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flow velocity and wave climate. Understanding how the
loads are likely to vary as a function of these site
parameters will aid turbine developers in evaluating the
performance of their turbine, given their site
characteristics.
As indicative of a developing industry, literature on
the role of waves on tidal turbine blade loads is
relatively limited. Barltrop et al. [1] have previously
incorporated linear wave theory with a blade-element
momentum model, to demonstrate the effect of wave
steepness. Predictions of the root bending moment
loads were validated against a set of experimental trials
in a wave tank and were found to agree well for long
waves, but less so for steep waves. The out-of-plane
bending moments were found to fluctuate by as much
as fifty percent of the mean value. McCann and
McCann et al. [2, 3] have also used linear wave theory
to investigate the role of irregular waves for a generic
2MW tidal turbine in terms of both extreme and fatigue
loading. Whilst wave-current interaction was not
considered, the loading was found to be sensitive to
both wave height and period. In the latter analysis, a
site specific wave climate from the European Marine
Energy Centre (EMEC) was utilised. A recent analysis
by Milne et al. [4] has also indicated that the wave
height, period and distance of the hub from the free
surface are drivers of tidal turbine blade loads.
Using a combination of wave theory, and numerical
modelling of a horizontal axis turbine, this paper aims
to identify the complex interactions which contribute to
the loads and quantify the relative importance of a
range of parameters, including the mean current speed
and its vertical profile, the channel depth, hub height,
and wave height, period and direction.

Abstract

Surface waves are a significant contributor to the
unsteady blade loads for tidal turbines. Their
relative effect is dependent on a range of site and
device specific parameters. Using a combination of
theory and simulations, for both regular and
irregular wave conditions, this paper demonstrates
that the wave height, period, direction and hub
height relative to the surface are key drivers of the
blade loads. The channel depth will also affect the
loading induced by long period waves. Waves can
alter the dominant periodic load and also enhance
the turbulence induced loads, which can have severe
implications on the fatigue life of the blade. The
findings will aid turbine developers in assessing the
long term loading of their device.
Keywords: Fatigue, tidal turbine, unsteady loads, waves.

1.

Introduction

Tidal turbines operate in a harsh and unforgiving
environment, where the hydrodynamic loads are severe.
Characterising the nature of the loads inflicted on
fatigue sensitive components such as the blades is
crucial if designs are to be optimised and premature
failures avoided.
The unsteady hydrodynamic loads on tidal turbine
blades are driven primarily by variations in the onset
flow, which lead to fluctuations in the lift and drag
forces acting on the hydrofoil. The unsteadiness in the
flow is induced by variations caused by phenomenon
such as shear flow, turbulence and waves. Whilst an
understanding of the role of turbulence and shear flow
can be transferred, in part, from the wind turbine
industry, the effect of waves brings an additional
challenge to tidal turbine blade designers.
The severity of the velocity perturbations caused by
waves is dependent on a range of site parameters,
which will dictate where in the water column the
turbine should be positioned. Considerable variations
exist between sites in terms of the channel depth, mean

2.

Background theory

It is the root out-of-plane bending moment,
expressed by equation (1), which will typically be of
primary concern for tidal turbine blade designers. This
is due to the immense thrust (axial) forces which are
experienced. The affect of the waves on the blade
loading will primarily be via the attenuation or
reduction in the apparent velocity. This subsequently
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results in a variation in the angle of attack and hence
2kU ref
the thrust coefficient.
U in line 
1
 CT V  Vw 2 crdr
2





dz

 cos w  cosh 2k z  d dz
sinh 2kd   z ref 
d

R

My 

0

(1)



(8)

where α is the shear profile power-law exponent.
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3.

where ρ is the density of seawater, V is the apparent
velocity vector in the absence of waves, Vw is the
apparent wave induced velocity vector (the total having
been modified by the induction factors), and CT the
thrust coefficient and c the chord length of a section at
distance r from the hub.
Linear (Airy) wave theory is used herein to model
the wave particle kinematics. Whilst strictly only
applicable to infinitesimally small waves, it is
considered a reasonable assumption for the conditions
analysed here. The horizontal u, lateral v and vertical w
wave induced perturbation velocities may be expressed
as
u

H
coshk d  z 
cos w 
cos 
Ti
sinh kd 

(2)
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w

Simulation methodology and turbine
specifications

To quantify the role of waves on the turbine blade
loads, a series of numerical simulations have been
performed using the commercially available software
Tidal Bladed by Garrad Hassan [7]. The hydrodynamic
model incorporated in Tidal Bladed combines the
theories of blade element and dynamic inflow, the latter
accounting for the time delay in changes associated
with rotor loading building up in the wake.
The three-dimensional onset flow, which
compromises the wave, mean flow, and turbulence
induced velocities is compiled using a Matlab program
written by the primary author and is read-into Tidal
Bladed prior to the simulation.
The generic turbine used for all the simulations
compromises a single, tri-bladed, horizontal-axis rotor,
which operates at a constant speed of 15.5 rpm. The
turbine has a rated power of 500kW at a flow speed of
approximately 2.6m/s. The blade profile is based on
that designed by UK tidal turbine developer Tidal
Generation Limited [8]. For this analysis the airfoil
profile conforms to the NACA 44XX series, which
have previously been recommended as being suitable
for tidal turbines by Myers [9] and were also utilised in
the design of Marine Current Turbine’s SeaFlow
turbine. The steady-state performance and blade loads,
as a function of the hub flow speed are depicted in
Figure 1.

which are valid for any water depth. H is the wave
height (twice the amplitude), Ti the intrinsic wave
period, Ta the observed period,  w the angle of
inclination between the waves and mean current, k
(=2π/λ) the wave number, λ the wavelength, z the
distance below the free surface (positive upwards), and
d the channel depth. For a fixed location in space, such
as at the rotor
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where t is time and  is a phase angle. The wavenumber
and intrinsic wave period are related through the
dispersion relation expressed by
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Following ISO 19901-1 [5], which assumes the
waves are already in the presence of underlying
current, the intrinsic and observed wave periods are
related through a Doppler shift
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Figure 1: Turbine performance characteristics in a steady
uniform flow.

4. Role of wave height, intrinsic period
and channel depth

(7)

For vertical current profiles described by the powerlaw, the depth weighted current is computed following
reference [6] as

Obviously, the wave induced velocities, and hence
the loads, are strong functions of the wave height and
period. Their influence may, in part, be quantified by
considering the magnitude of the wave induced
velocity fluctuation relative to the mean flow, which is
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Figure 3: Ratio of longitudinal rotational wave induced
velocity range ur Range to the longitudinal velocity fluctuation
range observed at hub uRange, as a function of intrinsic
period, for (a) 30m channel and (b) 60m channel. r=0.7R

Figure 2: Normalised wave induced velocity range for (a)
longitudinal component 2|u|/H and (b) vertical component
2|v|/H, a 30m channel depth (solid line) and a 60m channel
depth (dashed line).

the function given by equation (9), which represents the
ratio of the range of the 1P velocity fluctuation, to that
of the 1Ta variation. It is dependent on the
wavenumber, channel depth, hub height and blade
radii. Its variation is illustrated in Figure 3, for the
blade section of 0.7R.

shown schematically in Figure 2. Since the wave
induced magnitudes are also functions of the channel
depth, its influence too may be deduced. Two channel
depths, 30m and 60m are considered, which are
assumed to be representative of relatively shallow and
deep sites.
Neglecting the region in close proximity to the free
surface, the effective depth where the wave velocities
will penetrate the water column will generally increase
with an increase in wave period. For shallow channels,
waves of relatively long period can affect the entire
water column. Since the wave height tends to increase
with increasing wave period it can be envisaged that
the magnitude of the velocity fluctuations can become
of the same order of magnitude as those of the
operating range of the turbine. The subsequent extreme
loads that would be experienced in such conditions, are
likely to pose a constraint on the proximity of a turbine
to the surface with respect to efficient operation.
Although the w velocity component is shown to
fluctuate by the same order of magnitude as the u
component, it should be remembered that it is the u
component which will generally cause the greatest
variations in angle of attack and thrust, and hence will
be the primary driver of the fluctuating out-of-plane
bending moments. It is therefore the horizontal wave
induced velocity which is considered hereafter.
Whilst Figure 2 provides a useful indication of how
the wave induced velocities will vary throughout the
water column, a more insightful means of quantifying
the blade load response necessitates a consideration of
the velocity observed by the rotating blade. In addition
to the overall fluctuation of the wave induced, the
depth-wise non-uniformity in the wave-induced
velocity implies that there will also be a once-perrevolution (1P) contribution to the induced velocity as
observed by the blade. This is analogous to a rotational
sampling effect commonly discussed in the context of
turbulence.
The relative importance of the 1P variation
compared to the 1Ta fluctuation can be deduced from

u r Range
u Range



coshk d  z hub  r   coshk d  z hub  r 
2 coshk d  z hub 

(9)

Root out-of-plane bending moment My (kNm)

The amplitude of the 1P fluctuation increases as Ti
decreases, and for relatively short waves both the 1P
and 1Ta fluctuations may be of the same order of
magnitude, for this particular turbine. This 1P variation
can attenuate the Ta loads, leading to load cycles of
higher range, as is illustrated in Figure 4. This will
obviously have consequences for the fatigue life of the
blade. The 1P variation would be expected to be much
more important for larger turbines, which may have
blade lengths which are much greater than the turbine
considered here. In terms of the actual variation in load
magnitudes, a series of simulations have been
performed where by the turbine was exposed to regular
waves of varying height and period (approximately at
the upper limits of linear wave theory applicability),
and for a range of channel depths and hub heights. The
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Figure 4: Blade root bending moment time history for 1m
wave height, for Ti=6s (blue) and Ti=9s (red).
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Figure 5: Variation of normalised standard deviation of
blade root out-of-plane bending moment as a function of
distance of hub from free surface and H/Ti combination.
Hub height flow speed Uhub=2m/s.
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Figure 6: Ratio of 1P velocity variation induced by shear
flow to the 1P variation induced by waves, as a function of
distance of hub from free surface and shear profile powerlaw exponent. Solid line α=1/10, dashed line α=1/5, for (a)
30m channel and (b) 60m channel. r=0.7R and normalised
by uhub and 1/H.

corresponding standard deviations of the root-out-of
plane bending moment are compared in Figure 5,
where the hub height flow speed is 2m/s.
The trends in the load fluctuations correlate well
with theory. Waves of relatively low height and period
cause comparatively minor fluctuations and are
relatively depth independent. In contrast, significant
load fluctuations can arise when both the wave height
and period increase, with standard deviations of
approximately 40 percent of the mean load being
realised. For such waves, the depth will also influence
the loads.
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though it can vary between sites, with McCann et al.
[3] reporting that a 1/5 profile exists at the EMEC site.
To demonstrate the relative importance of the shear
profile, the variation in the mean current, which would
be experienced at 0.7R, is shown in Figure 6 as a
function of d and α, and normalised by uhub and 1/H.
Assuming that the turbine hub is located within 20m
of the free surface, for a 60m channel wave-induced
velocities are likely to completely mask that of the
shear. However, for a 30m channel, where the turbine
rotor is much more exposed to the mean flow nonuniformity, the shear induced velocities will be much
more apparent for relatively short waves, of low height.
When combined with the 1P wave fluctuations,
discussed previously, the 1P fluctuations may dominate
over the 1Ta fluctuation. As well as attenuating the load
ranges, this would have the implication that the number
of load cycles may be increased, which may lead to
enhanced rates of fatigue.
A series of simulations have also been performed
using regular waves to demonstrate the effect of the
shear profile. The resulting loads are analysed in Figure
7, again for a case of Uhub=2m/s and a channel depth of

Interaction with the mean flow and
effect of wave direction

Section 2 demonstrated that the mean flow also has
an influence on the water kinematics. As expressed in
equation (7), due to the Doppler shift, for a given
observed wave period, as the mean velocity increases,
the intrinsic period increases relative to the observed
period. As an example, for Uinline of 2m/s and 4m/s, and
Ta’s of 5s and 10s, the equivalent Ti will be
approximately 6.5s and 11.5s, and 7s and 13s
respectively. The implication of this is that, compared
to the no-current condition, and depending on the hub
height, the magnitude and effective depth of
penetration of the induced velocity may be enhanced.
This would lead to increased load magnitudes, and
would be especially relevant when predicting extreme
loads, where Ti and Ta may be notably different.
It should also be noted that since the mean and wave
induced velocities are additive, as the mean flow speed
increases relative to the wave induced velocity the
magnitude of the angle of attack and thrust fluctuations
will tend to reduce. This implies that the effect of the
waves on the bending moments will also reduce.
The mean velocity profile too will have an influence
on the apparent velocity and the blade loading. The
vertical velocity profile of the mean flow, which exists
due to shear forces, also induces a 1P loading on the
turbine blades. It is common practice to describe the
depth-wise variation in the mean flow using a power
law. Typically the power exponent α is taken to be 1/7,
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Figure 7: Variation of blade root out-of-plane bending
moment as a function of distance of hub from free surface,
as a function of H/Ti combination, shear profile and wave
inclination angle. Hub height flow speed Uhub=2m/s and
channel depth 30m.
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30m. The influence of the shear induced loads can be
observed, where the load fluctuations for a hub 20m
below the surface are typically greater than for a hub
height of 15m. For the 2m,10s case, at a hub height of 20m from the free surface and an α of 1/7, the wave
induced fluctuations are however, slightly more
dominant.
The effect of the relative angle between the wave
train and the current should also be considered. Whilst
the waves at sites such as EMEC have been shown to
be relatively in-line with the mean current [3], this may
not always be the case. From equation (2), the
horizontal wave induced velocity, which is the primary
driver of the out-of-plane loads, will vary with the
cosine of the angle of inclination. The standard
deviations of the loads for a regular wave at 45°
inclination are also shown in Figure 7, which are
appreciably lower than those for a wave in-line with the
current. Therefore the wave induced loading may vary
significantly between sites, simply based on the
prevailing wave direction relative to the current.

6.
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where ni is the number of cycles at load range Li, T is
the duration of the sample, f is the frequency of the
loads and m is the inverse slope of the S-N curve of the
material, assumed herein as m=10.
The DELs presented herein have been normalised by
the reference DEL for the case: Uhub=1.75m/s, zhub=20m, d=60m and no waves, of 95kNm at 1Hz. The
maximum loads have been normalised by the mean
load.
Referring to Figure 8, the relationships between the
wave parameters which were discussed previously tend
to also be observed for the irregular cases. The
implications of the relative effect of waves with mean
flow speed, discussed previously, can be observed in
the greater normalised load maxima at 1.75m/s
compared to 2.25m/s. The loads for the case of no
waves (only background turbulence) have also been
plotted, such that the relative effect of the waves to
turbulence can also be deduced.
As a further means for understanding the role of
waves on the blade loads, it is useful to consider how
the cycle count distributions may vary. Shown in
Figure 9 are the range count distributions as a function
of Hs and Tp, for a hub height flow speed of 2.25m/s,
zhub of -10m and channel depth of 30m. There is a
considerable shift of the high load range ‘tail’ of the
spectrum, as the wave height and period increase and
between a hub at -10m and -20m from the free surface,
if the channel is 30m compared to 60m. Literature has
shown that for composite materials, it is the tail of the

Irregular waves and turbulence

DEL/DELref (m=10)

Whilst the preceding sections have used regular
waves to demonstrate the role of various site
parameters, the waves in the open sea are seldom
regular. Furthermore, the background flow, even in
absence of waves, is turbulent and therefore unsteady
both spatially and temporally. Turbulence itself is a
primary driver of unsteady blade loads and turbulence
intensities of approximately 10% have been recorded in
EMEC [3].
An irregular wave train is synthesised here using the
superposition method. The wave amplitudes and phase
are computed randomly using the Nondeterministic
Spectral Amplitude approach [10], and wave current
interaction is included. The spectral energy has been
computed according to the Joint North Sea WAve
Project (JONSWAP) model [11], which is defined by a
significant wave height Hs, peak spectral period Tp and
a peakedness parameter. In lieu of a specific model for
underwater turbulence in tidal streams, the Improved
von Karman model [12] is employed to synthesise the
turbulence, as was also used in [2, 3]. Wheeler
stretching is applied to the mean flow, waves and
turbulence, to account for deformation of the free
surface.
The loads have been simulated for Uhub of 1.75m/s
and 2.25m/s, which from Figure 1, represent belowrated conditions. Two Hs/Ti combinations of 1m/7s and
2m/10s, and two channel depths of 30m and 60m are
analysed. The shear profile is described by the 1/7 th
power law, and the turbulence intensity TI is 7.5%. The
root out-of-plane bending moments have been analysed
in terms of the damage equivalent loads (DELs), and
their maximum values. The DEL represents the
amplitude of single frequency load which would inflict
the same damage as the original time signal. In this
analysis the mean load is neglected, and the DEL can
be expressed as
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