
Abstract—Tidal turbines are currently being utilised for
electrical generation in test facilities and small scale array
sites. The aim of this study is to evaluate the impact of
synthesised turbulence loads and waves, on load spectra
and on damage equivalent loads for a typical tidal resource.
The impact is assessed through the understanding of
several unsteady flow phenomena, such as distortion of the
turbulence and blade-generated unsteadiness for a selected
quasi-steady flow case as well as operational conditions.
The overall loading is determined here through the use
of damage equivalent loads (DEL), these loads utilise
Rainflow cycle counting over the load time history to give
the number of load cycles. By including the magnitude of
the load fluctuations due to blade-scale flow onto the load
spectra, results in an increase of the number of cycles to
within 1% of experimental comparison case with a 17%
variation in DEL.

Index Terms—Blade Loading, Spectral Turbulence, Tidal
Turbine.

I. INTRODUCTION

UNLIKE wind turbines, tidal turbines are typically
located in a more complex working fluid. Due

to the influence of waves, directionally varying ve-
locity and varying spatial and temporal turbulence
scales, they therefore experience higher cyclic loading.
Increased cyclic loading causes fatigue of components
before material failure due to ultimate loading.

An approach to determining lifetime loading due
to turbulent tidal stream conditions would be to con-
duct field trials over a long period of time, e.g. ten
years, and analyse the recorded data. However such
tests are extremely costly and are of limited value to
informing system design. Component design life may
be assessed based on load cycles experienced during a
number of quasi-steady intervals [1], [2]. It is widely
recognised that improved understanding is required of
the characteristics of turbulence at tidal stream sites
and the influence of such flows on turbine design.
The characteristics of tidal stream turbulence has been
studied through analysis of data from test sites [3],
laboratory scale studies of turbine loading [4], [5] and
modelling at various levels of complexity ranging from
blade element studies through to industrial scale CFD
[6], [7].
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Using the predictability of the tidal resource, an
understanding of mean onset flow conditions in coastal
locations can be determined through the use of tidal
constituents, this is shown in Fig. 1 for the Meygen
Site in Pentland Firth. This range of onset flow would
correspond to a variation in turbulence characteristics
and hence magnitude of loading. One way of analysing
longer term loading is to consider a series of quasi-
steady states. Ten minute sampling has been used [8]
to divide a range of sea-states. For each quasi-steady
state a thorough understanding of the environmental
and operational conditions is needed to inform the
frequency dependence of loads. Understanding these
conditions and the influence on load cycles will help to
inform the design of turbine components in other site
locations, if only some of the environmental conditions
are known. In this work a spectral turbulence model
has been used to describe the underlying onset flow at
one quasi-steady flow case. Additional environmental
and operational factors that are known to contribute to
unsteady loading have then been applied and assessed
with comparison to an experimental load spectra. The
experimental data is obtained from tests conducted
as part of the XMED project, with a description of
the turbine and the frequency dependence of mean
loads on the turbine found in [9]. The influence of
array positioning onto the overall loading has been
considered in [10], with the focus here on determining
the longer term loading using multiple quasi-steady
cases for single turbine.

0

Previous work has been conducted examining the
influence of some of the operational conditions onto
the loading of tidal turbine components. The influence
of the turbulent flow field has been initially examined
by [11] following their understanding from wind load-
ing highlighted how fatigue loading can be examined
for blade loading under variable sea states. Elasha et
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Fig. 1. Example of a nine constituent model used to generate six
months of onset flow data, U in the Pentland Firth.
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al. 2015 [12] examined the influence of turbulence and
shear on the design life of a gearbox and [13] compared
the influence of turbulence on the performance of
blades. Wave loading has also been examined from a
series of regular wave conditions in [11] with a progres-
sion through to fatigue calculations, and [14] examined
the in-plane and out-of-plane bending moments due to
waves and yaw, but without the inclusion of the long
term loading effects on overall design life of blades.
Some work has been conducted in trying to utilise large
ranges of environmental conditions to inform fatigue
calculations, [15]. However the basis of that work used
a scaled experimental spectrum of loads, this data
is not always available. Hence an efficient process is
shown here which utilises the a spectral turbulence
model with a range of environmental conditions to
determine loading through a blade element model.

II. METHOD

A. Quantifying Loads

Cyclic loading can be assessed using a load spectrum
to identify the operational and environmental factors
that cause peak loading and at specific frequencies.

Damage Equivalent Loads (DEL) are a function of
the magnitude and number of the load cycles found
combined with a longer term time period, which pro-
vides a specific load which oscillates at a singular
frequency. The calculation also depends on the mate-
rial of the components; here for comparison between
methods and experiment the single frequency will be
kept constant. For the blade loading case, the rotor
frequency f0 is chosen, for the rotor loading the blade
passing frequency of 3f0 is chosen.

DEL =

(∑
i niLi

m

fT

) 1
m

(1)

Where 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 of time for operation, f is the
repetition frequency, ni is the number of cycles at given
load, obtained through the Rainflow cycle counting. In
this case the method by [16] is used, in which if the
specific material is not known a material gradient is
chosen which is representative. Here m = 10 is used
for blade loading, which is the material gradient for a
semi-flexible material such as fibre glass and m = 4 is
used for the rotor loading representing a stiff material
such as steel.

B. Operational Conditions

The conditions in which a tidal turbine operates
have initially been assessed through an examination of
conditions which effect wind loading. Work conducted
by Leishman, [17], listed the factors effecting wind tur-
bines by dividing into periodic and aperiodic compo-
nents. Based upon this work the periodic/deterministic
factors are: Onset flow speed, shear, tower shadow,
yaw and random/aperiodic factors which effect the
loading are turbulence, wake dynamics, blade/wake
interactions and waves. In this study the deterministic

loads are calculated for comparison with the experi-
mental case, with one turbulence case. A blade root
bending moment spectra obtained from the experimen-
tal results and normalised by the rotor frequency is
shown in Fig. 2.

Fig. 2. Normalised root bending moment spectra from experimental
data, XMED project, with frequency ranges highlighted showing the
different influencing factors on the loads.

This highlights the range of influence for the tur-
bulence, the high frequency fluctuations and the mid-
frequency range dominated by the rotor harmonics.
The work in this section is to establish the operational
conditions which contribute to the loads at the rotor
harmonics, the cause of the high frequency fluctuations
will be examined in Section III-A.

C. Turbulence Modelling

The onset variation of flow to the turbine can be
considered as a mean value and the thrust and power
coefficients can be determined through blade element
momentum theory, (BEM). However if the load spectra
is be examined to determine the influence of dif-
ferent operational factors at various frequencies the
background ambient turbulence should be included.
There are many different methods used to model back-
ground turbulence, such as von Kármán and Kaimal,
[18]. These have been developed primarily for use in
aerospace applications as a model of wind turbulence.
In this case the von Kármán model has been chosen
for the generation of turbulence in the three linear
velocity components (u,v,w). This has been determined
for domain which size correlates to the experimental
set up which corresponds to the comparison data. The
characteristics of the turbulent flow field have also
been determined from the experimental case and used
as input to the generation of the von Kármán flow field,
this has been created using the commercial software
Tidal Bladed, [19].

The data extracted from Tidal Bladed produces a
grid of turbulent velocity components, this grid is then
considered as a time varying onset flow field to the tur-
bine. The turbulent characteristics which where used to
define the onset flow are recalculated after generation,
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with the turbulence intensity kept at exactly 3% and
the variation in length scale given in Table II-C.

The length scale in the von Kármán case has been de-
termined through the use of an autocorrelation method
at various points in the centre of the domain. The varia-
tion between the experimental and spectral turbulence
is suitable, so the grid of generated velocities is used as
the background ambient turbulence. The next stage is
to outline the different conditions in which the turbine
can operate and in particular those conditions which
effected the experimental case.

D. Distortion of Turbulence

Using the turbulent flow field generate by the von
Kármán energy spectra and extracting inflow velocity,
results in no impact from the rotor onto the mean flow,
the turbulence is considered locally ‘frozen’. However,
this is not the case if the rotor is actually present
whilst rotating through the flow field, there is an
additional non-zero mean strain component imposed
upon the flow field. Previous work by [20] and [21],
into examining the effect of the non-zero mean strain
component shows that it can result in tilting, stretching
and displacement of vorticity components. This has
been examined for a bluff body by [22] through the
use of rapid distortion theory. Initial work focussed on
applying this theory to a contracting duct in a wind
tunnel, [23], however the application for Tidal turbines
is through the use of an actuator disc, a study has
recently been conducted by [24].

The method applied here focusses on the distortion
due to the small ratio of turbulent length scale to
diameter, as with the study conducted by [24], the
distortion is determined at a central point in the middle
of the rotor in the flow field. The ratio of the mean
square of the turbulent velocity is given in (2). This is
determined using the RDT theory outlined in [23], with
a Lagrangian specification of the motion of the flow.

〈u2〉
〈u2∞〉

= µ(c) =
3

4

(
√
s+ (s− 1)tan−1(

√
s))

c2s3/2
(2)

In Equation 2, s = c3 − 1 where c is the contraction
coefficient which for the actuator disc is less than one
and is determined from c = 1−a, with a being the axial
induction. This gives an increased turbulence intensity
of the flow field. A wave number method is also ap-
plied to give the variation across the velocity spectrum.
The relationship between distorted and undistorted
wave number is given by 3, which is obtained from
[23].

χi =
∂ξj∞
∂xi

κj (3)

TABLE I
COMPARISON OF LENGTH SCALE BETWEEN EXPERIMENT AND

SPECTRAL TURBULENCE

Symbol Length scale (m) Percentage Difference

Experimental 0.6
von Kármán 0.5381 10

Where χi is the distorted wave number and κj is the
undistorted. Considering only strain is at the centre
of the rotor, the non-diagonal terms in the strain ten-
sor are zero. This relationship follows through to a
relationship between the spectral tensors (Φ11) of the
turbulence, shown in Equation 4.

Φ11(κ) =
κ4

κ4∞
Φ11∞κ∞ (4)

Following through from this using the method in [24],
the one-dimensional frequency spectrum is defined by
Equations II-D and II-D, for the distorted and undis-
torted turbulence, respectively.

φ11(κ∗1) =
κ∗4τ∗3dτ

2(c−2κ∗21 + cτ∗2)2(1 + κ∗21 + τ∗2)17/6
(5)

φ11∞(κ∗1) =
κ∗4τ∗3dτ

κ∗4(1 + κ∗21 + τ∗2)17/6
(6)

Where (c−2κ∗21 + cτ∗2) is the term to describe the
distorted wave number, the turbulence energy function
which has been used is the von Kármán, κ∗ is the non-
dimensional wave number, and τ2 = κ22 + κ23.

This results in a variation of the one-dimensional
frequency spectra for the streamwise velocity with
wave number. This variation is implemented to the
velocity spectra extracted from the von Kármán grid of
velocities. The results of the inclusion of this distortion
are shown in Section III.

E. Shear Flow

One of the most common definitions of sheared flow
at a tidal site is the power law profile, which uses a
specific index to highlight the level of vertical shear.
Vertical shear is caused by the surface roughness of
the sea bed and therefore can vary with bathymetry.
However in most tidal sites a 1/7th vertical shear
profile has been found, [11], [18], [25] and [26]. In this
investigation a range of power law shear profiles will
be examined and compared to the experimental case.

In addition to vertical shear, disturbances in the flow
field can cause a more transverse shear than only a
variation due to turbulence. A brief study into a linear
variation of shear across the transverse direction of
the rotor plane is also included. Previous work in
examining the flow field from the experimental case
has shown that this slight linear variation may be
present, [9].

F. Waves

The influence of waves onto the blade loading can be
found by using the depth variation of velocity due to
a series of wave spectra, with wave velocity at specific
heights through the depth using (7).

Uwave = (ωr − kU0)aw

(
cosh(k(d+ z))

sinh(kd)

)
cos(φ− ωrt)

(7)
Where U0 is the current velocity, aw is the amplitude

of the wave obtained using a Bretschneider spectrum,
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d is the depth of water, z is the vertical position (-ve
below the surface), φ is the phase and ωr is the relative
angular frequency defined by (8), with k corresponds
to wave number which is relative the moving frame of
reference.

ωr = U0k +
√
gktanh(kd) (8)

Using the variation of velocity with depth the load-
ing as been assessed with the a constant onset flow,
to establish the variation in magnitude of the loads
with frequency will depend solely on the waves, no
turbulence.

G. Tower Shadow
Tower shadow is the term used to describe the

influence of the tower onto the onset flow experienced
on a rotor upstream. The influence of the tower causes
a velocity deficit upstream and can be modelled using
potential flow theory. The deviation of the flow around
the tower causes a reduction in axial speed and a
slight increase in lateral. The variation in flow speed is
calculated depending on the blade location within the
revolution, the equations which show the variation in
lateral and axial onset flow for the lower half of the
rotor are given by equations II-G and II-G

Vy = U∞

(
r2t
d2rs

)
sin(2φ) (9)

Vx = U∞

(
1− r2t

d2rs

)
cos(2φ) (10)

Where Vx is the axial component and Vy is the lateral,
drs is the distance of each blade segment to the tower
centre, φ is angle between the blade segment and the
tower and rt is the tower radius. The dimensions used
for determining the effect of tower shadow were taken
from the experimental set up, leaving a ratio between
tower diameter and rotor overhang of 0.099. This
method for including the influence of tower shadow
has been applied to wind turbines in [27], where the
overhang ratios vary between 0.2 to 0.33 which have
been found to effect the thrust by 4-8%. The influence
of the tower shadow on the blade loading will be
investigated.

III. BLADE LOADING

The loading considered in this study is the blade
root bending caused by the axial load, Mx. Initially the
procedure for determining the loading takes into ac-
count the initial grid of time varying turbulent velocity
components, and imposes the various velocity deficits
and spectral shifts due to the different operational
conditions. With the new time-varying components
the relative velocity and inflow angles are determine
for ten positions along the blade, which rotates with
angular frequency given by the chosen operating point.
In this case for comparison with the experimental case
a TSR of 5.89 is used.

To determine the axial loading a blade element ap-
proach is used, where (11-12) provide the time varying

lift an drag force experienced at the ten positions along
the blade and (13) provides the axial force at each
position along each blade.

δL(t) = B
1

2
ρc(Urel)

2CLδr (11)

δD(t) = B
1

2
ρc(Urel)

2CDδr (12)

δFa(t) = δL(t)cos(φ(t)) + δD(t)sin(φ(t)) (13)

In all cases here a constant axial induction has been
used which corresponds to the induction included for
the turbulence distortion. The lift and drag data has
initially been taken from a CFD simulation for a blade
segment corresponding to the experimental case, in
steady conditions, at the appropriate Reynolds number.

This section focusses on the load magnitude at the
high frequency end of the load spectra. As shown in
Fig. 2, it is considered here that fluctuations at the
blade scale result in the increased magnitude, whereas
currently the load spectra defined follows a -5/3 decay
of the energy within the turbulent flow field. This
difference in magnitude is most noticeable when the
overall load cycles are determined.

In this study the fluctuations at blade scale have been
approximated by terms describing the fluctuations of
lift and drag coefficient that arise when a 2D blade
segment is subject to an unsteady inflow. This variation
due to relative velocity from onset turbulence has
been assessed to inform the evaluation of the onset
turbulence method on the frequency variation of blade
and turbine loads. A NACA 63-818 profile (as the
profile at 0.7R from [9]) is studied using a RANS k-
ω SST solver. A C-shape mesh was created around the
aerofoil, this allows for varying angular inflow without
any disturbances at the upper and lower boundaries.
Grid convergence was examined using Richardson ex-
trapolation, initially at a Reynolds (Re) number of 800k
for comparison with experimental data from [28]. From
this comparison the lift and drag results obtained were
in better agreement with the experimental data than
XFoil. The convergence was then re-checked with a
lower Re number of 181k, in line with the Reynolds
number local to the blade at 70% radius chosen from
the experimental case in ( [9]). In comparison with
XFoil results at the same Re number the ratio between
the two forces are in better agreement with the higher
Re with Xfoil producing a much higher ratio in both
cases. In each of the simulations conducted for the
mesh convergence study there is a higher level of
refinement surrounding the aerofoil and a scale ratio
between cells no greater than 1.2.

Initially a steady inflow velocity is used to define
the variation of lift and drag over a range of angles
of attack, as shown in Fig. 3. This is used in the
initial determination of blade loading. Then the relative
velocity experienced by a blade at 0.7R is used as the
onset flow, the varying lift and drag coefficients are
obtained for 25 rotations of the blade at numerous

H. Blade Scale Flow
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(a) Lift Coefficient (b) Drag Coefficient

Fig. 3. Variation of force coefficients with angle of attack, steady
conditions (blue line), range of coefficients from unsteady conditions
(black bars), mean coefficients from unsteady conditions (black dot).

Fig. 4. Example of spectra of lift coefficient at 14o (blue) with
fluctuating component of the onset relative velocity (orange), this
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 the 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 with the mean velocity and aggregated onto the
original load spectra.

angles of attack, a selection of angles and the range
of coefficient is also shown in Fig. 3.

The spectra of the CFD predictions of time-varying
lift and drag are then compared to the spectra of onset
relative velocity fluctuations. An example is shown in
Fig. 4, this compares the lift coefficient at an angle of
attack of 14o to the fluctuating velocity, the spectra has
been divided into three separate frequency bands, this
is 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, this is expected. In the mid-frequency range
highlighted by the blue lines, the magnitude of the
lift and velocity are very similar, only in the high
frequency range is there any variation between the two
magnitudes, highlighted by the red lines. 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 com-
bined with the mean velocity to determine additional
loading. The frequency at which the lift force spectra
diverges from the velocity spectra is dependant on the
inflow angle to the blade, in this study the separation
between the lift and velocity is considered to occur at

approximately 10f0 for all positions along the blade in
this case.

IV. EVALUATION OF UNSTEADY FLOWS

This section evaluates the influence of different oper-
ational conditions onto a load spectra generated from
a quasi-steady flow case. These spectra have been
compared to experimental results generated as part of
the XMED tests (Extreme Loading of Marine Energy
Devices due to Waves, Current, Flotsam and Mammal
Impact). The experimental set up and turbine speci-
fication are detailed within [29]. The tests performed
here focussed upon the variation of loading at two
turbulence intensities The experimental data used here
focuses the root bending moment data obtained for the
low turbulence case at 3% intensity, and wave loading
from a specific set of regular wave conditions.

Firstly the effect of turbulence distortion onto the
blade loading spectra is investigated. Fig. 5 shows shift
in magnitude of the load spectra with the addition of
distortion, over the mid to high frequency range this
reduces and follows the magnitude of the experimental
spectra.

Fig. 5. Blade loading, one blade only in each case, experimental
(black), induction only (blue), induction with distortion (purple).

Including the distortion has resulted in an overall
decrease in the magnitude of the spectra shown in
Figure 5. It has also had no impact on the magnitude
at the peaks of the rotor harmonics as there is no
periodicity. Tower shadow is then implemented and
the load spectra is shown in Fig. 6. By including the
tower shadow the peak at the rotor frequency has
increased by a factor of 62.25, however this is still not
the magnitude of the experimental case, hence various
shear profiles will be applied next in addition to tower
shadow and distortion.

The next factor investigated was vertical shear, as
mentioned previously the onset flow field has been
examined in recent work and an obvious 1/7th shear
profile was not found to be present. The variation in
peak loading for a range of shear profiles has been

I. Loading due to onset turbulence
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TABLE II
COMPARISON OF THE MAGNITUDE OF PEAK

LOADING, BETWEEN DIFFERENT TRANSVERSE CASES
AND THE EXPERIMENT.

Transverse Variation (%) Percentage Difference

1.5 41.7
2 0.83

2.25 23.7
2.5 51.2

Fig. 6. Blade loading, one blade only in each case, experimental
(black), induction with distortion and tower shadow (purple), added
vertical shear (1/20th) (green), with no vertical shear, but added
linear transverse variation of 2% (orange).

examined in [10], corresponding with this work a
smaller profile of 1/20th has been included here. This
shear profile is applied as a constant over the velocity
grid with time and hence has a strong periodic nature,
this is shown in Fig. 6.

The peak produced from the vertical shear profile
with induction and distortion is within 85% of the
experimental case. The linear deficit referred to as
transverse shear has been applied for a range of per-
centages, around 2%, which has been observed in the
experimental set up [9]. By applying these percentages
the peak loading at the rotor frequency varies as shown
in Table IV-A.

Applying just a transverse variation of 2% across
the rotor plane produces a blade averaged peak load
within 1% of the experimental case. When examining
the load spectra, even with the operational conditions
included, there is a lack of magnitude in the peaks at
the rotor harmonics.

There a various reasons why the peaks do not agree,
one is the spatial resolution of the velocity grid and
potentially the number of points extracted per blade
could effect the overall magnitude and variance of the
spectra, causing a slight reduction across the peaks.
Another could be neglecting induction caused by a
steel beam used at the bed of the turbine, which the
turbine was mounted behind in the experiment.

Due to the agreement between the linear variation
from a 2% profile and the experimental data, vertical
shear of 1/20th is not included any further analysis of

a single turbine.

Based upon the understanding of the lift and drag
spectra shown in the previous section, the magnitude
of the fluctuations for the lift and drag coefficients (>
10f0), is then reintroduced to the blade element method
used previously to recalculate the contribution to the
root bending moment on each blade. The addition of
considering the contribution due to the blade scale flow
is shown in Fig. 7. In the high frequency range (> 10f0)
there is a noticeable shift in the spectral magnitude,
the difference in load cycles and DEL for this shift are
shown in the following section.

Fig. 7. Blade loading, one blade only in each case, experimental
(black), induction with distortion, tower shadow and transverse
shear (2%) (green), with blade scale fluctuations from the magnitude
of the unsteady lift and drag components (purple)

depth variation of velocity with time. To determine
the accuracy of the method a comparison will be
made to experimental results from the same series of
tests, using the 1.2 m diameter turbine. One wave
case has been chosen, with a wave amplitude of 0.11
m, a frequency of 0.89 Hz and a constant rotational
speed of 70 rpm. The resultant load spectra for the
wave is based upon the thrust force experienced by
the rotor. This is property chosen for comparison as
there are no blade loading results for waves from the
experimental case. The spectra of thrust is shown in
Fig. 8, considering waves occurring with constant onset
flow and no turbulence, compared to waves with a 3%
turbulence domain (in this case from the von Kármán
method) and to the experimental results.

Considering the constant onset flow case the peak
magnitudes at the wave frequency and first harmonic
are within +/- 6% of the experimental peak values for
the thrust force. By introducing the 3% turbulence to
the inflow the overall variance of the data increases,
this leads to larger fluctuations and the increase to the
spectra, which corresponds to the magnitude in the

J. Loading due to Blade-Scale flow

K. Loading due to Waves
The loading due to waves is examined using the
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Fig. 8. Rotor loading, experimental (black), influence of waves
with constant onset velocity (blue), with 3% turbulence and added
linear transverse variation of 2% (orange), band to show variance for
experimental case around 3f0.

mid-frequency range of the experimental spectra. The
total energy in the mid to high frequency (10f/fW −
100f/fW ) range is not replicated by the inclusion of
the turbulence, with a 10% increase in energy between
the non-turbulent to turbulent case, however this is
still lower than the experimental case by a factor of
2.8. Also the peak magnitudes for the turbulent case
are larger for the wave frequency and first harmonic
by a factor of 3.6 and 9.7, respectively. The loading
due to waves is an area for more consideration, as the
turbulence is constructively interfering with the spectra
of velocity from waves hence causing larger loads than
the turbine should experience. Further examination
into the experimental conditions shows the potential
for an increase in turbulence intensity The effect of the
turbulence with the waves on the load cycles will also
be examined in the next section.

Load spectra analysis has been conducted to gather
an understanding of the impact of different operational
conditions across various frequency ranges. Corre-
sponding to each spectra of load is a time history which
can be used as an input to a Rainflow calculation of
load cycles. This method is used when the load is not a
simple periodic time series, but rather a more complex
irregular variation of stress reversals, the method is
described well in [30]. The resultant variation in load
cycles is shown in Fig. 9(a) and (b) for the blade
loading, there is a 17% different between the total
number of load cycles. This highlights the reduction
in higher magnitude cycles for the spectral case, as the
number of cycles at the lowest cyclic range is within
5%.

Using the data gathered from the Rainflow counting
the damage equivalent loads can be determined, using
(1). The damage equivalent load has been determined
for the different blade loading cases with the inclusion
of tower shadow providing an oscillating load magni-
tude within 44% of the average experimental. With the

(a) Experimental (b) Operational Conditions includ-
ing 2% linear variation

Fig. 9. Variation of load cycles between, (a)experimental root bend-
ing moment data and (b) root bending moment from turbulence
spectra with applied operational conditions.

addition of the linear variation at 2% the DEL is within
22%. As this value is directly effected by the magnitude
of the number of load cycles, a better prediction of
load cycles is needed. Rainflow cycle counting method
is then performed on the time history of loads based
upon the load spectra with blade scale flow included.
This results in the number of total cycles to increasing
to within 1% of the experimental case. This should
result in an increase in DEL, which it does by 2%,
bringing the DELs to within 20% of the experimental
value. This increase is not as significant as the load
cycles, due to the lack of magnitude around the rotor
harmonics for the spectral turbulence case.

For the rotor loading due to waves the variation of
load cycles is given in Figure 10. The distribution of
loads varies between the different load spectra, for the
experimental case there is a larger number of small
cycle magnitude than the constant onset and turbulent
wave cases, there is a bimodal trend for each case with
the second mode - increase in cycles occurring at a
lower cycle magnitude than the turbulent wave case,
these correspond to the increase in peak loading. For
rotor loading due to waves, with no turbulence the
DEL is found to be 40% lower than the experiment,
and with the inclusion of turbulence the DEL is 29%
greater. This over prediction will be influenced by the
increase higher magnitude cycles, the under prediction
will be influenced primarily by the lack of cycles across

(a) Experimental (b) Numerical

Fig. 10. Variation of load cycles between, (a) experimental root thrust
data and (b) wave loads with constant onset U0 (red) and wave
loads with applied turbulence at 3% and linear transverse shear at
2% (green).

L. Load Cycle Analysis
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the magnitudes.
For rotor loading due to waves, with no turbulence

the DEL is found to be 40% lower than the experiment,
and with the inclusion of turbulence the DEL is 29%
greater. This over prediction will be influenced by the
increase higher magnitude cycles, the under prediction
will be influenced primarily by the lack of cycles across
the magnitudes.

V. DISCUSSION

Longer term loading is important for overall fatigue
life calculations. As mentioned in the introduction the
understanding of loading at one quasi-steady condition
can be used to determine the loading over a range of
sea-states. In this case a brief example of the loading
experienced over a 30 day period is given, where each
load spectra is determined with varying onset mean
velocity flow fields and turbulence intensity. The range
of velocity and turbulence intensity is given in Fig. 11.
This has been determined using 9 tidal constituents
from the Pentland Firth, which is shown in Fig. 1.

Fig. 11. Top: Time varying mean onset flow modelled from a tidal
site, Bottom: Time varying turbulence intensity modelled from trend
with literature and mean velocity, for method see [15].

In this case the von Kármán spectral turbulence has
been generated using a Froude scaled version of this
variation of mean onset flow and turbulence intensity.
Some operational factors have been included such as
tower shadow and stretching, however vertical and
transverse shear have not been applied. The aim here
is to determine the variation of loads due to the levels
of turbulence over this 30 day period and compare
the results here with previous results where a scaled
experimental spectra has been used, [15]. The DELs
and load cycles are calculated for the blade loading
at each quasi-steady state and then aggregated for the
30 day period. This variation of DEL for the semi-
flexible material are shown in Fig. 12. This variation is
shown for the quasi-steady intervals where the mean
onset flow is above 0.5 m/s and the TSR is constant
for maximum rated power, for this 30 day period that
results in 76% of the original data set being used.

Fig. 12. Preliminary results for damage equivalent loads determined
for a semi-flexible material for blade loading, determined at each
quasi-steady interval over a 30 day period.

VI. CONCLUSIONS

• Single peak blade loading at the rotor frequency
can be reproduced to within 1% of the experimen-
tal data.

• Peak magnitudes of thrust due to wave loading
can be predicted within 6% of experiment, using
a constant plug flow.

• From the blade loading study, the magnitude of
subsequent peaks at rotor harmonics are not cap-
tured here with the inclusion of periodic com-
ponents such as tower shadow, transverse and
vertical shear.

• The damage equivalent loads vary by 22%, with-
out the inclusion of blade scale fluctuations in
force coefficient this improves to within 20% with
the inclusions of blade scale fluctuations. Again,
the loss of magnitude at the rotor harmonics of
the blade loading may account for the overall
difference.

• Turbulence is found to act constructively with
wave spectra which results in an over-estimation
of the peak loading on a rotor due to thrust.

This method is quick at producing a close prediction
of blade loads, when compared to experimental results.
It can be applied to a range of site specific design
conditions, which allows for the optimisation of the
turbines within the site based upon the fatigue loading
of different components. Understanding the variation
in loads due to unsteady environmental conditions can
influence locations of turbines within arrays and within
site locations. If there is a potential for 100 turbines
within site, using this process, different areas of the
site can be considered. With the opportunity to design
the locations of turbines based upon which parts of the
site will give an equal length of design life.

Further work needs to be conducted into the in-
fluence of operational loads on the rotor loading and
investigating the onset flow in more detail to deter-
mine the peak magnitudes at the rotor harmonics. In
addition long term full scale wave conditions will be
investigated using the synthetic turbulence case and
compared to results from using scaled experimental
spectra.
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