in previous
work, Mullings et al. (2019a), to allow for the influence of
wakes to be considered with these flow field models. An
alternative, albeit more computational expensive approach
that provides an established wake within the flow field, is
to use computational fluid dynamics (CFD) to generate an
unsteady flow simulation. One or more tidal devices can also
be included in such simulations. With the inclusion of turbu-
lence, Reynolds averaged Navier–Stokes (RANS) equations
can be used to model the flow within the domain, but an
improvement in the resolution of fluctuating loads is obtained
when Large Eddy Simulation (LES) is used, Afgan et al.
(2013). In these numerical frameworks, the tidal device can
be modelled by an Actuator Line Model (ALM), within a
RANSmodel as seen in Apsley and Stansby (2020) and with
LES as in the case of the DOFAS in-house code in Ouro and
Nishino (2021). This method allows tip vortices and the far
wake to be captured enabling the turbine to turbine interac-
tions to be well resolved within the flow field.

This study investigates the variation in unsteady loading
predictions from two different turbine load models: an LES-
ALMmodel andBEM theory. The axial loading on the blades
and rotor are determined to provide thrust forces and root
bendingmoments to calculate fatigue loads. These forceswill
be calculated for a device experiencing representative con-
ditions at an upstream location and for downstream devices
operating in a wake. Inflow to the unsteady BEM is defined
by output planes from the LES, to determine whether this
combination of models can predict loading at a lower com-
putational cost than running computationally-expensive full
LES-ALM for multiple downstream turbine positions.

The paper will follow this format; Sect. 2 will describe
the set up of the numerical models and include the geom-
etry of the turbine, the site conditions represented and the
method for quantifying the fatigue; Sect. 3 will focus on the
loading experienced on a single device, both upstream and
downstream, for each device scale model; and Sect. 3.3 will
investigate the loading experienced on a downstream device
at various positions in the wake; and Sect. 3.4 assesses the
potential impact of a basic pitch control on the loading. A dis-
cussion is given in Sect. 4, before the conclusions are drawn
in Sect. 5.
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2 Set up of numerical models

2.1 Turbine specification

The tidal device modelled here consists of two turbine rotors
each with two blades, following the configuration of a full
scale floating device as documented byOrbitalMarine Power
(2022), as their 20m diameter O2 device, sketched in Fig. 1,
operating at a single tip-speed-ratio (TSR) of 5.5. Modelling
turbines computationally can be performed in different ways
as introduced inSect. 1. In this study, two types of loadpredic-
tion models are employed, using blade element momentum
theory and an actuator line method, and their results com-
pared.

2.2 The in-house BEMmodel

Firstly, blade element momentum theory has been adopted
for both steady and unsteady conditions. Thismodel has been
applied using two different implementations, one is the com-
mercial code Tidal Bladed widely used in the Tidal Stream
Energy sector, for example in Parkinson and Collier (2016),
and the other is an in-house unsteady blade element code
which has previously been validated against experimental
work in Mullings et al. (2019) and Mullings and Stallard
(2022).

The BEM presented in Mullings and Stallard (2022) and
employed here extracts the onset flow at ‘N ’ positions along
a blade length, which rotate with time, depending on the
chosen operating point. The onset flow is used to determine
the relative onset flow (Urel ) and inflow angle (φ) to the
blade at each radial position (r ) along the blade, as shown by
Eqs. 1–2.

δUrel(t) =
√

(Ux (1 − a))2 + ((ωr −U�)(1 + a′))2 (1)

δφ(t) = sin−1 Ux (t)

Urel(t)
(2)

where Urel is the relative velocity to the blade which incor-
porates the longitudinal velocity,Ux is the stream-wise onset

Fig. 1 Top down view of the O2 Device, highlighting spacing between
the turbine rotors, where D is the rotor diameter, with a vertical spacing
of approximately 0.15D to the free surface

velocitywhich includes in axial induction (a) and the compo-
nents in the tangential direction,U� with the angular velocity
ω and each radius r , with tangential induction, a′. The lift
and drag force on each blade segment vary according to
Eqs. 3–4.

δL(t) = 1

2
Bρc(Urel)

2CLδr (3)

δD(t) = 1

2
Bρc(Urel)

2CDδr (4)

where c is the chord length, δr is the radial width of the
blade segment, B is the number of blades, here B = 1 as the
forces are calculated per blade, ρ is the fluid density, CL and
CD correspond to the lift and drag coefficients respectively.
Noting here that the angle of attack is determined using the
inflow angle, the twist and any pitch of the blade. As well as
the angle of attack the lift and drag polars are provided, for
a Reynolds number range of 1 ×106 to 15 ×106, where the
local Re number is determined per blade segment. Using the
calculated lift and drag forces for each blade the axial (Fa)
and tangential (Ft ) forces along each blade are calculated
using Eqs. 5–6.

δFa(t) = δL(t) cos(φ(t)) + δD(t) sin(φ(t)) (5)

δFt (t) = δL(t) sin(φ(t)) − δD(t) cos(φ(t)) (6)

The axial force (Fa) on each segment of the blade leads
to the calculation of root bending moment as well as rotor
thrust. These results can be used to establish the respective
load spectra and hence determine the load cycles enabling
the fatigue loads to be predicted by the summation of Eqs. 5
and 6 across all blades defining the rotor.

This version of the in-house BEM is used to compare with
an actuator line method, detailed in the next section, there-
fore the sub-models used include tip and hub losses through
Prandtl’s tip loss and an induction model is applied using the
Glauert high-axial-induction correction, but did not include
dynamic stall or inflow. The Tidal Bladed simulations which
were run included the same sub-models and additional sub-
models, such as, dynamic inflow through using the method
of Pitt and Peters (1980) with a Øye dynamic wake model.
Hydrodynamic added mass is also included, but no wake
skewor dynamic stall is included in eithermodel. The loading
using the in-house BEM, with a simple pitch controller, has
also been included. This controller is dependant on the flow
speed and the function used has been calibrated to provide
resultant time-varying loads which compare to a full-scale
dynamic controller.
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2.3 DOFAS: in-house LES code

The Digital Offshore FArms Simulator (DOFAS) in-house
code, Ouro et al. (2019), adopts the spatially-filtered Navier–
Stokes equations with the large-eddy simulation (LES)
turbulence closure, which resolves the turbulent scales larger
than the grid size. LES captures the energetic large-scale
vortices present in open-channel and tidal flows and those tur-
bulent structures introduced by tidal turbines.A second-order
finite difference scheme is used to approximate the fluxes,
solved in a rectangular Cartesian grid with staggered storage
of velocities. A fractional-step method is adopted to advance
the simulation in time using a fully-explicit scheme with
a predictor-corrector three-step Runge–Kutta method. The
Poisson pressure equation is solved with an algebraic multi-
grid method. The WALE sub-grid scale model is adopted.

DOFAS adopts an Actuator Line Method (ALM) to
resolve the turbine blades, with anisotropic interpolation
functions that provide an improved force communication
between fluid and structural meshes, Ouro and Nishino
(2021), as the spreading kernels are different in the three
spatial directions and vary with the chord length at every
Lagrangian marker. The corresponding interpolation func-
tion gL reads:

gL(x, y, z) = 1

εxεyεzπ3/2 exp

(

− (x − xL)2

ε2x
− (y − yL)2

ε2y

− (z − zL)2

ε2z

)

(7)

where εx = 0.2c and εy = εz= 0.4c, with c indicating the chord
length at the ALM point following (Martínez et al. 2018).
The use of ALM enables the use of relatively coarse grid
resolutions without the need for explicitly resolving the rotor
geometry, which alleviates the inherent computational cost
of performing LES, Stansby and Ouro (2022). In the present
simulations, a total of 53 grid points are distributed across the
turbine’s rotor diameter, and a Prandtl correction is adopted
to account for tip losses, as per the implementation by Shen
et al. (2005). Ouro et al. (2019) validated the accuracy of
this LES-ALMmethod in DOFAS in terms of hydrodynamic
coefficients and turbulent flow statistics in the wake of small-
scale tidal turbine arrays, and has been used in the application
of waves with turbulent flow structures, Ouro et al. (2024).

The numerical domain is 1,152m long, 480m wide and
42m deep, presented in Fig. 2, adopting a uniform grid
resolution in the three spatial directions equal to 0.0375
m, which provides a total number of mesh elements of
3,072× 1,280× 112 per direction respectively, i.e. a total of
440.4 million cells. Regarding the time integration, a fixed
time step is considered with a value of 0.0475 s. A total of
70,000 time steps are computed to simulatemore than 3,300s

of physical time using 200 CPUs on the local CSF cluster at
The University of Manchester (UK).

At the inlet, a 1/7th power–law vertical shear profile with
a mean velocity of 2.5 m/s at hub height is adopted with an
imposed turbulence intensity of 12% as typically found at
tidal sites, which was generated using an anisotropic Syn-
thetic Eddy Method (SEM) with length-scales of 50m, 20m
and 15m, in x-, y- and z-direction respectively. These are set
to have an averaged streamwise turbulence length similar to
the water depth and keeping an anisotropy ratio of 1:0.4:0.3
similar to those found at some tidal sites, Garcia-Novo and
Kyozuka (2017, 2019). At the outlet a Neumann bound-
ary condition was used, with a slip condition applied at the
lateral boundaries. A wall-function for hydro-dynamically
smooth bed was adopted at the bottom boundary, as the large
Reynolds number of the present simulations leads the first
grid cell from the bottom wall to be located outside of the
viscous sub-layer. At the free-surface top boundary, a shear-
free rigid lid approach is used, in which vertical velocities
and vertical gradients of horizontal velocity components are
zero.

2.4 Quantifying fatigue loads

The loading experienced by both turbines of the device varies
due to the unsteady conditions in the onset flow. Time vary-
ing loading is calculated using the previously mentioned
BEM theory and the LES-ALM. This time varying loading
is analysed to determine the number of load cycles the tur-
bine components experience over the simulated period. In
this case one quasi-steady interval is used, of approximately
300s.

The load cycles are calculated using the results for
each modelling method using Rainflow Cycle Counting, as
described in Downing and Socie (1982). This method allows
cycles with varying amplitude to be counted, rather than
cycles of a constantmagnitude. Thismethod has been applied
to determine the load cycles and therefore fatigue loads on
offshore components by Parkinson and Collier (2016) and
Weller et al. (2015). These load cycles are then used as a
basis to determine the cyclic load fluctuations and equivalent
loading the turbine will experience over a specified period
of time when operating in these conditions. This equivalent
loading is called the Damage Equivalent Load (DEL) and is
derived using linear damage hypothesis to provide a single
magnitude load repeating at a single frequency. Equation8
defines the DEL, where ni is the number of cycles at each
binned load magnitude, m is the material gradient, f is the
repetition frequency, T is the time period, Li is the load bin,
and Lm is the damage equivalent load for specific material
gradient.
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Fig. 2 Representation of the computational domain used in the LES, including the two tidal turbine devices. Cross-sections included indicate
locations where inflow data have been extracted to do the offline coupling with BEM models, showing values of instantaneous streamwise velocity
(u)

Lm =
(∑

i ni L
m
i

f T

)1/m

(8)

This method is used in the design standards (DNV-GL
2015) to calculate fatigue loading.

2.5 Onset flow conditions

The onset flow conditions to the turbine need to be defined.
In this study the turbulent flow field is created using the
LES from the DOFAS code. This enables instantaneous tur-
bulent velocity data acquisition at cross-sectional planes of
interest, at specific downstream locations within the compu-
tational domain, depicted in Fig. 2. Three onset flow datasets
from two simulation setups have been considered, namely
modelling only the upstream turbine and extracting data at
1D upstream of it and at a nominal downstream distance
of 10D, a location at which a second turbine is then mod-
elled in another simulation set-up, with planes extracted at
1D upstream, i.e. 9D downstream of the first device. This
approach is equivalent, as an inflow, to creating onset flow
fields from a statistical or synthetic turbulence model such as
the von Kármán or Kaimal models, superposed with a mean
shear flow. The duration of these datasets is 600s (10 min)
as time-window specified in IEC–62600 standards for load
assessment. Hence, in the following, time averaging oper-
ation is referred to as the mean values computed over this
sampling period of 600s, generated during the physical time
between 2,700 and 3,300s of the LES.

The site conditions for the floating device modelled here
are chosen as generic conditions. At the turbine location, the
simulations feature a mean stream-wise velocity of 2.5 m/s,
a resultant turbulence intensity across the rotor of 10% and
length-scales in the range of 15–20m.

2.5.1 Upstream device

The single device operating in the upstream experiences sim-
ilar turbulence characteristics to those pre-defined at the inlet
of the LES in the DOFAS code, as the flow develops from
the inlet until encountering the turbine. The onset planes
are then considered one diameter upstream of the modelled
devices. The spatial distribution of the time averaged stream-
wise velocity at -1Dupstreamof the device is shown inFig. 3a
in which the position of the two rotors from the device are
also shown. The time averaged velocity shows the vertical
shear, where higher velocities are found nearer to the sur-
face, and the presence of the two ALM rotors causes a small
decrease in the onset flow. The variation of stream-wise tur-
bulence intensity is shown in Fig. 3b, along with the turbine
positions within the domain.

For both turbine positions the vertical profiles of velocity
and turbulence intensity are extracted as time averaged, as
shown in Fig. 4. These profiles are examined at the hub loca-
tion of the rotors, and for the velocity profile, compared to
the pre-defined depth variation of a 1/7th power law profile.
It can be seen that the upstream plane at -1D where tur-
bines are located at 0D, allows the turbine to experience the
shear profile that is used as input. The turbulence intensity
however, does vary across the rotor area, from an input of
10% in the set up of the domain. Figure4b shows that rotor
one will experience higher intensity for the bottom half of
the rotor than rotor two, which will experience higher inten-
sity towards the top of the rotor. Although this is true at this
horizontal position in the domain, Fig. 3b shows a variation
across the domain with the rotors experiencing on average a
±2% around the pre-defined 10%. This is the case because
for a time window of 600s or similar, TI values are not fully
converged so variation is expected, the objective here is to
generate time varying onset flow planes, not necessarily fully
converged values.
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Fig. 3 Variations of onset flow characteristics across the upstream plane, with rotor locations shown by dashed lines, (a) Time averaged stream-wise
velocity, (m/s), (b) Stream-wise turbulence intensity, (%)
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Fig. 4 a Vertical variation of stream-wise velocity at the centre of each
rotor compared to a 1/7th power law profile (dashed line), b vertical
variation of turbulence intensity at the centre of each rotor. Rotor one
position (blue), rotor two position (orange) (colour figure online)

2.5.2 Multiple devices

The previous onset flow characteristics across the domain
corresponded to the upstream plane only at x = −1D. This
plane can be used as an inflow to a turbine operating on
the first row of an array, as will be shown in this work, and
can also be used as inflow with the inclusion of other wake
models, such as a Gaussian wake. In arrays, the downstream
turbines will experience the wake generated from upstream
devices which are explicitly modelled in DOFAS. The char-
acteristics of the inflow to that device will be examined in
this section, with two cases used. The first case relies upon
LES with one device only, at x = 0D. A downstream plane
is extracted, at a nominal distance of 10D downstream to
provide an unsteady velocity field that will be used as a basis
to determine the difference to the ambient conditions. The
second case considers both the upstream device and second
device, located at the nominal distance of 10D downstream,
and fromwhich the plane at 9D is extracted (i.e. 1D upstream
of the downstream turbine). This latter case provides an
insight into how the induction changes with the inclusion
of a downstream turbine within the domain.

The extraction of the onset flow plane for these two cases
allows for the comparison of onset flow characteristics and
the loading generated on the second device computed with
theALM, to be comparedwith the loading predicted from the
BEMmethods. Figure5 shows the transverse variation of the
stream-wise velocity and the turbulence intensity averaged
during the 600s duration of the onset data. In comparison to
Fig. 3a, the stream-wise velocity variation in Fig. 5a shows a
reduction in velocity which is aligned to the location of the
two upstream rotors from the tidal device. The variation of
turbulence intensity between the upstream and downstream
positions has also been affected by the wake of the upstream
device, with increases in intensity observed over the rotor
area, with rotor one more affected than rotor two, over the
600s sample time.

As with the upstream plane, the vertical variation of the
time averaged stream-wise velocity and turbulence intensity
is extracted at the hub locations of both secondary rotors,
i.e. at 10D downstream, as shown in Fig. 6. The depth pro-
file of velocity for the upstream location has a reduced value
of velocity across both rotors, caused by the wake of the
upstream device. This reduction in velocity also provides a
different trend across the rotor, with the bottom of the rota-
tion experiencing a slightly higher velocity than the top of
the rotor, which does not correspond to the 1/7th profile. As
observed with the variation across the horizontal plane, an
increase in turbulence intensity is seen across the depth at the
hub positions,with rotor one experiencing a turbulence inten-
sity of 18%, at the same depth that rotor two is experiencing
11%. Across the rotor depth, rotor two experiences a turbu-
lence intensity around the pre-defined 10% at some depths,
whereas across rotor one the vertical variation shows that
the intensity is above this. The difference in characteristics
between the two rotors corresponds to a slightly asymmetric
wake, due to the direction of rotation of each rotor, and the
fact that the wake for these devices are a combination of two
individual wakesmergingwith progression downstream over
a relatively short averaging time of 600s.

The onset flow characteristics for the second downstream
case with the plane extracted at nine diameters downstream
of an upstream device are shown in Fig. 7. The stream-wise
velocity variation is shown to have a greater deficit than
for the extracted plane at ten diameters downstream. The
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Fig. 5 Onset flow characteristics across the plane at a distance of ten diameters behind an upstream rotor, with rotor locations shown by dashed
lines, a Time averaged stream-wise velocity, (m/s), b stream-wise turbulence intensity, (%)
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Fig. 6 For a plane at ten diameters downstream of an upstream device,
a vertical variation of stream-wise velocity at the centre of each rotor,
b vertical variation of turbulence intensity at the centre of each rotor.
Rotor one (blue) and rotor two (orange) (colour figure online)

maximum deficit has been shown, Stallard et al. (2013), to
decrease as the turbine moves further away in the longitudi-
nal direction, so this can account for the difference. However,
the addition of the second ALM device with the two rotors
located only one diameter downstream will show a small
amount of induction, as seen in the upstream case. There
are also differences in the turbulence intensity between the
downstreamplanes,with awider influence of thewake across
the domain, due to the shorter distance for the nine diameter
case. There is also a slight decrease in the ambient turbulence
on either side of the wake, which may affect the loading on
devices placed in offset positions to the wake.

The vertical profiles of stream-wise velocity and turbu-
lence intensity at the horizontal rotor hub positions are given
in Fig. 8. At this downstream position both rotors experience
a very similar magnitude and variation of velocity, as the
deficit due to the wake dominates across the rotor area. As
with the other downstream plane, the shear profile defined
at the inlet visible in the upstream plane is not observed
in the wake when the two rotors are directly aligned with
the upstream device. However, examining the plane width
it is clear that if vertical profiles were extracted in offset
transverse positions across the domain, then a sheared profile

would be present. The vertical profiles of turbulence intensity
show much closer agreement between the two rotors across
the rotor depths, than observed for the plane at ten diam-
eters downstream. Across the rotor depths this intensity is
greater than the original definition at the inlet of the domain
and greater than experienced by the upstream device. Use of
these different planes allows for the variation of conditions
due to the wake of the rotors in this model to be accounted
for.

The combination of the variation in turbulence in thewake
with the velocity in the flow fields will be used as input into
both the in-house BEM and Tidal Bladed, to draw compar-
isons with the loading calculated using the LES-ALM in the
next Section. In addition, the impact of the flow fields can be
investigated for a device located at different transverse posi-
tions. Initially, the conditions the turbine will experience are
shown in Fig. 9 as disk averages.

The disk averaged conditions have been calculated for
both downstream planes, for a device located in the original
aligned location and for four other devices located at intervals
of one diameter offset positions (y = −1D,−2D,−3D,

−4D). Values of the disk averaged velocities at both
downstream locations, for the devices furthest left (y =
−3D,−4D) the values for both rotors, are within 1% and
comparable to the upstream velocity. Rotors are positioned
closer to the wake of the upstream device, experience shear,
as shown in the downstream planes, Fig. 9. From the sheared
flow, and in towards the greatest velocity deficit, causes a
gradual reduction in velocity, with the flow fields at nine
diameters downstream causing the lowest disk averaged
velocities, consistent with the observations from the time
averaged planes.

The disk averaged turbulence intensities are calculated
in the same manner as the velocities. For each calculation
the intensity is determined using the mean upstream onset
flow rather than the local mean to facilitate comparison to
the upstream intensity variation. These intensities are seen to
vary with transverse rotor location consistent with the planes
from both downstream flow fields. The nine diameter down-
stream case has consistently lower intensity values towards
the −3D and −4D locations than the ten diameter down-
stream case. The greatest variation in the intensity observed
by the rotors for the ten diameter downstream case, is found
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Fig. 7 Onset flow characteristics across the plane at a distance of nine diameters behind an upstream rotor and one diameter upstream of a second
device, with rotor locations shown by dashed lines. a Time averaged stream-wise velocity, (m/s), b stream-wise turbulence intensity, (%)
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Fig. 8 For a plane at one diameter in front of a downstream turbine,
a vertical variation of stream-wise velocity at the centre of each rotor,
b vertical variation of turbulence intensity at the centre of each rotor.
Rotor one (blue) and rotor two (orange), height of rotor shownby dashed
horizontal lines (colour figure online)

at the device position alignedwith the upstreamdevice. There
is alsomore variation between the rotors located at−4D than
expected outside of the wake. The impact of these conditions
on the loading experienced on the device in these transverse
locations, will also be investigated using the in-house BEM
in the following Sections.

3 Loading on a single device

An initial comparison is conducted using a steady case, with
a single tip-speed-ratio (TSR) chosen as previously stated in
Sect. 2 of 5.5, resulting in peak CP values representative of
a full-scale device and with a difference of only 0.5%, and a
7% difference in CT between the in-house BEM and LES-
ALM respectively to the Tidal Bladed values. The onset flow
generated by the LES is used as the inflow to the two rotor
device, to determine the loading on the blades and the rotors.
This section will compare these loads which are calculated
using industry standard software - Tidal Bladed, open-source
in-house BEM method and the LES-ALM from the DOFAS
code.

3.1 Upstream device

Initially the loading on a device is determined due to an onset
flow defined purely by the ambient onset conditions, so a
device is considered to be upstream. Using the methods out-
lined in Sect. 2 the time varying thrust loads are calculated
from the combined axial force on the two blades, shown in
Fig. 10. All thrust loads are normalised by the highest load
value across the three methods. Observing the time varying
forces, good agreement is found between the three methods,
with themean loading, defined byCT , giving a 5%difference
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Fig. 9 The transverse variation of disk averaged conditions where rotor one (blue) and rotor two (orange) for the nine diameters downstream plane
(solid line) and ten diameters downstream (dashed line) where a Stream-wise velocity, b Turbulence intensity (colour figure online)
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Fig. 10 Example of time varying thrust loading for the ALM (black),
in-house BEM (blue), Tidal Bladed (red), for each rotor, with mean
thrust loads on average 6–20% greater for the ALM method (colour
figure online)

between the ALM and the in-house BEM, and an 8% differ-
ence between the ALM and Tidal Bladed. Even though the
in-house BEM method and Tidal Bladed use the same theo-
retical basis, there is a slight difference in the magnitude and
variation of thrust loading. This could partly be attributed to
a difference in time step, with the Tidal Bladed simulations
having a larger value and therefore a quicker result.

The inflow for each method is considered to be consistent,
with the same variation in turbulence characteristics across
each rotor. However, the way in which the inflow is used
to determine the loading does vary between the BEM cases
and the ALM. These differences due to conditions can be
seen more clearly in the load spectra, as shown in Fig. 11.
Across all three methods the blade passing frequency of 2 f0
is observed by a peak from the thrust loading and first har-
monic is also present at 4 f0, where f0 is the rotor frequency.
At the initial peak the magnitude of loading experienced on
the rotor from all three methods is very similar, correspond-
ing to the small difference ofCT between the methods, as the
calculation of the CT is an average from the loading. How-
ever, the time varying normalised thrust, shown in Fig. 10,
does showfluctuations around the dominant periodic loading.
These fluctuations are observed to provide higher magnitude
load contribution to both of the BEM methods in the high
frequency range (> 10 f / f0), with Tidal Bladed having an
even higher magnitude than the in-house BEM. The load-
ing determined from the LES-ALM shows further peaks at
the higher harmonics of the blade passing frequency, with
the blades interacting within the flow field and therefore the
potential for loading at higher frequencies, which rise above
the level of noise due to the turbulence only.

In addition to determining the loading on the rotor, the
blade loading is also calculated through the use of flap-
wise root bending moment (RBM). This is calculated using

the axial loading from both the ALM and BEM methods.
Within the in-house BEM Simpson’s rule is used to integrate
the forces along the radius to determine the root bending
moments. For all three methods an example of the time vary-
ing root bending moment is shown in Fig. 12.

The magnitude of variation is consistent between all three
methods,with themeanRBMloading having a 2%difference
between the blade element methods, and a 5% difference to
the ALM loading, with the BEM producing a higher mean
compared to theALM,which is a reverse of the finding for the
thrust force. This is due to the radial distribution of force on
the blade from each method, with the differences established
by a calculation of the centroid of force across the blade,
with the BEM having a position 10% further along the blade,
therefore higher magnitude loads are experienced further
along the blade for theBEM. In comparison to the thrust load-
ing, the RBM loading shows a more noticeable difference in
the magnitude of the fluctuations between the methods used.
The in-house BEM has a similar fluctuation magnitude to the
ALM. The root bending moments calculated through Tidal
Bladed have a greater fluctuation magnitude. This is also
seen through the load spectra in Fig. 13. As with the vari-
ation of thrust, the spectra of loading for the root bending
moment has been calculated for all three methods, with the
rotor frequency used to normalise the frequencies. With the
same inflow conditions for all three methods the interaction
between the ALM and the flow field causes an increase in
the magnitude of the spikes at the higher frequencies. The
increase in the spectralmagnitude at the high frequency range
for the LES inflow to Tidal Bladed, is consistent with the load
spectra shown for the thrust loading. The peak magnitude at
the rotor frequency is also considerably higher for the Tidal
Bladed calculated loading when compared to both the ALM
and in-house BEM, with the secondary peak at the harmonic
a similar magnitude between all three methods. One reason
for the increase in the fluctuation magnitude for the Tidal
Bladed loading results from the inclusion of the dynamic
inflow in the wake model, which would account for a greater
change in the loads experienced as the turbine rotates. Over-
all the similarities in the mean flapwise bending moments is
consistent with experimental findings in McNaughton et al.
(2022), where the blockage effect of a short fence has more
impact on thrust than root bending moments.

For both loading spectra shown, the LES onset flows are
considered using Taylor’s Hypothesis of frozen turbulence
for the BEM case. This results in the reduction in spikes in
the spectra at the high frequency range. Overall, the BEM
method has produced a load spectra which represents the
load variation well compared with the LES-ALM.
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Fig. 11 Spectra of rotor thrust loading for the ALM (black), in-house
BEM (blue), Tidal Bladed (red), for each rotor, rotor one (solid lines)
and rotor two (dashed lines) (colour figure online)

50 100 150 200 250
Time (s)

0

0.5

1

N
or

m
al

is
ed

 R
B

M

(a) Rotor One

50 100 150 200 250
Time (s)

0

0.5

1

N
or

m
al

is
ed

 R
B

M

LES + ALM LES + BEM LES + TB

(b) Rotor Two

Fig. 12 Time varying normalised root bending moment for the ALM
(black), BEM (blue), Tidal Bladed (red), for each rotor. Blade one (solid
lines) and blade two (dashed lines) (colour figure online)
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Fig. 13 Spectra of root bendingmoment for the ALM (black), in-house
BEM (blue), Tidal Bladed (red), for one blade on each rotor. Blade one
(solid lines) and blade two (dashed lines) (colour figure online)
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Fig. 14 Time varying normalised thrust for the in-house BEM method
(blue) and the Tidal Bladed results (red), with turbine one shown by a
solid line and turbine two by a dashed line (colour figure online)

3.2 Downstream device

In addition to considering the loading on a single device expe-
riencing ambient onset conditions, the loading on a second
device, located in the wake region of an upstream device, is
investigated. A nominal stream-wise spacing of ten turbine
diameters is chosen as the distance between the two devices.
The loading on this downstream device is calculated using all
three methods. Initially, the downstream planes are extracted
from the original LES that includes a single device upstream.
This enables multiple downstream locations to be used as an
inflow, as considered in Ouro et al. (2022). This onset flow
plane is used as inflow to the in-houseBEMandTidalBladed,
with the thrust loading results shown in Fig. 14.

Figure14 shows the time varying thrust normalised using
the same value as the upstream turbine to facilitate compar-
ison. These two cases use the same onset flow field which is
directly inline with the upstream device and therefore experi-
ence a reduction in themean force, due to the velocity deficit.
These turbines operate at the same operating point, with a
TSR of 5.5, with the velocity deficit the UDA decreases as
shown in Fig. 9.With the reduction in onset velocity there is a
reduction in the angular velocity of the turbine to keep a con-
stant TSR, so a larger period of rotation, which can be seen
in Fig. 14 compared to Fig. 10. The thrust loading from the
ALM is also shown in Fig. 15, again normalised by the max-
imum loading of the upstream turbine. The thrust variation
from the ALM is compared to the in-house BEM calculated
using a downstream plane at 10D, and at 9D which includes
the presence of the downstream device. Based on the calcu-
lated UDA, (Fig. 9), the turbine experiences a greater deficit
at the 9D plane. As previously seen in Figs. 5 and 7, there is
a greater reduction of velocity in the wake. This means that
the angular velocity of the turbine reduces further for these
two cases, one reason for the differences is shown in Fig. 15.

The power spectra for the time varying loading using the
two different onset flow fields are compared in Fig. 16. The
overall magnitude of the load spectra for each method is
consistent with the load spectra for the upstream turbines,
with the loading determined using Tidal Bladed exhibiting
the highest magnitude in the high frequency range. For both
the in-house BEM cases the high frequency magnitudes are
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Fig. 15 Time varying normalised thrust for the in-house BEM method
(blue) for ten diameters downstream as in Fig. 14, the in-house BEM
method at nine diameters downstream (light blue) and theALM (black),
with turbine one shown by a solid line and turbine two by a dashed line
(colour figure online)
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Fig. 16 Power spectral density of the thrust loading for each down-
stream case from the in-house BEM at 10 diameters (dark blue) and 9
diameters downstream (light blue). Tidal Bladed at 10 diameters down-
stream (red) and ALM at 10 diameters downstream (black) (colour
figure online)

consistent, however, there is some variation in the magni-
tude over the low to mid frequencies. The peak magnitude
at the blade passing frequency also has a similar magnitude
between the in-house BEM cases, but a greater width of peak
for the nine diameter downstream flow field, the variation of
turbulence in the onset flow, combined with the shear can
account for this. The thrust spectra from the ALM for the
downstream device has a similar magnitude in the low fre-
quency range, however, across the mid range at the peak
frequencies (1st and 2nd harmonics) the magnitude is visi-
bly lower, showing that the rotor bladeswith theALMare not
experiencing the level of shear as theBEMmodels. Consider-
ing the two flow fields used for the BEM codes are extracted
directly from the LES, one reason for a difference in shear
is a greater induction to the blade, and therefore a further
reduction in velocity and potentially an adjustment of the
shear profile.

The mean thrust experienced on the turbine through the
different methods to calculate the loading is shown in Fig. 17.
Comparing the normalised thrust for the upstream devices,
there is 3–10% difference between the two BEM methods
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Fig. 17 Normalised mean thrust values for each method at both
upstream and downstream turbine locations. For the in-house BEM,
ALM, Tidal Bladed and in-house BEM at 9D (with induction)

and less than 6% difference between the in-house BEM and
the ALM. When the onset flow at ten diameters downstream
is used as an inflow to the BEM methods, there is a 25–
34% difference for each turbine between the mean loads.
Part of the reason for the mean difference at this position
could be that the larger time step leads to a greater influence
of the turbulence variation within the flow field. At the down-
stream position, the mean loading from Tidal Bladed is 49%
greater than the loads determined using theALMmodel, with
the in-house BEM predicting loads 10% greater. When the
downstream flow field at nine diameters is used as the inflow
to the in-house BEM the loads predicted are 26–29% lower
than the ALM.

Damage equivalent loads (DEL) have been calculated for
both the upstream and downstream cases, using the time his-
tory of thrust loading. This loading has been obtained for each
method and is shown in Fig. 18. Unlike the mean thrust val-
ues, which decrease with downstream position, the damage
equivalent loads increase. This is due to the greater num-
ber of load cycles, caused by an increase in the fluctuations
of load due to the turbulent onset conditions in the wake.
There is up to a 13% difference in the DELs between the
Tidal Bladed results and the in-house BEM for the upstream
devices. However, the in-house BEM for the upstream cases
predicts the DEL to within 1–3% for each rotor when com-
pared to the ALM DELs. For the downstream device, rotor
one experiences the greatest variation in DEL between the
in-house BEM with the ten diameter downstream flow field
being 24% greater than the DEL determined from the ALM
model. One reason for this difference could be due to the
increase in turbulence over the original value, combined with
a higher velocity value than is observed in the nine diame-
ter downstream case, which is upstream of the ALM device.
The variation between the in-house BEM and the ALM for
rotor two is only 3.8%, showing that a good agreement can
be found between the two methods. As the results have been
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Fig. 18 Normalised damage equivalent load variation for each method
at the upstream and downstream device locations. For the in-house
BEM, ALM, Tidal Bladed and in-house at 9D (with induction)

normalised using the disk averaged velocity, the DEL from
the nine diameters downstream in-house BEM shows closer
agreement to the ten diameter downstream values, than the
calculated DEL. The DEL calculated from the Tidal Bladed
results for the downstream case are significantly greater than
the ALM results. However the flow field has a pre-defined
onset flow velocity therefore resulting in a higher disk aver-
age being applied.

All the downstream loading results shown in Figs. 17 and
18 correspond to a device and its rotors being directly aligned
with an upstream device and therefore fully immersed in
the largest velocity deficit due to the wake. The next sec-
tion investigates the variation of loads for a device at various
transverse positions, using the in-house BEM with the two
downstream flow fields from the LES to represent the inflow.

3.3 Offset downstream positions

This section considers the loading on a device at various
transverse positions at each of the downstream locations;
nine and ten diameters downstream. The variation in thrust
loading on each rotor is examined to identify changes in the
loading which occur as rotors are placed at different posi-
tions relative to the wake. This causes different onset flow
characteristics as shown in Figs. 7 and 9 for disk averaged
velocity and turbulence intensity. This section will now show
the resultant thrust loads for rotors operating in those condi-
tions with a consistent TSR. Figure19 provides an example
time history of the thrust loads for both rotors, with the rotors
directly aligned to the upstream rotors at y = 0D having a
lower magnitude of thrust. This is consistent for both rotors,
however, the rotors at the transverse positions of y = −1D
and y = −2D, have differing magnitudes, this is due to their
position relative to the wake, with rotor two at y = −1D
fully within the upstream wake whereas at y = −2D the
rotor is in the shoulder of the wake, and still has a low disk
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Fig. 19 Example time series of the normalised thrust, from the in-house
BEM across the transverse rotor locations at ten diameters downstream
of the initial ALM device in the LES flow field

averaged velocity. The thrust loading on the rotors at the fur-
thest transverse positions of y = −3D and y = −4D have
the same magnitude as the original upstream device loading.
This is expected, as the onset flow characteristics show that
the devices are operating outside of the generated wake.

The thrust load variation from the rotors using the flow
field at nine diameters downstream as the inflow, is shown
in Fig. 20. Due to the decrease in disk averaged velocity, as
shown in Fig. 9, to keep the operating point consistent there
is a reduction in the angular velocity of the rotors. This is
noticeable in the variation of load when compared to Fig. 19.
This difference in the flow field, results in the same trend in
load magnitude across the transverse locations. Where rotor
two at y = 0D and y = −1D has the same reduced mag-
nitude as rotor one at y = 0D. For the rotors in the furthest
transverse locations y = −3/4D the magnitude is compara-
ble to the results from the ten diameter downstream cases.

The mean loads which correspond to the time variations
shown in Figs. 19 and 20 are presented in Fig. 21. At y = 0D
for the rotors aligned with the upstream device, the mean
loads for the ALM case and the Tidal Bladed case are also
shown in Fig. 21. These cases correspond to those shown in
Fig. 17. As the rotors move across the transverse, the mean
loads on the rotor increase, following the trend shown by the
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Fig. 20 Example of the time varying normalised thrust, from the in-
house BEM, across the transverse rotor locations at nine diameters
downstream of the initial ALM device in the LES flow field, one diam-
eter upstream of a second ALM device
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Fig. 21 Variation of normalised mean thrust with, from the in-house
BEM with transverse position, at nine diameters (dashed lines), ten
diameters (solid lines).Rotor one (black) and rotor two (blue), compared
to device at y = 0D for ALM results (×), and for Tidal Bladed (	)
(colour figure online)

disk averaged velocity. At the furthest transverse positions
there is a 2% difference in the loads between the either set of
downstream flow fields.

The transverse variation of normalised DEL are shown
in Fig. 22, calculated from both downstream flow fields. As
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Fig. 22 Variation of normalised damage equivalent loads across the
transverse, nine diameters (dashed lines), ten diameters (solid lines).
Rotor one (black) and rotor two (blue) (colour figure online)

with the mean loads there is a noticeable variation in the
DELs at y = 0D, aligned with the upstream device, these
loads have a mean normalised by the disk averaged velocity.
By normalising the loads using the velocities the influence of
the turbulence can be seen, with a 21% difference in the nor-
malised DEL for rotor one when the device is at y = −4D.
In the shoulder of the wake the normalised DELs show a
consistency, a linear trend, between each method and the
rotor, consistent with the trend of the disk averaged turbu-
lence intensity, shows a dominant transverse shear profile.
The next section will discuss the loading results depending
on the method chosen to model the device as well as the
conditions experienced in the wake.

3.4 Turbine operation

The loading results presented to this point are based upon
fixed pitch and fixed speed turbine operation. This section
explores the use of a simple pitch controller, as detailed in
Sect. 2, implemented within the in-house BEM code only,
to assess the impact on the statistics of the varying load. A
full dynamic controller could be implemented and this would
involve a variation in angular speed as well as pitch, as well
as independent blade control, similar to the control methods
used for wind turbines, Bianchi et al. (2006). However, here a
simplified approach is taken in which the pitch of each blade
can only vary by up to 1 degree to reduce peak loads, with
rate of change of pitch defined by a function determined to be
consistent with the output from a dynamic controller. When
applied to the rotor subject to the downstream flow, this con-
troller causes a 9% reduction in the mean and 50% reduction
in the variance of the loads and hence 16% decrease in the
DEL. The same controller has been applied to multiple trans-
verse device locations and the impact on the mean and DELs
are shown in Figs. 23 and 24. These Figures can be compared
to Figs. 21 and 22 for the variation of loads obtained without
control applied. It can be seen from Fig. 23 that when located
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Fig. 23 Transverse variation of normalised mean thrust on the two
rotors of the device with no control applied, rotor one (black) and rotor
two (blue) for (a) the nine diameter downstream flow fields given by
dashed lines and (b) ten diameters downstream given by the solid lines.
With control applied to rotor one (red) and rotor two (green) (colour
figure online)
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Fig. 24 Transverse variation of normalised mean thrust on the two
rotors of the device with no control applied, rotor one (black) and rotor
two (blue) for (a) the nine diameter downstream flow fields given by
dashed lines and (b) ten diameters downstream given by the solid lines.
With control applied to rotor one (red) and rotor two (green) (colour
figure online)

centrally within the flow generated by the upstream turbine,
there is either no impact on the mean load or a reduction of
mean load. This reduction gradually increases when rotors
are positioned further away from the wake, reaching and sta-
bilising at a 9% reduction for rotors with centres at y = −2D
and y = −3D.

A similar trend to the mean load variation is observed
for the variance of the unsteady rotor loads, with the rotors
aligned to the wake having no change (largely as the con-
troller does not take effect). At locations further from the
wake centre-line the load variance can reduce by 50%, and
this is consistent for the two downstreamonset planes consid-
ered. These reductions of the mean and variance due to pitch
control, result in a reduction in theDELs. The transverse vari-
ation of DELs are given in Fig. 24 for both downstream flow
fields. The largest reduction in DELs is observed on the rotor
positions furthest from the wake centre-line, in regions of
high transverse shear, where the influence of the controller is
greatest. Increasing the pitch angle variation within the con-
troller from 1 degree to 1.5 degrees further reduces the mean
and variance of the thrust loading and subsequently the DEL,
by up to 18% relative to the fixed pitch case.

Further mitigation of load variation may be possible to
achieve with a dynamic controller, which is implemented by
most tidal turbine developers. This work is just highlighting
the impact a simple controller canmake on a device operating
in a wake.

4 Discussion

Three numerical models for predicting the unsteady loading
of tidal turbines have been compared using identical unsteady
velocity fields as inflow to the rotors. Each unsteady onset
velocity field is generated using the LES code DOFAS for a
locationwithin a turbulent open-channel flowof one diameter
upstream of the device, and subsequently for locations in the
wake downstream of this turbine. The turbine is represented,
and blade- and rotor-loads are obtained, using an actuator
line method (ALM) within DOFAS and with two implemen-
tations of a blade element method. For the latter methods, an
offline coupling with the LES inflow data is done to account
for realistic flow field. With two of the methods using the
blade element method, there are differences in the loads cal-
culated, with 10% variation between the two methods when
considering the mean thrust loads and 5% between the mean
root bending moments. When comparing these values to the
mean loads on the upstream device from the ALM, there is
a 3–6% difference for the thrust and 11–16% for the root
bending moment.
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4.1 Ambient turbulence

The turbulent open-channel onset flow is resolved using the
DOFAS LES solver applied to a fixed depth channel with
flat bed assuming smooth bed friction. At the inflow, a mean
velocity profile is superimposed with fluctuating velocities
defined by the Synthetic EddyMethod, Jarrin et al. (2006), to
represent coherent eddies. Synthetic methods such as this are
designed to enable reproduction of the turbulence character-
istics developed in open-channel flows, avoiding the need for
performing precursor periodic channel simulations that can
be computationally expensive, Ahmed et al. (2017, 2021).
Alternative formulations of synthetic inflow conditions are
available, Skillen et al. (2016), Poletto et al. (2013), which
differ in the extent to which a target set of turbulence charac-
teristics can be represented, either directly or, more typically
as inflow to vortex-methods (e.g. Bex et al. 2023) or to large-
eddy simulations (Ahmed et al. 2017; Ouro and Stoesser
2018).

Downstream of the inflow plane, the free-stream energetic
eddies propagatewhilst also losing coherence into finer-scale
turbulent scales and interacting with turbulence generated
from the near-bed boundary layer. After travelling over rela-
tively long distances, usually about 40 times the water depth
(Nezu andNakagawa 1994), the turbulent flowbecomes fully
developed, defined by the channel friction Reynolds number
only. Model parameters, e.g. mesh resolution and distance
from inflow plane, are selected such that the flow parameters
are in an appropriate range at selected locations within the
domain.

Here, the target flow characteristics are a 1/7th power–law
velocity profile, turbulence intensity in the range 15–10%
and stream-wise turbulence length-scale in the range of
1D–2.5D. These ranges of turbulence intensity are repre-
sentative of measurements obtained from current-profiler
data for several sites, including flow-speeds greater than
1.5 m/s at Raz Blanchard (Mercier et al. 2021) and 2.0
m/s at EMEC, stream-wise length-scales are also within the
ranges reported for the EMEC site, Sellar et al. (2018). Mea-
surements of both turbulence intensity and length-scale are
typically considerably higher at real deployment sites than
for fully developed open-channel flows, likely due to com-
plexmechanisms of turbulence formation at tidal stream sites
including bathymetry and from eddy anisotropy developed
in differing depths (Mercier et al. 2021; Ouro and Stoesser
2018). In the present simulations, the target flow characteris-
tics develop by 20D from the channel inflow, and the turbine
is located at the plane 22D. The development distance, and
the downstream distance over which these parameters are
sustained, would differ with alternative inflow formulations
and with differing mesh resolution. Analysis of the channel
flow only (i.e. without the turbine modelled) indicates that
turbulence intensity over the swept area of the rotor is in the

range 10–12% after a channel length of around 20 times the
depth, through to approximately 50 times the depth.

4.2 Wake recovery

Turbine load prediction is investigated due to the simulated
ambient channel flow and due to the more complex combina-
tion of turbulent flow conditions that occur in a downstream
wake. Experimental, numerical and theoretical analyses of
wind- and tidal-turbine wakes have shown that the ambi-
ent turbulence directly influences the wake recovery rate
(Ainslie 1988; Mycek et al. 2014; Parkinson et al. 2013). As
such whilst our focus here is on comparing load prediction
methods obtained at a specified downstream distance, the
distance at which an equivalent combination of conditions
would occur is sensitive to the surrounding flow conditions.
The magnitude of velocity and turbulence across these onset
planes is not considered to represent these locations and each
plane simply provides a time-varying velocity field with spa-
tial variation of velocity and shear such as may occur at a
nominal location in a wake.

The approach taken in DOFAS adopts an SEM inflow
and turbine represented with Actuator Line Method (ALM)
(Ouro et al. 2019). The same numerical framework has pre-
viously been employed to obtain predictions of the wake
generated by a row of three small-scale turbines, and two-
row arrays of up to seven turbines, with good agreement
with experimental measurements at 4D and 8D downstream
for both the wake velocity profile and turbulence magni-
tude. The conditions studied in the present model have not
been evaluated relative to any experimental wake data and
so the downstream locations are considered to represent the
features of a nominal wake only. Similar accuracy of the
mean velocity profile relative to the same experiment has also
been shown with RANS models (Olczak et al. 2016; Abol-
ghasemi et al. 2016; Shives and Crawford 2017). However,
whilst such approaches offer a lower computational cost than
LES, RANS models cannot fully describe the time-varying
velocity associated with the larger scale turbulent structures
which are known to occur in tidal flows and which contribute
directly to unsteady loading. These models have been widely
used for wake simulation, predictions of time averaged flow
but would need to be supplemented by, or used as input to,
synthetic turbulence models such as Jarrin et al. (2006) to
generate time-varying unsteady onset flow-fields for inflow
to fatigue load prediction models.

In these simulations, the mean turbulence of the ambient
flow, and therefore the flow surrounding the wake, reduces
from 10% at 0D to around 8% by 10D downstream, with fur-
ther downstream locations shown in Ouro et al. (2022). As
such, whilst not quantified in this study, the rate of mixing
between a wake and this ambient flow may be expected to
reducewith distance downstream. To an extent, higher values
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of turbulence may be generated with different inflow spec-
ification but turbulence would only be sustained over long
distances (e.g. >> 10D) with a source of turbulence, for
instance, from a rough bed. There have been some exper-
iments to characterise tidal turbine wakes in flows with
differing bed roughness (Parkinson et al. 2013) but this
technique has to-date been more widely used for sustain-
ing boundary layer atmospheric flows (e.g. Takimoto et al.
2013).

The downstream device has been shown to experience a
variation in the calculated loads between the different meth-
ods, with up to a 10–18% mean thrust variation for the
in-house BEM at 10 diameters downstream. When the nine
diameter flow fields are used, which includes the induction
from the device being modelled within the LES, there is a
26–29% variation in the mean thrust loading to the ALM
loads. A better prediction is found using the computational
set up with just an upstream device to generate the wake. The
upstream damage equivalent loads can be predicted to within
3–5% from the in-house BEM compared to the ALM, with
a greater variation at the downstream case with rotor two
within 5% of the DELs calculated from the ALM, but rotor
one is 32% greater. This difference is attributed to the down-
stream flow field variation between the rotors, with rotor one
seeing a greater turbulence intensity across the rotor. Further
studies could look at multiple runs to achieve an equivalent
onset flow but with a different turbulence ‘seeding’.

When the downstream transverse variation of device
placement is considered, the rotors are shown to experience
varyingmean and fatigue loads. This is demonstrated to show
the use of the in-houseBEM in determining loadingwithin an
array of turbines. The loading clearly varies with the change
in onset flow conditions, when moving between in-wake to
out-of-wake placement, with mean thrust loading decreas-
ing with the reduction in disk averaged velocity and damage
equivalent loads increasing potentially due to the increase in
turbulence intensity which leads to greater load fluctuations
contributing to the number of load cycles. This leads to a
variation of up to 67% across the transverse locations for the
mean thrust and up to 54% difference for the damage equiv-
alent loads. When modelling to determine device positions
in an array the variation in fatigue loads should be taken into
account as well as any methods which can be used to mit-
igate. However, it is worth noting that the velocity deficit
for the wake from a floating tidal device has not previously
been modelled and validated based on site conditions, this
study is using an LES code which has previously been vali-
dated against another set of experiments. Further work will
look into the impact of turbulence onwakes and the influence
of site features such as bathymetry on the development and
dissipation of the wakes from these devices.

5 Conclusions

This work presents a combination of multiple computational
methods to predict the loading on a tidal turbine undergoing
full scale turbulent flow conditions. Results show that the
loads predicted using an Actuator Line model within a high
fidelity large-eddy simulation can be calculated to within 5%
accuracy using an unsteady blade element momentum theory
code, when the onset LES flow fields are used in both cases.
The similarities between the loading from theALMand from
the in-house BEM for the upstream device gives confidence
that the efficient BEM can be used as an alternative to a full
LES simulation with embedded model for each turbine to
provide loads. The time saving aspect of the comparison is
realised when looking at the loading of a device subject to the
more complex flow regime within a wake. The ALM within
the LES resolves the interaction between the device and the
flowfield, forming awake region inwhich helical tip vortices
can initially be observed and which recovers through mixing
with the ambient flow. Whilst the typical features associated
with a wake are observed, the locations within the wake at
which loads are analysed are chosen to show the compli-
cated mix of flow phenomena that occur only. These are not
representative of conditions at specific distances within real
turbine wakes since the ambient turbulence conditions gen-
erated by SEM inflow and the flat bed over the extent of the
wake differ from ambient flows at tidal sites. Differences in
wake recovery would be expected with more representative
turbulence in the ambient flow along the extent of the wake.
This analysis shows that the loading of turbines within the
complex unsteady flows that occur in wakes can be achieved
to high accuracy without explicitly modelling all devices
with the LES-ALM approach, thus reducing compute time
required to assess loading for alternative array layouts. This
approach also facilitates investigation of alternative operat-
ing strategies, without explicitly modelling the device within
the LES-ALM approach. Implementation of a simple pitch
control algorithm in the in-house BEM code, accounting for
variationwith onset flow speed, is shown to reduce the fatigue
loads experienced on the rotors. There is an optimum varia-
tion of pitch angle which reduces the DEL through the mean
and variance of the loads. This can be further investigated
to determine whether consistent loading can be experienced
across an array of turbines if different levels of pitch control
are used.
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