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Turbine fatigue load prediction from field
measurements of waves and turbulence

Hannah Mullings, Samuel Draycott and Tim Stallard

Abstract—Tidal stream turbines are placed in locations
with high flow speeds in order to extract kinetic energy.
These flow speeds combined with other environmental
factors can lead to complex operating conditions. When
assessing turbine loading at alternative locations within a
site, most models focus on velocity, shear and turbulence
of naturally occurring conditions, with limited analysis
including the impact of waves coexisting with currents.
Previous studies have analysed the influence of wave
conditions from measurements on the loading, through a
consideration of the turbine not considered to be operating
during large wave conditions. Although tidal conditions
are often bi-directional, wave conditions are wind driven,
occurring over a range of directions relative to the current;
this combination will be investigated in this study. Loading
on the turbine components is assessed through an efficient
blade element momentum theory method, which is com-
bined with a synthetic turbulence model to provide a time-
varying onset flow. This analysis focuses on full-scale site
data, which was gathered at the Raz Blanchard, a potential
tidal site for multiple deployments, which provides both
wave and current conditions over a period of 45 days. The
interest in this work is understanding the conditions which
contribute to the cyclic loading experienced by a tidal
turbine. This work determines the impact of the measured
waves, and the way in which they are analysed on the
turbulence characteristics in the onset flow, specifically the
interaction of waves with current and influence on the
loading experienced on the turbine.

Index Terms—Directional Waves, Blade Loading, Spatial
Variation, Tidal Turbine.

I. INTRODUCTION

THE installation of tidal stream turbines (TST) at
suitable sites across the UK has been predicted to

contribute by 11% to the energy demand, [1], by being
part of the mix of different electricity generators. One
of the key factors in the usefulness of including tidal
stream energy is the reliable and predictable nature of
the resource. Many studies have been performed to
determine the most suitable sites around the UK [2]
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and the World [3]. Most of these studies have been
performed using resource models based in shallow
water equations, some have been validated using mea-
surement deployments at the sites, such as the work
in [4]–[6]. One of the aims of these models is to assess
the variation in the ambient flow conditions, to poten-
tially see the impact of those conditions on the energy
density and yield from the site. These conditions are
important in identifying appropriate sites, but more
detail of the unsteady onset flow conditions is needed
to determine the loading and fatigue life of the turbine
components.

Unsteady conditions are defined by complex char-
acteristics within the onset flow, such as shear, turbu-
lence and waves. These conditions are defined within
the Tidal Design Standards [7] as identifiable under
‘normal’ operating conditions which contribute to the
calculation of fatigue. Studies have looked into the im-
pact of measured turbulence conditions at a location on
the fatigue of tidal turbines [8] and [9]. Although these
conditions are known to influence the cyclic loading,
the magnitude of the influence can vary with location,
turbine position and with the chosen operating point.
Previous studies by the authors focusing on a single
tidal site, [10], showed that measurement data showed
a variation in turbulence and vertical shear between
two locations in a site, and a difference in the loading
for a turbine located near-surface to a near-bed device
for the same operating point.

The measurement of unsteady site conditions is
commonly conducted by an Acoustic Doppler Current
Profiler (ADCP), [11] [12] [13], with a set up refined to
capture turbulence characteristics and for some cases,
wave characteristics. Some studies have looked into
determining the magnitude of the Turbulent Kinetic
Energy (TKE) using different types of ADCP [13] and
by removing the influence of the waves from the TKE
using filtering techniques [14], [15]. The site of Raz
Blanchard has had numerous measurement campaigns
conducted in the recent years due to the highly en-
ergetic tidal conditions. These campaigns have been
used to study; the spatial variation of conditions in [16]
[6], the change in bathymetry and different bed struc-
tures on the flow field [17] [18], the characterisation
of turbulence [19] [20], and the complex wave-current
conditions through 3D modelling [21].

The aim of the analysis presented in this study is
to determine the influence of measured environmental
conditions on the loading experienced on the blades of
a near surface tidal turbine. In order to achieve this,
data from a recent deployment of ADCPs in the tidal
site, Raz Blanchard, is analysed to define the unsteady
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operating conditions. These conditions comprise of
turbulence, waves and shear. In order to determine the
influence of the waves and turbulence individually, the
measured wave conditions will be used to identify the
velocity contributions purely due to each condition.
This is done using the measured directional spectra
to determine the expected components of velocity and
alignment of these components them with the corre-
sponding current beam measurements. Subsequently,
an efficient blade element model combined with a
synthetic turbulence inflow, and the range of mea-
sured conditions will provide predicted loading on
the turbine. A single design condition is presented to
highlight the impact unsteady onset conditions can
have on an operating point considered to have the
same power output.

II. MODEL SET UP

A. Site Conditions

This work focuses on the conditions at one of the
sites studied within the Interreg TIGER project, Raz
Blanchard, which is located between the coasts of
France and the Channel Island of Alderney. Under-
standing the conditions at this site is of considerable
importance to tidal energy developers, as two devel-
opers, Normandie Hydrolienne and Hydroquest, cur-
rently have plans in place to deploy arrays of devices.
The field measurements used here were gathered as
part of the project using a Nortek Signature500 ADCP,
located in a depth of approximately 48 m.. From a
period of time in early 2022 (January - March), both
current and waves were measured with this device,
with the currents measured with a sampling frequency
of 2 Hz and the waves measured using the burst setting
in 30 minute intervals. For consistency with design
standards the current conditions will be time-averaged
into 10 minute ‘bins’ in order to determine the quasi-
steady onset flow conditions, a turbine of diameter =
18 m and hub depth = -15 m, are considered. With
comparison to the measured wave conditions the wave
will be considered as stationary over the 30 minute
period and therefore applied appropriately to the cor-
responding 10 minute current conditions as required.

The current conditions are measured as vertical
profiles across four beams of the ADCP. These beam
velocities are used to define the current direction and
magnitude, as well as the vertical, transverse and
longitudinal velocities. With a vertical bin size of 1 m,
allowing a series of velocities to be measured across
the depth of the rotor. The focus in this study is on
the load predictions due to waves and turbulence,
and so a turbine positioned near the water surface
is chosen. The methodology which will be presented
in this paper will be applied to one quasi-steady
operating point defined by the 10 minute averaged
onset flow conditions. The chosen operating point is
for a turbine operating within a flow speed range of
2.2 - 2.4 m/s, where a 0.2 m/s flow speed range is
chosen to align with the recommendations in the Tidal
Design Standards [7]. The flow speed range is defined
using the disk averaged velocity calculated as a power

weighted disk average, following the work in [22] and
[23]. This velocity is calculated from the measurements
at different vertical positions down the rotor plane,
then averaged over the rotor area using Equation 1.

UDA =

[
1

AD

n∑
i=1

U3
i (z)Ai

]1/3

(1)

Where AD is the rotor area, Ui(z) is the velocity
at each vertical velocity bin, which is cubed for the
power-weighted average and Ai is the strip wise area
of each bin.

Using this equation the disk averaged velocities have
been calculated for every 10 minute average, across the
time period of wave and current measurements from
the ADCP. These velocities are given in Figure 1, with
the range of samples in the 2.2 - 2.4 m/s flow speed
bin highlighted. Across this time period the number of
samples is 703 for both flood and ebb which represents
just over 6.5% of the total number of cases.

Fig. 1. Calculated disk averaged velocities for a turbine located
near surface using the ADCP field measurements, black markers
across time period showing all disk averaged velocities and red
markers highlighting the chosen sample disk averaged velocities
(2.2-2.4 m/s).

For each of the chosen cases the measured velocities
which are sampled at 2 Hz, provide a level of detail
to determine the turbulence intensity (TI), which is
calculated using Equation 2.

TI =
u′

ū
(2)

Where ū is the mean velocity and u′ is the root-mean-
square of the velocity fluctuations. This calculation
when applied directly to measurements from a current
profiler, allows for the description of turbulence to
include all conditions which impact the fluctuations of
velocity over the sample period. The intensity values
are calculated across the rotor area using the disk
averaged approach which was applied to the velocities,
so the depth variation of calculated intensity from
Equation 2 is accounted for. The values of intensity cal-
culated from the measurements are shown in Figure 2
across the range of calculated disk averaged velocities.
The intensities are determined for both the ebb and
flood tides, with the mean and range of intensity at
each binned UDA presented in Figure 2 as the markers
and band of colour. For the flow speed range of interest
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(2.2-2.4 m/s) the mean TI for the flood tide is greater at
11.9% than for the ebb tide at 11.1%. The range around
the mean for the flood tide is between 10.3% to 13.2%
and for the ebb tide is between 9.5% to a maximum
of 12.7%. So although the ebb tide has a lower mean
value the range of intensities vary by around 3% for
both tides.

Fig. 2. Variation of the disk averaged fluctuation intensity for the
flood and ebb tides across range of disk averaged velocities, with
the mean value shown by (x) at each binned flow speed. The full
range of intensities at each flow speed is also shown by the shaded
areas, with the flood tide (red) and ebb tide (grey).

The overall trend for the disk averaged intensities
and flow speed follows the measurements and cal-
culations for other tidal sites, [24]. The values calcu-
lated also correspond to data and results for the Raz
Blanchard site as shown in [4] and [6]. This variation
of intensity for the specific flow speed range, is used
when defining the onset flow field that a turbine will
experience. In addition, the vertical shear measured at
a site is of importance when determining the cyclic
loads which contribute to fatigue. As the ADCP is bed
mounted, facing the surface it measures the vertical
profile of the velocities, used to determine the disk
averaged velocity. The same measurements are used
to define the vertical shear experienced at the ADCP
location. Figure 3 is included to show the variation of
shear for each binned disk average velocity. Across this
range a more severe shear is found at the higher disk
averaged flow speeds, which are not present in the ebb
tide.

Fig. 3. Variation in current velocity with depth for all 10 minute
samples in the measurement period, binned using the disk averaged
velocities for a turbine located near the surface. Turbine position is
shown by the blue dashed lines.

In this work the range of shear profiles for the

flow speed of interest, are incorporated into the flow
fields which are used to determine the turbine loading.
Further details on the set up of the onset flow field
are given in Section II-B. The variation with depth
across the disk area is shown in Figure 4. This figure
shows the mean and range in the variation across the
sample cases for the flood and ebb tides. This has been
compared to a 1/7th power law shear profile for the
mid point velocity of 2.3 m/s. For the ebb tide the
curvature of the power law profile closely follows the
mean profile, whereas with the flood tide the mean
profile has a steeper gradient than the chosen power
law profile.

(a) (b)

Fig. 4. Variation in current velocity with depth over the disk area
for the chosen binned disk average velocity of 2.2 - 2.4 m/s. Mean
variation shown by the black dashed line, range of profiles shown
by the grey shading, 1/7th power law profile shown in red.

Using the conditions measured by an ADCP, the
variation in velocity within each 10 minute sample
includes the impact of waves at the free surface which
have been occurring during the measurement cam-
paign. The data collected as part of this project includes
the wave defining characteristics of time period and
significant height for each sample. The occurrence of
the significant wave height and peak period for the
chosen sample of velocities are given in Figure 5. These
occurrences have been separated into whether they
occur in the flood or ebb tides. For both tides there
seems to be a spread between 0.5-5 m, but with the ebb
tide having a higher percentage of occurrence below 1
m. With the flood tide the greatest occurrence of wave
height is between 1-2 m.

The wave data collected also goes a step further and
can provide more detailed data using this particular
measurement device, the Nortek Signature500, which
has the use of a fifth beam and therefore acoustic sur-
face tracking. This tracking enables the determination
of the directional spectra of the waves measured for
each burst. The directional spectra shows the spreading
of the wave field with both frequency and direction.
This data will also be used to define the impact of the
waves on the original velocity measurements from the
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(a)

(b)

Fig. 5. Percentage occurrence of wave period with significant wave
height for the chosen sample of flow speeds for both (a) the ebb tide
and (b) the flood tide

ADCP beams. Further discussion on how this will be
implemented is given in Section III.

B. Onset Flow Field

In order to determine the loading on a turbine using
the onset conditions mentioned in the previous section
the flow field needs to be simulated. This can be
done using computational fluid dynamics software,
with Reynolds Averaged Navier Stokes (RANS), to
simulate the turbulence properties, [25]–[28], In order
to provide more detail of the conditions, some cases use
Large Eddy Simulations (LES) to simulate the turbulent
conditions including the influence of bed structures
and other turbines within a simulation, [29], [30]. The
disadvantage of these methods is the computational
expense to set up a domain large enough to consider a
full scale turbine, running for a design case of at least
10 minutes, which corresponds to one set up condition.
In this case multiple onset flow cases want to be
investigated efficiently, therefore a statistical turbulence
generation method is used, the Von Kármán method.
This method for defining turbulence has been used
in defining onset conditions to wind turbines, fully
incorporated into commercial software Bladed from
DNV-GL, and subsequently applied to the inflow for
tidal turbines, [31], [10].

This method is a random statistical approach to
model combined stochastic velocity spectra, where

auto-spectral density functions are used to describe
real atmospheric turbulence. This creates a 3D grid of
synthetic turbulence over a time period which is propa-
gated using Taylor’s frozen turbulence hypothesis, [32].
The turbulence characteristics of the onset flow field
are defined using the intensity determined from the
site conditions and the turbulence lengthscale of 21 m
which is kept consistent for the conditions modelled
in this work. The set up of the onset flow field then
follows Equation 3, where the unsteady time varying
characteristics of the flow can be defined.

u = u+ ũ+ u′ (3)

Where the overall onset flow, u, is created by a mean
value, u, a fluctuating component, u′ and a periodic
component, ũ.

With the magnitude of the fluctuating component
defined by the turbulence, and the periodic component
defined by any shear profiles. The influence of the
waves can impact both the fluctuating and periodic
components, depending on the way they are modelled
and included in the flow field. In this work they will be
considered to impact the fluctuating component only.

C. Modelling the Turbine
To determine the influence of the conditions on a

tidal turbine a full scale tidal turbine needs to be
modelled. In this case the Alstom Energy’s DEEP-
Gen IV 1 MW tidal turbine has been chosen, and can
also be referred to as the TGL 1 MW device .This
device is chosen due to the availability of geometry
data, ( [33], [34]). This turbine has three blades and a
diameter of 18 m and is located with a clearance of
at least 6 m between the blade tip and the surface.
Current design of tidal turbines have larger diameters
and produce more power, [35], but the geometry detail
required for modelling is not publicly available. The
variation in disk averaged velocity determined from
the site conditions leads to varying angular speed of
the turbine to allow a constant tip-speed-ratio (TSR)
for all cases to be achieved.

The geometry of the turbine is incorporated into each
simulation case through the use of a blade element mo-
mentum theory model (BEM). The blades are defined
by a series of points ’elements’ along the radius. This
number can vary depending on the geometry of the
blade. A basic overview of the method is provided
in this section for an arbitrary number of elements
defined by ′N ′. The relative velocity (Urel) at each
element is desired and depends upon the onset flow
and the rotational speed of the turbine, ωt, given by
Equation 4. With the inflow angle to the blade element
defined by Equation 5.

δUrel(t) =
√
U2
X + (ωtr − UΘ)2) (4)

δϕ(t) = sin−1 UX(t)

Urel(t)
(5)

Where Urel is the relative velocity to the blade
which incorporates the longitudinal velocity, UX is the
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stream-wise onset velocity which includes axial induc-
tion, a through UX = U0(1−a) and the components in
the tangential direction, UΘ with the angular velocity
ω and each radius r.

In addition to the velocities on the blade the forces
also need to be resolved. In order to determine these,
the lift and drag polars are required, these depend
upon the chosen geometry of the blade. The lift and
drag force on each blade segment vary according to
Equations 6-7.

δL(t) =
1

2
Bρc(Urel)

2CLδr (6)

δD(t) =
1

2
Bρc(Urel)

2CDδr (7)

Where 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, CL and CD correspond to the lift and
drag coefficients respectively.

Using the calculated lift and drag forces for each
blade the axial (Fa) and tangential (Ft) forces along
each blade are calculated using Equations 8-9.

δFa(t) = δL(t) cos(ϕ(t)) + δD(t) sin(ϕ(t)) (8)

δFt(t) = δL(t) sin(ϕ(t))− δD(t) cos(ϕ(t)) (9)

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
for the blades and rotor. More details on the use of this
model are found in [36], [37].

D. Quantifying the Fatigue Loads

The time varying loads which are determined from
the BEM model are then used to calculate the fatigue
loads. In this study the fatigue loads are quantified
through the Damage Equivalent Load (DEL) value.
This load is determined using Equation 10, which
defines a single magnitude load repeating at a single
frequency which would cause the same damage as the
varying initial load.

Lm =

(∑
i niL

m
i

fT

)1/m

(10)

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 sample length, Li is
the load bin, and Lm is the damage equivalent load for
a given material gradient.

The load cycles are calculated using Rainflow Cycle
Counting method ( [38]), which allows cycles of vary-
ing magnitude to be counted. Fatigue loads on offshore
components have been calculated using this method in
( [39], [40]). The number of calculated load cycles and
magnitude of the cycles can be used to determine the
lifetime of a component using Palmgren Miner’s Rule
when modelling over the full range of conditions and
aggregating the loads.

III. DETERMINING THE INFLUENCE OF WAVES

This section describes the methodology to determine
the influence the waves have on the measured kine-
matics. Three different approaches will be used. The
first case utilises the standard wave characteristics, the
significant wave height (HS) and the time period (TP ).
These parameters can be obtained from the ADCP
measurements, regardless of whether or not the device
has a fifth beam for surface tracking. These conditions
will be combined with an assumed spectral shape and
a synthetic turbulent inflow in order to determine
the impact waves have on the onset flow conditions
and therefore the loading of the turbine. The assumed
spectra which has been chosen here is based on the
Pierson-Moscovitz spectrum (SPM ) which is defined
by Equation 11.

SPM (f) =

(
5

4

f4
P

f4

)
e
−
(

5
4

f4
P

f4

)
(11)

Where fP is the peak frequency defined by the time
period Tp, with the spectra defined across the frequen-
cies by f . The amplitude, a, across this frequency range
is defined by Equation 12.

a(f) =
√

2SPM (f)df (12)

The second case will consider the measured Hs and
Tp, as well as the spectra determined from the mea-
surements, and will be applied to the turbulent flow
field in the same way as the modelled spectra. Figure
6 shows the energy spectra for both the modelled and
measured data for these cases. This figure highlights
the difference in the predicted modelled spectra, a
similar trend is observed, where the peak frequencies
are located. However, visually it can be seen that there
is more spectral energy at the chosen peak frequencies
for some of the cases with the modelled spectra. With
the model predicting the spectral energy to within 3.0%
for the flood tide cases and 2.6% for the ebb tide, when
compared to the measurement data. The impact of the
chosen spectra on the loading will be observed in a
later section.

The third case focuses on the use of the directional
spectra measured by the ADCP. The ADCP measures
the velocity along each beam, in order to calculate
the current speed and direction, post-processing takes
place to extract the velocities respective of the earth
co-ordinate system, East, North and Up (ENU), or in
the cartesian co-ordinate system of X, Y and Z, with
respect to the orientation of the ADCP, with beam 1
aligning with X. In this case the mean current speed
and direction have been used in the analysis for the
disk averaged velocities and wave comparisons. Figure
7 is included to show the variation in mean direction
from the current and wave data obtained by the ADCP.
Both of these sets of values have been plotted with
respect to the disk averaged velocity of interest (2.2-
2.4 m/s). The dominant ebb and flood tide directions
are clearly shown in Figure 7(a), with the flood tide
having a dominant direction between 5o and 15o and
the ebb tide between 195o and 210o, which is consistent
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(a) Modelled

(b) Measured

Fig. 6. Spectral Energy from the measured waves at the site for
(a) Pierson-Moscovitz spectra using measured Hs and Tp and (b)
Measured energy spectra.

with the measurements reported from the THYMOTE
project in Raz Blanchard by [17], [41]. With the waves
caused predominately by wind, as mentioned previ-
ously the tidal site of Raz Blanchard has numerous
characteristics which make for a complex environment.
The measurements taken here show a range of wave
directions, with a dominant portion between 200o to
300o, in a westerly direction, which corresponds to the
measurements reported in [21]. With 82% of samples
during the flood tide occurring within this range of
direction and 71% in the ebb tide. During the flood
tide, the measured wave direction coincides with the
dominant current flow direction for less than 3% of
samples within the measured time period for the
chosen disk average velocity range. During the ebb
tide, the measured wave direction coincides with the
current direction for 0.25% of the samples within the
time period. However, during the ebb tide 5.2% of the
measured wave direction coincides with the direction
of the flood tide and therefore causing the waves to be
fully opposing the current.

The directional spread of the measured wave condi-
tions is used to determine the influence on the original
measured ADCP velocities. The use of the directional
spectrum provides the most information with regard
to the direction and spread of the wave within each 30
minute sample. For each case the directional spectrum
can be split into components for each frequency and
direction ‘bin’. For each bin the amplitude is calculated

(a) (b)

Fig. 7. Polar plots showing (a) the dominant mean current direction
and the mean wave direction (b) from the ADCP measurements.

using an updated Equation 12 as Equation 13.

as(f, θ) =
√
2S(f, θ)dfdθ (13)

Where as is the amplitude over each frequency and
direction and S(f, θ) defines the spectra energy with
both frequency and direction. These calculated ampli-
tudes are then used to determine the wavenumber,
k, for each frequency and direction component using
Equation 14.

ωa =
√

ωr − kU =
√
gk tanh(kd) (14)

Where ωa is the absolute angular frequency, ωr is the
angular frequency relative to the current and U is the
effective current with respect the angle between the
mean wave and current directions. These wavenum-
bers, k, are calculated to allow for the wave induced
velocity components to be identified, again with both
frequency and direction, through Equations 15 and 16.

Uw =

(
gkas
ωr

)(
cosh(k(z + d))

cosh(kd)

)
(15)

Ww =

(
igkas
ωr

)(
sinh(k(z + d))

cosh(k(d)

)
(16)

Where the components of the horizontal wave ve-
locity with direction are defined by UU (f, θ, h) =
Uw(f, θ, h)cos(θ) and VU (f, θ, h) = Uw(f, θ, h)sin(θ).
With the wavenumber and amplitude being defined by
k(f, θ) and as(f, θ) respectively and the depth by, z(h),
where θ is the angle with respect to the ADCP frame
of reference. Each wave-induced velocity component,
(U, V,W ) is then used to determine the component
velocity for each beam with respect to the ADCP.
This is done using a transformation matrix and the
heading, pitch and roll data recorded from the ADCP.
By determining the wave-induced velocity components
for each beam within the frequency domain the am-
plitudes are then removed from the Fourier transform
of the amplitudes of the measured beam velocities.
The original phase of the signal is then kept to return
these velocities into the time domain for analysis as an
inflow condition to the model. Initially the impact on
the shear and turbulence was examined, with the shear
having a minimal impact across the disk. However, the
variation across the disk due to turbulence has reduced
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with the mean disk averaged turbulence for the flood
tide at 4.1% and for the ebb tide at 4.0%. There is
less difference between the two tidal periods than the
previously calculated value from the measurements,
they are also at least 7.1% lower. As observed with the
new calculations of shear, the disk averaged velocity
values have not differed from the 2.2-2.4 m/s range
and therefore the difference in turbulence intensity is
due to the variance of velocity with depth.

IV. TURBINE LOADING

A. Direct from Turbulent Conditions
Initial turbine blade loading results for a single de-

sign condition (2.2 -2.4 m/s) using the ADCP current
data are determined here, where the blade loading is
quantified by the flap-wise root bending moment.

The damage equivalent loads are determined as an
aggregated value across the time varying loads for
all samples. Figure 8 shows the variation in DEL for
the flood and ebb tides depending on the turbulence
intensity value used in the simulations. There is an
11.6% reduction in aggregated DEL across the range of
samples for the ebb tide when compared to the flood
tide using the measured turbulence intensity for each
case. The difference between the two tides reduces to
less than 1% when the mean turbulence intensity is
used to define the onset flow field and subsequent
loading is calculated. The loads calculated with the
mean turbulence intensity are 24.6% and 15.3% lower
than those determined using the measured turbulence
intensity for the flood and ebb tides respectively.

Fig. 8. Normalised damage equivalent loads, using both the mea-
sured turbulence intensity across all samples, and the average tur-
bulence intensity. For both the flood and ebb tides.

These results use the measurement values for tur-
bulence and shear which will include any potential
influence from waves. Due to the wave data acquired
in this project, numerous cases have been set up which
look at the contribution waves can make on these
parameters, especially the turbulence.

B. Considering Measured Wave Conditions
Using the methods outlined in Section III the waves

can be identified and defined. Firstly, the influence
of the waves on the conditions has been used to
redefine the flow field set up, so new shear profiles and
turbulence intensities have been included. The results

have been included in Figure 9 in comparison with
the original results. The main influence on these results
is the reduction in turbulence intensity, as previously
reported to have decreased by 7%. This has lead to
a reduction on DELs predicted from the varying tur-
bulence 31% for the ebb tide and 42% for the flood
tide. When a mean turbulence intensity value is used
the DELs have reduced by 40% for the ebb tide and
51% for the mean. The mean loads however do not
experience the same reduction, showing the impact
the fluctuations have on the load cycles and hence the
damage equivalent load calculation.

Fig. 9. Normalised damage equivalent loads for the case with wave
conditions removed from the beam velocities, shown in blue, original
loads shown in black.

In addition to using the directional spectra, to de-
termine the magnitude of the wave contribution to
the onset flow field, the measured and modelled uni-
directional spectra have also been used to examine the
influence of waves with shear and a steady onset flow.
The damage equivalent load results for the measured
and modelled spectra, combined with a steady flow
field and the measured shear are shown in Figure
10. Although the mean root bending moments for
both the ebb and flood tide are 3% greater than the
original case using the fully measured conditions the
predicted DELs are considerably lower. This highlights
the influence of the turbulence the impact that both
waves and turbulence can have on the predicted DELs.
Figure 10 also shows the variation in predicted DEL
using both the measured and modelled spectra. With
less than 0.1% difference for the predicted DEL in the
flood tide, and a 1.5% decrease in the ebb tide for the
measured case. For this prediction of DEL the use of the
measured wave spectra does not contribute enough of
an overall impact and therefore Hs and Tp obtained on
their own could be suitable. Although these predictions
were based upon the original measured conditions
have the influence of the waves removed, before being
included from the wave spectra.

It is important to fully understand the variation in
site conditions and their impact on the loading for
fatigue calculations on a tidal turbine. In this work
site measurements have shown a distinct difference
between the mean current directions and the waves.
The influence of these conditions can be calculated by
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Fig. 10. Normalised damage equivalent loads for the case with only
waves applied as the original measured unidirectional spectra in red
and a modelled spectra in cyan.

extracting from the measured beam velocities, but fur-
ther investigation is necessary to fully understand the
impact on aggregated loading across multiple design
conditions.

V. CONCLUSION

This work has examined a method to remove the
influence of waves from measured current data with
directional spectra provided. For a turbine located
near-surface, measured turbulence intensity reduces
from 11% to 4% when this approach is applied. This
difference of turbulence intensity impacts the predicted
damage equivalent loads, with the DEL obtained on
the basis that all measured fluctuations represent tur-
bulence reduced by a third when the kinematics asso-
ciated with measured waves are considered separately.
The DEL predicted due to the flow and waves only, ne-
glecting turbulence, is approximately half of this differ-
ence. This indicates that consideration of all measured
fluctuations as turbulent may lead to higher turbulence
intensity, and also fatigue load, than obtained when
both waves and turbulence are considered individually.
The extent to which waves influence flow-parameters
obtained from measurements and the influence on the
magnitude of predicted loading highlights the impor-
tance of a full understanding of the combination of
unsteady flow conditions occurring at tidal stream op-
erating locations. In this study a single operating point
is considered based on conditions measured during a
winter period (Jan-Mar). Ongoing analysis considers
further the range of operating conditions, longer-term
variation of occurrence and the impact of strategies
such as pitch control on load mitigation in turbulence,
waves and coexisting of these conditions.
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