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a b s t r a c t

A blade element model is developed to include unsteady lift and drag coefficients and
it is shown that this provides improved prediction of the spectrum of root bending
moment of a tidal turbine blade for two definitions of onset turbulence. Computational
Fluid Dynamics (CFD) is used to model the lift and drag forces on a 2D aerofoil using
the relative onset flow from the different turbulence generation methods. Inclusion of
the magnitude of high frequency fluctuations within the blade load spectra, results in
an increased number of load cycles and improves prediction of Damage Equivalent Load
(DEL). Discrepancy between prediction and existing experimental data is improved from
15% to within 2%. The signal-to-noise ratio (SNR) of relative velocity has been used
to characterise the onset flow, and a relationship is established between onset flow
conditions and the resultant fatigue loads (DEL). This has been applied to a number of
onset conditions, typical of channel shear flows and upstream turbine wakes. For a given
SNR, there is a 3.3 factor of variation in the DEL across the range of tip-speed-ratio (TSR)
shown and over a single TSR value there is a 6.5 factor of variation across the DEL, over
the largest range of SNR.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Tidal turbines have proven they can be used for energy generation through full scale testing (Parkinson and Collier,
016; McNaughton et al., 2015) and small array deployments (IMechE, 2020). The success of these deployments depends
pon the availability of the devices, as a measure of the potential power which can be generated. For wind turbines this
easure has a range of uses, it can be used to determine energy estimates, evaluate performance and predict revenue

DNV GL, 2017). Therefore, it is important to investigate any factors which can influence this measure. A key factor which
ontributes to the availability is the reliability of the device. A turbine’s reliability is dependent upon the design life of the
ndividual components. These components undergo differing conditions based on their location at the site. Extensive work
as been conducted by The University of Exeter (Weller et al., 2017; Thies et al., 2015) examining the methods that can
e used to calculate the reliability for mooring lines and power cables. The focus of this work is on the reliability of the
lades, this is a component of the turbine which experienced the most failures in deployment (Walker and Thies, 2021).
hese failures were either due to defects from the manufacturing process, or the blades experiencing higher loading than
xpected. The loads that the blades experience can be predicted using a Blade Element Momentum (BEM) theory (Togneri
t al., 2020; Parkinson and Collier, 2016) or more detailed Computational Fluid Dynamics (CFD) models (Afgan et al., 2013;
hmed et al., 2017). The drawback of CFD models is the computational cost, with fully blade resolved models requiring
upercomputer access to run for one design case. Steady loading cases are quick to calculate using BEM methods, with
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Fig. 1. Experimental blade loading spectra, with sections defined for different frequency ranges of interest.

more detailed simulations possible with the combination of BEM with CFD, combining a Reynolds Averaged Navier–Stokes
(RANS) simulation with BEM (Olczak et al., 2016). Unsteady blade loading without a fully resolved model is possible using
Actuator Line (AL) models (Ouro et al., 2017; Apsley and Stansby, 2020). When assessing multiple operational conditions
for unsteady loading a combination of Blade Element theory (BE) with synthetic turbulence inflow is shown to provide
close prediction of loads against experimental data (Mullings and Stallard, 2018).

Accurate prediction of onset flow and resultant turbine loading is required for the assessment of component fatigue
life. The variation of onset flow characteristics, caused by different environmental factors, can include a range of flow
speeds and profiles as well as a change in turbulence parameters, such as intensity and length-scale. Each individual
turbine will be affected by the onset flow, however if there is a large array then each turbine will also have the effects of
blockage and wakes between the turbines. By understanding the different loading patterns, more accurate design life can
be estimated along with overall performance, which leads to the motivation behind this work. The aim of this paper is
to assess the additional influence of blade scale flow through the impact of the unsteady onset flow on the lift and drag
forces, onto the predicted blade loads.

2. Motivation

The unsteady loads that a tidal turbine experiences during operation will affect the overall time that the turbine will
generate power as designed. Current full scale developments are planning for a blade lifetime of 6 years (Atlantis, 2018),
with a triple redundancy built in. Due to the location and nature of the turbine, it experiences time-varying cyclic loading.
The main variability in the loads is caused around the rotational frequency of the rotor by hostile environmental conditions
such as velocity shear, waves and turbulence. To study the influence of these conditions on the design life of turbine
components, a single turbine is considered. There are different load modelling approaches available, which range from
CFD, which involves either fully blade resolved geometry (Ahmed et al., 2017) or actuator lines (Apsley et al., 2018; Ouro
et al., 2017). The disadvantage of these methods is the computational time and resources required to simulate only one
operational point, which can require days of simulation time. A simpler method is to employ a BEM method which has
a low computational cost and is employed within industry software, such as Tidal Bladed. Traditionally, BEM is used to
determine the loading using steady inflow conditions, however, work has been conducted by Togneri et al. (2011) to
develop a BEMT model which accounts for the variation in turbulence due to characteristics found at specific full scale
sites. Work conducted as part of the ReDAPT project (Reliable Data Acquisition Platform for Tidal) (Ahmed et al., 2017)
found that fluctuations in load on a single blade have multiple sources; tower shadow, velocity shear, ambient turbulence
and blade-generated turbulence.

Fig. 1 is included to highlight the frequency ranges which these sources affect. Section A contains low frequency
fluctuations which are due to turbulence and hence follow the energy decay specified by Kolmogorov (f −5/3) (Kolmogorov
t al., 1991). Section B is the mid frequency range which also follows the energy decay from turbulent eddies, but also
ncludes peaks at frequencies corresponding to the rotor harmonics and blade passing frequency. Section C corresponds to
he high frequency fluctuations and experimental noise is a large contributor to the magnitude of the fluctuations within
his frequency range. It was also established in Ahmed et al. (2017) that there is an increase in gradient due to blade scale
luctuations which is detected using a fully blade resolved CFD model.

The effect on fatigue loading on a turbine blade due to a range of environmental conditions is investigated, with an
mphasis on how the onset flow conditions are characterised to induce the blade scale fluctuations of loads that dominate
n the high frequency range.
2
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. Method

The loading response using a modified BEMT model is explored using alternative synthetic turbulence models for the
nflow. The power density spectra of the loading for the different flow fields is compared, highlighting the decrease in
pectral magnitude over the mid to high frequency range (> 10f0). This decrease in spectral variation is caused by the
oherency of the turbulent structures, especially when using the Synthetic Eddy Method (SEM). One method for mitigating
his is used in Togneri et al. (2020), where length scales are distributed with standard deviations between 25% to 75%. This
ethod results in an increase in the spectral variation over the mid frequency range, however, this has not been shown
ver the whole frequency range with confidence. This study focuses on prediction of the full spectra of blade loading,
ith validation relative experimental results, by utilising an efficient blade element method. The purpose is to establish

atigue load by varying the turbine operating point, as well as characterising the influence of deterministic loading factors
n the fatigue.

.1. Onset flow modelling

The work in this study utilises two different turbulence models. The first is the von Kármán method, this uses a
andom statistical approach to model combined stochastic velocity spectra. The second method is the SEM, originally
reated by Jarrin et al. (2006) for use as inflow to LES simulations. This method uses a stochastic algorithm to generate
nstantaneous velocity fluctuations. Both methods rely on knowledge of specific turbulence parameters, such as turbulence
ntensity (TI) and lengthscale (ℓx), as described by Eqs. (1)–(2).

TI =
u′

U
(1)

Where u′ is the variance of the velocity fluctuations and U is the mean onset velocity.

ℓx = U0

∫
∞

0
RN (t)dt (2)

Where ℓx is the streamwise lengthscale, U0 is the onset flow velocity and RN is the auto-correlation function with respect
to time.

For this case the parameters used correspond to the conditions at an experimental test facility as these results will
be used for comparison. The experimental results were obtained as part of the X-MED project, which created a 1.2 m
bed-mounted turbine, as described in Payne et al. (2018). The testing facility used was IFREMER in Bolougne-Sur-Mer,
and the tank specification is given in detail in Gaurier et al. (2013). The turbulence characteristics considered here are as
described for the low turbulence case in Payne et al. (2017) with 3% turbulence intensity and longitudinal length scale of
0.6 m. More recent analysis of the turbulence characteristics of flow in the IFREMER flume are given in Slama et al. (2021).
These two methods create frozen turbulence fields which are used to define the inflow to the turbine. The turbulence
characteristics are calculated with both cases having a matching intensity of 3% and calculated lengthscales within 10%
for the von Kármán method and 19% for the SEM. These turbulent inflows form the basis for the loading calculations.
In reality, turbines will experience a range of operational conditions which will influence the magnitude of the loading.
The influence of these conditions is investigated here through an examination of the magnitude of periodic components
and the background noise. The periodic variations are considered deterministic as they are caused by the rotation of the
turbine through steady conditions such as shear. The background noise within the onset flow is caused by the stochastic
occurrence of turbulence. As the turbulence is generated using two differing methods, the noise produced within the load
spectra differs. In order to investigate the noise, the spectra of the onset relative velocity at a blade segment is examined.
The relationship between the deterministic and stochastic components within the onset flow conditions has been defined
through a signal-to-noise ratio (SNR). Widely used in acoustics, the SNR defines how strong the signal is compared to the
background noise.

The magnitude of the signal and noise is calculated using the relative onset flow to the blade at radius r = 0.7R. The
spectra of both the onset flow at this blade position and the relative onset flow, with no added periodic components, is
shown in Fig. 2. On examination, the onset flow at the blade from each generation method results in a different spectra,
with the SEM case showing higher magnitude at the low frequency and much lower magnitude in the high frequency.
For the spectra of relative velocity experienced at 0.7R, the von Kármán onset turbulence reproduces a similar spectral
shape, showing a -5/3 decay of energy. For the SEM case the relative velocity spectra results in a spiked spectra with
peaks corresponding to the rotational frequency and its harmonics. This is an artefact of the isotropic SEM generation and
has been shown to be removed in cases with varying eddy shapes (Togneri et al., 2020). With respect to the synthetic
eddy method further work has shown that there is a linear relationship between the defined characteristic length in SEM
and the turbulent length scales (Choma Bex et al., 2020), allowing for scaling of the length scales, this scaling is not used
in this work, as the purpose to create turbulent onset flow with two generation methods based on the same parameters.

In order to determine the SNR for each generation method the relative onset flow is filtered to separate the different
components, according to Eq. (3).

¯
′

˜
u = u + u + u (3)

3
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Fig. 2. Power spectra of (a) stream-wise onset flow (UX ) and (b) relative onset flow (UREL) at a 0.7R blade position, extracted through the von
ármán flow field (black) and the SEM flow field (blue) at a TSR of 5.89. (For interpretation of the references to colour in this figure legend, the
eader is referred to the web version of this article.)

Where ū is the mean relative onset velocity, u′ is the fluctuating, turbulent component and ũ is the periodic component.
The power of the signal is calculated using the power in the filtered periodic component, and the magnitude of the tur-

bulent component is calculated using the variance of the filtered out turbulence, with the ratio determined using Eq. (4).

SNR =
Psignal
σ 2(u′)

(4)

Where Psignal is the power in the signal from the onset relative velocity and σ 2(u′) is the variance of the turbulent
omponent. The same method of filtering is applied to both turbulence generation methods, using a low-pass sixth order
utterworth filter with a cut-off frequency of 10f0, the peak magnitude of the resultant signal is considered over the
irst two harmonics, shown in the grey band in Fig. 3 and the turbulent component is considered as the filtered out
omponent. The magnitude of Psignal is then determined using the remaining filtered PSD of URel applying the bandpower
unction through MATLAB to determine the power in the remaining spectra over the specified frequencies (+/- 5% f0,1).
haracterising the onset flow by the SNR of relative velocity provides a way of comparing turbine loading in a wide range
f onset conditions, which may differ in terms of vertical or transverse shear and turbulence parameters. For this work
he range of SNR values have been determined based upon predefined vertical and transverse shear for one turbulence
eneration method, as well as the variation of SNR with the operating point of the turbine.
The operating point is varied through the rotational speed of the turbine, with the relative velocity extracted at different

ositions with each time step within the turbulent domain. For a given onset flow, higher values of turbine speed,
ence higher tip-speed ratio, increase the signal observed by the turbine, compared to a turbine rotating at a slower
peed. Transverse and vertical shear will have the largest impact on the power of the periodic component of the signal
ompared to the noise magnitude. This is because the onset flow to the blade is directly affected at the rotational speed
f the turbine, whereas the noise component affects every position of the blade’s rotation. The calculated ratios for each
perational condition are compared between the turbulence generation methods. By using the same filtering technique
or both methods, and an examination of previous results (Mullings and Stallard, 2019), it is expected that there will be a
eduction in the power of the noise component for the SEM generation case, due to the lack of magnitude in the mid/high
requency range, which shows more coherency in the flow field.

Within the SNR value the dominant component of interest for these cases is the signal, as the background turbulence
oise is generated using the same turbulence characteristics for each case. With the signal component defined by the shear,
ultiple cases of vertical and transverse shear have been evaluated. Vertical shear profiles are calculated using a range of
ower law profiles, which have been observed at tidal sites and the applied transverse profiles account for varying velocity
eficit due to upstream turbine wakes. These vertical onset profiles are applied to the domain of generated turbulence as
constant across the transverse direction. The transverse shear profiles are described by velocity deficits, which are kept
onstant across the vertical domain. The velocity deficit from a wake is calculated using Eqs. (5)–(7). This set of Equations
efines the self-similar wake profile which is outlined in Stallard et al. (2013). The rate of recovery of the velocity deficit
s given in Eq. (5).

∆Umax

U0
= 0.864(X/D)−1/2

− 0.126 (5)

Where the maximum velocity deficit at the centre-line of the wake is defined by ∆Umax, X is the downstream distance,
is the turbine diameter and U is the mean onset flow. The wake half width (y ) is defined as the distance to the
0 1/2
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Fig. 3. Examples of different onset flow cases at one moment in time, low to high velocity as blue to red, respectively, shown by the colour scale.
With the corresponding relative velocity spectra, which give SNR values from high (a) to low (d), corresponding to half a diameter offset wake
at 2 diameters downstream, a vertical shear with a power law index of 1/5th , a fully inline wake and for no vertical shear or wake deficit. (For
nterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

entre-line of the wake, from a position where the deficit is half the maximum deficit, defined using Eq. (6).

y1/2 = 0.412(X/D)1/2 + 0.5 (6)

he transverse velocity deficit is defined by ∆U using Eq. (7).

∆U
∆Umax

= exp

(
−ln(2)

y2

y21/2

)
(7)

For differing downstream distance to a second turbine the velocity deficit changes, with the largest deficit occurring
ith a 2 diameter spacing (2D). Fig. 3 shows the variation in onset flow onto the turbine and the respective spectra for
elative velocity at 0.7R, with the von Kármán turbulence only spectra, given by Fig. 3(d), consistent with the earlier
pectra shown in Fig. 2(b). The onset flow cases shown in Fig. 3 represent the maximum wake deficit (2D) and the
aximum index for the vertical power law profile and combinations. The grey banding shown across all the relative
elocity spectra, highlights the regions in which the power of the signal is investigated. With these spectra corresponding
o the von Kármán turbulence field, the signal peaks due to the onset conditions are clearly shown. The SNR values for
hese are given, with the lowest corresponding to the turbulence only case and the highest, for the offset 2D wake, where
he turbine experiences the greatest variation in onset flow.

.2. Establishing the load spectra

After determining the inflow to the turbine using a turbulent domain, and any additional onset flow conditions, the
oading can be established. The method employed here extracts the onset flow at N positions along a blade length, which
otate 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 position along the blade, as shown by Eqs. (8)–(9).

δUrel(t) =

√
U2
X + (Ωr − UΘ )2 (8)

δφ(t) = sin−1 UX (t)
Urel(t)

(9)

Where Urel is the relative velocity to the blade which incorporates the longitudinal velocity, defined by UX = U0(1− a)
with a being the mean axial induction factor and the components in the tangential direction, UΘ with the angular velocity
ω and each radius r . The lift and drag force on each blade segment vary according to Eqs. (10)–(11).

δL(t) =
1
2
Bρc(Urel)2CLδr (10)

δD(t) =
1
Bρc(Urel)2CDδr (11)
2
5



H. Mullings and T. Stallard Journal of Fluids and Structures 114 (2022) 103698

T
t
w
i

W
C
t

Fig. 4. Example of the spectra of lift coefficient at a specific angle of attack (blue) with fluctuating component of the onset relative velocity (orange).
his spectra is divided into low, mid and high frequency ranges, with the key areas of influence for the magnitude of the unsteady lift and drag. In
he mid range only a mean lift and drag are considered. In the high frequency range the magnitude of the fluctuating part is used in conjunction
ith the mean velocity and aggregated onto the original load spectra. (For interpretation of the references to colour in this figure legend, the reader

s referred to the web version of this article.)

here c is the chord length, δr is the radial width of the blade segment, B is the number of blades, ρ is the fluid density,
L and CD correspond to the lift and drag coefficients respectively. Using the calculated lift and drag forces for each blade
he axial (Fa) and tangential (Ft ) forces along each blade are calculated using Eqs. (12)–(13).

δFa(t) = δL(t)cos(φ(t)) + δD(t)sin(φ(t)) (12)

δFt (t) = δL(t)sin(φ(t)) − δD(t)cos(φ(t)) (13)

The main interest here is the axial force (Fa) on each segment of the blade as this 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 for the blades and rotor.

3.3. Extension of the load spectra

The method used to determine the loading experienced by each blade is outlined in the previous Section. However,
this method assumes all loads on the blade section are quasi-steady and therefore neglects loads at higher frequencies. A
2D CFD model is employed to determine load fluctuations caused by unsteady flow around the blade and blade generated
turbulence. To illustrate this an example of the lift coefficient spectrum, and the corresponding relative velocity spectrum
is shown in Fig. 4.

The spectra has been divided into three adjacent frequency bands, to highlight the dominant fluctuating components.
For the low and high frequency range the fluctuating component of velocity follows the energy decay trend of −5/3, which
is expected. In the mid-frequency range (highlighted by the blue line), the magnitude of the lift and velocity are very
similar, only in the high frequency range (highlighted by the red line) is there any variation between the two magnitudes.
This variation shows that there is an increase in the magnitude due to the lift coefficient, hence the force coefficients
are considered to dominate in this range and can be combined with the mean velocity to determine additional loading.
Unsteady lift and drag coefficients are calculated, and incorporated in the blade load model as follows:

1. Using the onset flow velocity, calculate the mean angles of attack across the blade, at each radial position (αi).
2. Generate spectra of lift and drag coefficients using the time-varying onset relative velocity obtained for different

radial positions, using the mean angles of attack.
3. Determine the separation frequency (fS) at which the CL/CD fluctuations dominate the unsteadiness, using the

gradients in the high frequency section for the onset flow and lift coefficient, as shown in Fig. 4 for the lift coefficient.
4. Calculate the energy in the spectra above the calculated separation frequency, across a range of frequency bins for

each angle of attack.
5. Calculate the magnitude of the lift and drag coefficients (CL(f ) and CD(f )) for each angle of attack (αi) at each

frequency bin.
6



H. Mullings and T. Stallard Journal of Fluids and Structures 114 (2022) 103698

t
d
b

W
t

T
f

3

c
a
v
c

W
o
b
T
(
p
l
d

4

4

t
m
o
r
w
t
t
n

u
e
b
F
u
o
r
t
i

s
h
v

The magnitude of the lift and drag fluctuations are incorporated into the BEM theory, by modification of Eqs. (10)–(13)
o determine the axial force per segment of the blade at each binned frequency, defined by ‘j’. This is used in the frequency
omain through a Discrete Fourier Transform (DFT) in order to determine the magnitude of the resultant spectra, given
y Eq. (14).

Fn =

N−1∑
j=0

dLi(fj)e−2π inj/N (14)

here dLi(fj) is the lift force varying with frequency bin, the fluctuating lift coefficient is applied to calculation of lift force
hrough Eq. (15), which is applied in the same way for the drag coefficient.

dLi(fj) =
1
2
ρci⟨Urel,i⟩

2
| CL(fj)i | dri (15)

hese force spectra, comprising both a component that is dependent on a mean lift coefficient for frequencies less than
s and an unsteady lift coefficient for higher frequencies, combine to give Eq. (16).

dFai(fj) = dLcos(⟨φi⟩) + dDsin(⟨φi⟩) (16)

.4. Quantifying the design life

The design life can be quantified using Damage Equivalent Loads (DEL). These loads are defined as the fatigue damage
aused by a single load value repeating at a single frequency, as shown in Eq. (17). This method has been used by Freebury
nd Musial (2000) for wind turbine calculations where the specific materials are not known. These loads do not specify the
alue of load that a component can withstand during its lifetime, but rather quantifies the load it experiences undergoing
ertain unsteady conditions.

Lm =

(
ΣiniLmi

fT

) 1
m

(17)

here Li is the load at bin i, m is a material property given by the slope of the S–N curve for the material, T is the length
f time for the turbine operation, f is the repetition frequency and ni is the number of cycles at a given load, determined
y a cycle counting method. A common method for counting cycles of a varying magnitude is Rainflow cycle counting.
his method was originally defined by Endo et al. (1974) and has been used to calculate loading on offshore components
McCann et al., 2007; Weller et al., 2015; Parkinson and Collier, 2016). When blade loading is considered, the material
roperty is defined by a semi-flexible composite, in this study a material gradient of m = 10 is used. To determine the
ifetime of the component, more specific material knowledge would need to be used in addition to the calculation of the
amage fraction based upon the number of load cycles. This is not considered further in the present study.

. Unsteady 2D lift and drag

.1. Model set up

Conventional BEMT methods utilise tables of lift and drag coefficients for specific aerofoils at Reynolds numbers around
he steady-state condition. These lift and drag forces do not vary with the change in unsteady onset flow conditions. One
ethod for utilising the change in lift and drag forces over time is to analyse the power spectra produced, from varying
nset conditions. The time varying onset flow to the blade is determined relative to the blade using one position along the
adius (0.7R). A 2D CFD model is created using the commercial software ANSYS-FLUENT, for the aerofoil blade segment,
hich corresponds to a NACA 63-818 profile. This profile is used as it represents the same section on the experimental
urbine used in Payne et al. (2018) and is shown in Fig. 5. A two dimensional profile is used here as it sufficiently captures
he lift and drag variation without the computational expense of a three dimensional model, when modelling at a Reynolds
umber around 105, Martinat et al. (2008).
The aerofoil is studied using a C-shape mesh created using CFD-ICEM, allowing for varying inflows, a RANS solver is

sed and considered suitable for analysis of a 2D aerofoils for tidal turbines, based upon previous work (McNaughton
t al., 2012, 2014) and Sequeira and Miller (2014). Three mesh cases were initially examined with differing refinement,
ut all with a higher level of refinement surrounding the aerofoil, the size of the total domain is greater than shown in
ig. 5, with it spanning a radius 12 times the chordlength of the aerofoil. Within the RANS model the k-ω SST model is
sed, Menter (1994), with grid convergence examined using Richardson extrapolation. Initially, a Reynolds (Re) number
f 800k was studied for validation with experimental data from Guo et al. (2015). From this comparison the lift and drag
esults obtained were in better agreement with the experimental data than values obtained using XFoil. Simulations were
hen performed at a lower Re number (181k) representative of the value, local to the blade segment, from the experiments
n Payne et al. (2018).

Fig. 6 shows a comparison between the lift and drag ratio at each Re number. Better agreement is found using the
teady CFD simulations than the XFoil values. In each simulation conducted for the mesh convergence study there is a
igher level of refinement surrounding the aerofoil and a scale ratio between cells no greater than 1.2. With a target Y+
alue greater than 30 and a cell spacing, ∆s > 0.0035c , where c is the chordlength.
7
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Fig. 5. Aerofoil at the 0.7R blade segment, with surrounding mesh, showing areas of refinement closest to the aerofoil.

Fig. 6. Ratio of lift and drag coefficients with angle of attack for XFoil results for Re = 800,000 (red dash), experimental results for Re = 800,000
(red dashdot) Guo et al. (2015), CFD results for Re = 800,000 (red solid), XFoil results for Re = 181,000 (black dash) and CFD results for Re = 181,000
(black solid). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.2. Unsteady force coefficients

The resultant unsteady lift and drag forces are determined for a range of angles of attack using the relative onset
elocity from the two turbulence methods over a time representing 25 rotations of the turbine. Fig. 7 is included to
how the steady lift and drag coefficients determined using a mean relative onset flow, comparable to the ratio shown in
ig. 6, along with the variation due to the unsteady onset flow at constant angles of attack. The variation in lift and drag
oefficient increases when the SEM is used for the inflow instead of the von Kármán method. Across the inflow angles of
nterest, the change in lift and drag coefficient caused by the varying onset flow is greater than for a change in ambient
urbulence intensity, Harvey et al. (2021).

This study focuses on using the magnitude of the variation of lift and drag coefficients which arise from an unsteady
nflow to the blade. Both turbulence generation methods show this variation across the inflow angles of interest. The
pectra of the CFD predictions of time-varying lift and drag are compared to the spectra of onset relative velocity
luctuations. An example has been shown in Fig. 4. A key point here is to identify the frequency at which the coefficient
f lift force spectra diverges from the velocity spectra has been found to be dependent on the inflow angle to the blade.
n initial study into the variation of frequency separation with angle of attack is shown in Fig. 8 with examples given for
oth turbulence generation methods.
The range of angles used to calculate the separation frequency includes all the angles the chosen radial position on the

lade experiences, with all occurring before stall. This does not account for any changes in dynamic stall caused by the
arying inflow conditions which has been considered in Scarlett (2019), which may increase the stall angle. The variation
s described by Eq. (18) for the von Kármán turbulence method and Eq. (19) for the SEM turbulence.

f = 57.7f α−0.7 (18)
S,VK 0
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r
r

Fig. 7. Inter-quartile range of lift and drag coefficients for the von Kármán method (green) and the SEM (blue), refer to online version for colour.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Examples of normalised lift coefficient and onset velocity spectra for both turbulence methods, to show the gradients in the high frequency
ange and the separation point for each given angle of attack. (For interpretation of the references to colour in this figure legend, the reader is
eferred to the web version of this article.)

fS,SEM = 7.3f0α−0.45 (19)

Where fS,VK is the separation frequency of for von Kármán method, and fS,SEM is for the SEM, f0 is the rotational
frequency and α is the angle of attack.

These frequency separation points are determined from the separation of lift coefficient only. This is due to the lift
coefficient having more impact on the load fluctuations, therefore, the magnitude of the drag coefficient is calculated after
using the same frequency separation equations.

4.3. Influence of operating point

By including the magnitude of the fluctuating component of the lift and drag, the high frequency tail of the spectra is
altered. The separation frequency depends on the turbulence method, with the operating point having no affect. However,
the magnitude of the fluctuating component is found to vary with the operating point. Only using the variation of the
resultant lift and drag from the relative velocity at a TSR of 5.89, does not allow for a change in the variance due to
different relative velocities and angles of attack caused by alternative onset flow cases. The influence of the rotational
speed on the magnitude of the fluctuations is investigated using the same CFD model with modified inflow to account for
a change in relative velocity. The gradient across the mid to high frequency range is defined by the relationship shown
in Eq. (20).

G = f mep (20)
S

9
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Fig. 9. Variation in trend of the high frequency lift coefficient with (a) vertical shear profiles applied and (b) both transverse and vertical shear
profiles applied.

Where GS is the gradient of the tail end of the spectra, which varies with frequency, f . The constants for the magnitude
and gradient of the high frequency tail for differing TSRs and angles of attack on the lift and drag spectra, are determined
using Eqs. (21)–(24) for the von Kármán method and Eqs. (25)–(28) for the SEM.

mL = (−0.031(log(α)) + 0.766)log(λ) − 1.55 (21)

pL = (1.53(log(α) − 6))log(λ) − 8.5 (22)

mD = (−0.004α − 0.04)λ + 0.05 (23)

pD = (0.04α + 0.31)λ − 17.7 (24)

mL = (0.2(log(α)) + 0.05)log(λ) − 1.8 (25)

pL = (2(log(α)) − 8.5)log(λ) − 2.5 (26)

mD = (−0.008α + 0.223)λ − 1.5 (27)

pD = (−0.0192α − 0.35)λ − 13 (28)

Where subscript D is for drag and L is for lift and λ is the TSR value. These relationships are used to determine the
agnitude of the lift and drag contribution from blade scale fluctuations on the blade loads with operating point, for
omparison to experimental results in Section 5.

.4. Influence of unsteady conditions

In addition to the turbine rotating at different speeds, the inflow to the blade will also vary due to the application of
ifferent unsteady onset conditions. The conditions applied here mainly influence the signal component of the periodic
oading, as seen in Fig. 3, however, variations in the noise can be caused by the turbulence characteristics and the method
f generation. To determine the influence of these shear profiles, additional simulations have been conducted, which
orrespond to both vertical and transverse shear being experienced by the turbine, all at a constant angle of attack. The
esults from a selection of these simulations are shown in Fig. 9. The vertical shear profile applied with increasing indices
esults in little change to the magnitude of the high frequency fluctuations until a shear of 1/5th is applied. This shear
rofile leads to an increase of 2.4%. The gradient of the resulting high frequency trend varies by less than 7% across the
ifferent profiles, however, this variation is considered to have less effect when imposed on the high frequency loading
han a change in magnitude. Examining the variation in magnitude due to the transverse shear results in a 3% increase in
agnitude for the wake offset greater than 6D. Fig. 9(b) shows the increase for a transverse case with the largest shear

ndex and wake deficit, as well as a range of other offset cases.
10
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Fig. 10. Velocity variation across the rotor plane, obtained from the IFREMER test facility in Boulogne-Sur-Mer, Payne et al. (2018). (For interpretation
f the references to colour in this figure legend, the reader is referred to the web version of this article.)

. Comparison to experiment

Initially, the blade loading results are compared to the experiments performed in the X-MED project. This comparison
stablishes the difference in loading between running an efficient BEM method using synthesised turbulence to the
xperimental results. To perform this comparison the properties of the onset flow are used. This includes turbulence
arameters as specified in Section 3.1, as well as an appropriate shear profile. The shear profile determined within the
FREMER test flume is not as significant as a strict 1/7th power law profile, therefore, for this comparison, the shear profile
s taken from the average velocity variation across the rotor plane, as shown in Fig. 10, from Payne et al. (2018).

The load spectra for the root bending moment is shown in Fig. 11. This spectra is calculated using the method described
n Section 3.2 without the high frequency fluctuations for the original case. This comparison is made by considering
ifferent operational conditions which contribute to the unsteady loading at one ‘quasi-steady’ moment in time. These
onditions include accounting for the effect of tower shadow through the use of potential flow theory, following the
ethod which is applied for wind turbines in Bianchi et al. (2006), as well as the shear of the onset flow. The original

oot bending moment spectra, shown in Fig. 11, for both methods gives a consistent decay across the high frequency
ange of the spectra. This is not found in the experimental load spectra. To better represent the high frequency range the
oading due to the magnitude of the lift and drag fluctuations is included and increases the gradient of the high frequency
ange. For the von Kármán case the increase in the spectra is smaller than for the SEM case. One of the contributing factors
o this difference is the separation frequency (fS) which has a smaller value for the SEM case and therefore a larger band
of frequencies are influenced by the lift and drag fluctuations. The increase in magnitude, for both turbulence methods,
decreases the gradient of the root bending moment spectrum in the high frequency range, with both magnitude and
gradient in good agreement with the experimental measurements. The improvement is particularly notable for the onset
flow defined by SEM for which only low frequency, large amplitude velocity fluctuations are generated in the onset flow.

The total load cycles, and the damage equivalent loads, are calculated from the time varying root bending moment for
each case. Load cycles are calculated using the Rainflow counting method, with each cycle placed within a pre-described
load bin. The number of cycles within each load bin, are shown through the cumulative number of cycles in Fig. 12. These
cyclic load amplitudes allow for the calculation of DELs, as shown in Eq. (17). Herein the repetition frequency used is
chosen as the rotational frequency of the turbine (f0), to facilitate comparison between the reported DELs.

The increase in the gradient over the mid to high frequency range has little impact on the large amplitude cycles, but
it has more impact on the smaller amplitude load cycles. These smaller amplitude load cycles increase by a small amount
for the von Kármán turbulence, and by a much greater amount for the SEM. This increase in load cycles is expected due
to the increase in high frequency fluctuations, which are lacking when the frozen turbulence field is set up using this
method.

The resultant DELs from the root bending moment for the different methods are shown in Fig. 13. Without the addition
of the high frequency fluctuations the damage equivalent loads for the von Kármán method are 19% lower than the
experimental value and 15% higher for the SEM case. However, the additional load cycles caused by the high frequency
fluctuations result in an increased DEL for the von Kármán case, to within 7% of the experimental value, and a decrease
for the SEM case, to within 2% of the experimental value. These comparisons to the experiment are for a single TSR value.

Results for a wider range of operating points are shown in the next Section.
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Fig. 11. Load spectra for the root bending moment for each turbulence method, where the original spectra (blue) is calculated using steady lift and
rag coefficients within calculation for axial force on the blade, the ‘new’ (black) spectra includes the magnitude of the lift and drag fluctuations
n the axial force calculation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
rticle.)

Fig. 12. Cumulative load cycles determined from blade loading, for the experimental case (black), each turbulence generation method (red) and each
method with the magnitude of the high frequency load fluctuations included (blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 13. Damage equivalent loads calculated from the root bending moment, experimental value (dashed line), and for the two turbulence generation
methods, loads from original spectra (black), loads with high frequency fluctuations included (grey).
12
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Fig. 14. Load spectra for the root bending moment for each turbulence method for a range of operating points, experimental spectra (grey), original
pectra (blue) and the new spectra including the high frequency fluctuations (black). (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of this article.)

Fig. 15. Damage equivalent load magnitude for the two turbulence generation methods, (black) for the SEM and (blue) for the von Kármán method,
ith (solid) and without (dashed) the inclusion of the magnitude of the fluctuating load, compared to the experimental value (grey markers). (For

nterpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

.1. Variation in operating point

During the experiments in Payne et al. (2018), multiple TSRs were used to determine the loads on the device. Using the
ariation in gradient of the high frequency range shown by Eq. (20) in Section 4.3, a range of different operating points
ave been used to determine the blade loads. Fig. 14 shows the load spectra for the root bending moment for one blade at
ach TSR value for each turbulence generation method compared to the experimental spectra. Where the original spectra
s calculated using steady lift and drag coefficients for axial force on the blade, the new spectra includes the magnitude of
he lift and drag fluctuations in the axial force calculation for the different gradients applied for each TSR. The inclusion
f the lift and drag fluctuations over the high frequency range, result in a convergence between the different operating
oints and a similar magnitude to the experimental spectra.
Following the same process as for the single TSR case, the load cycles are calculated for each TSR case using the

ime history of root bending moment from the new load spectra. These load cycles are used to calculate the range of
ELs as shown in Fig. 15. Across the range of TSR, the influence of the inclusion of the high frequency fluctuations is
onsistent with the single TSR results, with the DELs for the SEM case reducing with the increase in load cycles and the
ELs increasing for the von Kármán case. In comparison with the experimental results, the overall trend shown for both
f the two turbulence generation method is an increase of DEL with TSR, which is not replicated with the same gradient
or the experimental case.
13
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Fig. 16. Variation of DEL with SNR value for the von Kármán method with increasing TSR, with the solid lines showing the cases used to calculate
DEL/SNR relationship, and the dashed lines for the remaining TSR cases, with the solid markers representing calculated SNR values for the range of
DEL.

6. Application to unsteady conditions

The onset flow used in the experimental comparison presented in the preceding section is defined by the conditions
measured in the test facility. The flow is not strictly a vertical shear profile typical of a channel flow but comprises a
mixture of vertical and transverse shear. This section examines variation of fatigue load, characterised by DEL, over a range
of onset flows. Steady flows are defined as in Section 3.1, turbulence generated with the von Kármán method and each flow
is characterised by the SNR. This analysis aims to establish whether the signal to noise definition of unsteady conditions
contribute to the DELs, to discover the level of understanding required to determine the fatigue loads. In Section 3.1 the
relative onset flow to the blade is defined, with the spectra shown in Fig. 2. This spectra is shown for one TSR value with
no additional onset flow conditions, it is only determined from the turbulent flow field. Subsequently, additional onset
flow conditions are described, with the fatigue loads from these conditions calculated.

Firstly, SNR values are determined for a range of TSR values for a variety of onset flow conditions. Initially, four TSR
values are used to determine the relationship between the DELs and the SNR values with TSR, this relationship is given
by Eqs. (29)–(30). The SNR values are calculated by filtering the original fluctuating onset flow (Urel) at 0.7R to determine
the variance of the noise component, in this case a low pass 6th order Butterworth filter is used with a cut off frequency
of 10f0.

X = 2.86ln(λ) − 3.16 (29)

R = X(SNR)0.43 (30)

Where X determines the magnitude of the relationship which varies with TSR (λ) and R describes the relationship
between the damage equivalent load and the SNR value. As a result of these equations the relationship between DEL and
SNR for the range of TSR values is shown in Fig. 16.

Those which use the actual TSR results are shown by solid lines, and the three estimated trends are shown by the
dashed lines with the calculated DEL and SNR for these TSR values. This shows that the overall trend calculated from a
smaller set of TSR values can adequately predict the DELs for additional TSRs based upon their SNR values. The trends
determined for the von Kármán method have been calculated using the range of SNR values determined from a series of
vertical shear profiles. This range of SNR values describe the DEL for five different cases of vertical shear, with the lowest
corresponding to no additional vertical shear and the highest SNR value found for a 1/5th power law. As the power law
index increases the periodic loading increases and causes a larger magnitude signal and higher SNR value. For the lower
TSR values a greater magnitude signal is found than for the higher TSR cases, which results in larger SNR values as overall
magnitude of the noise for the von Kármán turbulence field stays constant.

In addition to using the vertical shear profiles to provide varying onset flow, a series of conditions can cause onset
flow variations, such as the transverse wakes explained in Section 3.1. These additional conditions are examined for one
TSR value (5.89) and are used to compare to the trends based on Eqs. (29)–(30), and is shown in Fig. 17.

The series of red markers shown in Fig. 17 correspond to additional transverse shear cases and their combinations
with the four different vertical shear profiles. For each case the peak signal value is determined through examining the
magnitude at the rotational frequency and subsequent harmonics. With the variation in onset shear and wakes, the peak
signal for some offset wake cases will occur at the second harmonic, as seen in Fig. 3(c). By including the additional shear
14
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Fig. 17. Variation of DEL with SNR value for the von Kármán method with increasing TSR, red markers for additional vertical and transverse shear
combinations at a TSR of 5.89. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

profiles the SNR to DEL relationship continues to follow the trend determined from the vertical only shear cases. The
collection of DEL values with an SNR value less than 1 represent those cases where the peak is caused by a weak shear
profile, where the signal is of less magnitude than the variance of the noise. These points include the cases where the
turbine is experiencing the maximum velocity deficit from a wake 2D downstream, inline with an upstream turbine. When
determining the peak signal for these, unlike the other cases shown, the large velocity deficit variation across the rotor
results in a dominant second harmonic. Although this is accounted for when determining the SNR value, it does reduce
the peak magnitude when compared to using the peak magnitude from the first harmonic. When the SNR value increases
and is greater than 1, there are a series of cases which are well represented by the predicted trend. The collection of
cases at SNR > 6 correspond to the maximum velocity deficit across the entire rotor area, representing a turbine located
2D downstream, offset to an upstream rotor, with the wake deficit combining with the series of vertical shear profiles
to give a slight change in signal magnitude. For each velocity deficit caused by transverse wakes the additional vertical
shear increases the damage equivalent load corresponding to the magnitude of the shear index. In reality, the variation in
velocity deficit experienced from a turbine located very closely downstream is not a common onset flow experienced by
the turbine, in addition, the profiles used here to demonstrate a variety of downstream wake positions have been shown
to capture profiles greater than 6–8 diameters, Lande-Sudall et al. (2018).

7. Discussion

This study looks to improve the understanding of the influence of unsteady loading at the blade scale and its influence
on turbine blade design. It has been shown that consideration of the blade load spectrum as the sum of a quasi-steady
load, due to a mean lift coefficient, and higher frequency load due to an unsteady lift coefficient, improves prediction of
the load spectrum and fatigue load relative to quasi-steady BEMT only. This is shown for turbulent onset flows generated
using both a von Kármán spectral method and a Synthetic Eddy Method. Load predictions are based on the variation of lift
and drag generated from a 2D aerofoil for a blade section. Although simplified this approach is considered representative
and is consistent with the use of steady lift and drag data in standard BEMT models. 3D analysis of aerofoil loading may
provide greater insight to the flow physics local to the blade. However, if extending to 3D it would be preferable to
consider the impact of the along blade flow (radially in the context of a turbine blade). Studies have shown the impact of
this flow three-dimensionality on rotation of the lift vector near tip (e.g. Wimshurst and Willden (2018)) but the effect on
unsteady loads remains to be explored further. The main parameters derived from the 2D blade analysis are the separation
frequency and the magnitude and slope of the lift spectrum at higher frequencies. Here these are characterised by rotor
TSR and mean angle of attack. This has only been characterised for one blade geometry, of a laboratory scale turbine. The
mean angle of attack is below stall angle for all cases so similarities are expected to other foil geometries prior to flow
separation. However, further analysis would be required to establish these parameters for alternative aerofoil sections. This
would be for a similar range of angles of attack and of turbulence intensity of the relative velocity, which are expected
to be representative due to dependence on typical values of TSR and radial position. Despite the relative simplicity of
a 2D sectional analysis the method to determine the blade loading on the turbine provides good agreement with the
experimental results from a lab scale turbine. With all the modelling performed on a lab scale blade and appropriate
Reynolds number, application to a full scale system would require scaling.

Different onset flows, regardless of the combination of shear, wake and turbulence that define the onset flow can be

characterised in terms of SNR. By defining onset flows in terms of SNR a relationship is identified with damage equivalent
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oad increasing with SNR, of the flow, and with tip speed ratio, of the turbine. This approach is also applied to more
omplex onset flows, including profiles representative of upstream turbine wakes, with comparable relationships between
NR and DEL despite the more complex onset flows. Applicability to more complex onset flows, such as in-array onset
lows, or turbulent flows co-existing with waves, remains to be assessed. The analysis to determine DEL variation with
NR has been conducted solely for the von Kármán turbulence generation method. Further work on examining the use
f the SNR to characterise the relative onset flow to determine the change in DEL for turbine blades would include using
dditional turbulence generation methods. This would involve investigating using both an isotropic and anisotropic set
p of the Synthetic Eddy Method with a greater variation in the eddy sizes distributed through the turbulent flow field,
imilar to the work conducted in Togneri et al. (2020), which would remove the potential need for additional filtering
n the SEM case to determine the signal peaks. This method uses the relative velocity determined and used in the CFD
imulations, and therefore does not account for the additional turbulent noise found in the von Kármán method when
ompared to the Synthetic Eddy Method.

. Conclusions

The unsteady loading on the blade of a laboratory scale 3 blade tidal turbine is modelled using blade element theory
ith an inflow developed using frozen turbulence models. Based upon this the damage equivalent loads are determined
o within 15% of the loading on an experimental 1.2 m diameter turbine. Inclusion of high frequency variation of lift
nd drag in the blade element model improves prediction accuracy. Damage equivalent loads are obtained to within 7%
hen using the von Kármán method to generate turbulence and to within 2% of the experimental value when using
he SEM inflow. The improvement in the DEL prediction is obtained by a better prediction of the mid to high frequency
oad fluctuations experienced on the blade and the corresponding load cycles. The high frequency load fluctuations have
een defined by the gradient of both lift and drag spectra, obtained from 2D CFD with relative velocity defined for each
urbulence generation method and for a range of mean angles of attack. For a range of operating points of the turbine the
efinition of the gradient has resulted in a similar magnitude in the load spectra across the mid to high frequency for both
urbulence generation methods. When comparing the DEL across the range of TSR from the experiment the inclusion of
he high frequency fluctuations has resulted in closer results from both turbulence generation methods, which follow the
ame trend of increasing DEL with TSR. However, the gradient with TSR is greater for the predictions than the experimental
alues.
This analysis uses a 2D aerofoil to assess the load fluctuations from blade scale flow. Whilst high order 3D CFD may

e required for full prediction of loads during flow separation and due to dynamic effects, for the conditions studied here
he flow remains largely attached and 2D RANS CFD is employed, with inflow conditions to the blade defined by the
nset turbulence method. For the von Kármán onset turbulence, predictions are only slightly changed as the separation
requency between the onset turbulence fluctuations and the lift and drag is higher than for the case with the synthetic
ddy method. With the SEM inflow the separation frequency is much lower due to the coherency and lack of high
requency turbulence fluctuations, so the influence of the blade scale flow on the load cycles has a much greater effect.

Characterisation of the onset flow to the blade in terms of the signal to noise ratio, enables the magnitude of the
tochastic and deterministic components of the flow field to be captured. This ratio is determined for the von Kármán
urbulence generation method, and shows the variation of DEL with SNR, where the increase in DEL with increasing SNR
s found. This is expected as the background noise level for the turbulence generation method is set as the intensity level
nd remains fairly constant, and the increase in deterministic shear results in both a higher signal value and an increase
n larger load cycles. When a number of different onset flow conditions are used, the relationship between the SNR and
EL can be well determined, with an increase by a factor of 3.3 on the DEL for one SNR value. When one value of TSR is
onsidered, for the largest range of SNR, the DELs can vary by a factor of 6.5.
This work provides confidence in the prediction of unsteady loads using alternative turbulence generation methods,

ith similar fatigue loads predicted when unsteady lift is modelled using two turbulence models. The characterisation
f various onset flows by SNR of relative velocity allows for identification of relationships between onset flows due to
iffering shear, wakes and turbulence, and the resultant damage equivalent loads. Evaluation of this approach for more
omplex flows such as the wakes occurring in turbine arrays, and due to interaction of turbulence with surface waves,
emains to be evaluated.
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