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Unsteady loading prediction on tidal turbine

blades using computational fluid dynamics

William Finnegan and Jamie Goggins

Abstract— After wind energy, tidal energy presents the
most prominent opportunity for generating energy from
renewable sources. However, due to the harsh environment
that tidal turbines are deployed in, they are exposed to
extreme conditions and loadings. As a consequence of the
harsh environment, the loadings on the turbine blades are
much greater than that on wind turbine blades and need to
be accurately evaluated within their design stage.
Numerical modelling offers a relatively inexpensive
method of estimating these loadings, compared to physical
testing. However, in recent years, computational fluid
mechanics has gained in popularity due to its ability to
compute non-linear solutions for complex geometries
accurately. In this paper, a computational fluid mechanics
model for a concept tidal turbine is developed in order to
estimate the fatigue loading on the turbine blades during
operation. A steady state solution for a single blade is first
analysed to estimate static loading on a turbine blade. This
is then advanced to a transient model of the full turbine,
which is used to estimate the fatigue loading for three flow
velocity conditions. A combination of constant flow, tidal
flow and the velocity profile due to the presence of surface
waves are analysed and discussed within the paper. Finally,
a brief discussion on the implications of the study is
presented, along with the next stages of the study.
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I. INTRODUCTION

S the global tidal stream energy moves closer to

commercial viability, additional challenges are

presented as developers strive to lower the levelised
cost of energy in order to challenge the low cost associated
with generating energy from fossil fuels. As a result, a
greater insight into the environment in which tidal turbine
blades are deployed in is sought in order to advance the
design of key components to achieve these economic and
sustainability targets. One of the most significant
operational challenges is the survivability of tidal energy
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devices when exposed to fatigue loading over their design
life. Therefore, it is essential that developers and engineers
clearly and accurately understand these fatigue loadings
and can allow for them in the design stage of the
development of a tidal energy device. A key component of
many tidal energy devices is the blades, which converts the
kinetic energy of the current into useful mechanical
energy. As a result, the blades experience very high thrust
forces and need to be designed to deal with these loadings.
In recent years, the horizontal axis tidal turbine has
become the most popular type of tidal energy device as,
based on an EU report by Corsatea and Magagna [1], 76 %
of research and development efforts in the tidal energy
sector are related to HATT technologies.

Within the design stage of a device, numerical models
are used to account for the operational loads on device
components. Traditionally, the hydrodynamic modelling
tool used for estimating the loadings on the blades of
HATTs is the blade element momentum theory [2].
However, in recent years, computational fluid dynamics
(CFD) is gaining ground due to increased computational
capabilities and higher accuracy under a range of
operating conditions. A summary of previously published
studies exploring the use of CFD to examine the operation
of horizontal axis tidal turbines has been included and
discussed in Finnegan et al. [3]. Ahmed et al. [4] explored
the fluctuating load on tidal turbine due to velocity shear
and turbulence using CFD, which was validated against
field data. Additionally, a number of studies have
combined these fluid dynamics models with structural
analysis algorithms to explore the structural loads and
responses of the device components. Grogan et al. [5]
developed a hydrodynamic-structural design
methodology for a tidal turbine blades in order to compare
glass fibre and carbon fibre as blade construction materials
for a full scale (1.5MW) tidal turbine. Fagan [6] used
advanced hydrodynamic and finite element method
(FEM) models, along with a genetic algorithm, to optimise
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Fig. 1. Schematic of the geometry of the concept 1 MW horizontal
axis tidal turbine used in this study.
the mass of the blade and evaluate a number of near-
optimum tidal turbine blade designs.

The tidal turbine blades convert the hydrodynamic
energy of the tidal current to mechanical energy.
Therefore, the fatigue effects from the tidal current on the
blades is detrimental to the design life of a tidal turbine, if
not properly accounted for. With a number of tidal
turbines being recently shown to be reaching commercial
viability, there has been an increased understanding of the
various fatigue loading on tidal turbine blades. There are
five main aspects that have been identified by tidal turbine
developers that contribute to fatigue loadings on tidal
turbine blades:

e Variation in vertical velocity profile of the tidal
flow;

e Shadow effects from the support structure;

e Array effects due to positioning in the wake of
other turbines;

e Forces generated from surface waves; and

e Turbulence in incoming tidal flow.

Numerical modelling offers a relatively inexpensive
method of testing and validation of early designs,
compared to physical models.

In this paper, the operational fatigue loading on the
blades of a concept tidal turbine device due to waves and
tidal current are explored. The concept tidal turbine device
used in this analysisis a 1 MW horizontal axis tidal turbine
with two blades, as shown in Fig. 1. In order to achieve
this, a CFD model of the blades and hub has been
developed using the commercial software ANSYS CFX.
The development of the model has been discussed, along
with a discussion on the loadings due to water impacting
on the blades due to the forces of the wave and tidal
current.

1I. METHODOLOGY

A. Aim and objectives

The overarching aim of this study is to develop a
numerical model that can accurately predict the
operational fatigue loading on tidal turbine blades. This
model will allow designers, engineers and developers to
allow for these fatigue loads from the early design stage
and ensure that components of tidal energy devices are
sufficiently designed to perform effectively throughout
their full design life span. However, in order to achieve
this aim, the following objectives were necessary:

e To develop a CFD model of flow on tidal turbine
blades

e To accurately model the vertical profile of the
flow velocity that accounts for both waves and
tidal current

e To determine the resulting fatigue loadings on
the blades due to the flow

B. Tidal turbine geometry

The 2-blade tidal turbine geometry for a concept
horizontal axis tidal turbine that is used in this analysis is
shown in Fig. 1. The diameter of the tidal turbine is
approximately 21 m, where the hub is 3 m in diameter and,
in turn, is suitable for use in tidal turbine with a capacity
of approximately IMW. The blades are pitched so that the
tip of the blade is near 0° so to design for a worst-case
scenario as the highest thrust loadings will occur in this
position.

C. Computational fluid dynamics model

The tidal turbine geometry, which is discussed in
Section B and shown in Fig. 1, is inputted into the CFD
model, which is developed using the commercial software
ANSYS CFX, and is based on the models developed by
Finnegan et al. [3,7]. The turbine is modelled as a void
within a rotating fluid domain that is located within a
larger stationary fluid domain. Within the model, the flow
and resulting forces on the turbine are only modelled,
however the resulting pressures on the tidal turbine can be
inputted into a structural mechanics software to further
investigate the resulting structural impacts. The total
length of the computational domain is 120m and the total
diameter of the model is 80m, where the flow velocity is
specified at an inflow boundary that is located 25m
upstream of the tidal turbine, which can be seen in Fig. 4.
The inflow flow velocity for the study is defined in Section
E.

The meshed area for the solver calculation is the two
fluid domains - a stationary domain and a rotating
domain. A hex dominant method has been defined in the
stationary domain with a maximum element size of 1.2m
and the edges are divided in 160 divisions, to ensure a
uniformly dispersed mesh. The maximum element size
defined in the rotating domain is 0.3m. Mesh inflation has
been specified at the surface of the tidal turbine, with a
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Fig. 2. A section through the domain mesh used in the analysis,
including detail of the mesh refinement around the turbine blades.
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maximum of 15 layers and a growth rate of 1.5, and a
maximum element size on the surface of 0.05m. These
refinements to the mesh result in an overall mesh size of
approximately 2.8 million elements (or 1.3 million nodes).

The turbulence model used in this analysis is the shear
stress transport (SST) turbulence model. Since a transient
simulation is necessary, the "transient rotor-stator"
method, which is also known as the “sliding mesh
approach”, is specified within the rotating domain. In
other words, the stationary flow is solved in a fixed frame
of reference and the rotating flow field is solved in a
rotating frame of reference, where the Coriolis force is
included as part of the source terms. A general connection
between the stationary and rotating fluid domains is
specified. Additionally, the rotational speed of the region
is specified along with a General Grid Interface (GGI)
mesh connection.

D. Computational fluid dynamics governing equations

In this study, the CFD model is developed using the
commercial software, ANSYS CFX, where its solver is
based on the finite volume technique [8]. This technique
divides the region of interest into sub-regions and
discretises the governing equations in order to solve them
iteratively each sub-regions. Therefore, an
approximation of the value of each variable at points
throughout the domain is achieved.

The governing equations that need to be solved by the
ANSYS CFX solver are the mass continuity equation for
compressible flow, which is given as:

over
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and the 3-dimensional Navier-Stokes equations, which
are given as:
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where t is time, p is the fluid density, x, y, z are Cartesian
coordinates (as shown in Fig. 1), u: is the flow velocity in
the x-direction, u: is the flow velocity in the y-direction, us
is the flow velocity in the z-direction, Fi is the body force
on the fluid in the x-direction, F, — pg is the body force on
the fluid in the y-direction (vertical), Fsis the body force on
the fluid in the z-direction, pis pressureand u is viscosity.

E.  Flow velocity definition

The flow velocity profile defined in this study is a
combination of the wave velocity profile and the tidal
current velocity profile. In this section, the two velocity
profiles are discussed individually and the two are
summed to form the flow velocity profile. Within the
study, a number of combinations are used to describe the
flow in order to investigate the influence of each
component on the fatigue loading on the blades.

The velocity profile of the tidal current (Ux) reduces near
the seabed due to friction. Therefore, the velocity profile
can be described using the following power law [9]:

y\ e .

0. =(5q) v ©)
where, y is the height above the seabed (m), « is the
power law, B is the bed-roughness coefficient, d is the
water depth (m) and U is the depth averaged velocity
(m/s), which is 3 m/s for the purpose of this study. Based
on the findings of Lewis et al. [10], on average the 1/7th
power-law (a = 7) with a bed-roughness coefficient () of
0.4 was found to accurately represent the velocity profile.

The velocity profile due to the presence of surface waves
(Uwae) is defined using linear (Airy) wave theory, which
originates from Navier Stokes and Euler equations. In this
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Fig. 3. Details of a CFD model of a single tidal turbine blade
showing (a) a schematic of the model domain and (b) the results of a
steady state analysis for varying TSRs.

study, only the horizontal velocity component of the ocean
wave is accounted for as this will have the most significant
effect on the turbine. Therefore, the following equation is

used to define Uwne:
Upave = Aw%cos(—wt —g) (6)
where, A is the amplitude of the wave (m), w is the
angular velocity of the wave (s™) and ko is the wavenumber
(m).

Therefore, the flow velocity, which includes the effects
of shear (or velocity profile) in the tidal current (Equation
5) and the presence of surface waves (Equation 6), (Ui) is
defined as:

y 1/(1
Upp = (ﬁ—d) U+ Aw

cosh(kyy)

WCOS(—(DI’ - S) (7)

I1I. RESULTS AND DISCUSSIONS

F. Single blade model

Initially, a CFD model of a single blade is developed in
order to investigate further the parameters required for the
model. This reduced model requires less computational

costs due to the reduced size of the model, and in turn the
mesh, and the use of a steady state analysis rather than a
transient analysis. In order to model the rotation of the
tidal turbine in the rotating domain, a ‘frozen rotor’
method is used within the steady state analysis. In order to
reduce the overall size of the computational domain,
periodic symmetry boundary conditions have been
specified in both domains, as seen in the schematic of the
domain given in Fig. 3 (a). The meshing parameters for
refining the mesh in both the stationary and rotating
domain were derived using this model and are given in
Section C.

Within this analysis, a constant velocity of 3m/s is used
but the tip speed ratio (TSR) is varied in order to derive the
power (Cr) and thrust (Cr) coefficients for the concept
horizontal axis tidal turbine blade, which is described in
Section B. These non-dimensionalised coefficients (TSR, Cr
and Cr) are defined using the following equations [2]:

QR
QN
Cp=——
1 )
7pUL3nAT
c T
TTq (10
7pUi2nAT

where Q is the rotational speed of the turbine (rad/s), R
is the radius of the blade (m), Q is the rotor torque (Nm), T
is the thrust force (N) and Ar is the area of the turbine.

The results of this steady state analysis are shown
graphically in Fig. 3 (b). The thrust coefficient for the
turbine blade increases linearly and then levels off as it
approaches the theoretical limit, based on Equation 10. The
power coefficient for the turbine blade also increases until
it peaks and then decreases as the TSR increases past this
maximum value. Based on the results from Fig. 3 (b), the
peak power production occurs at TSR of 5 which is
equivalent to the turbine rotating at 13.39rpm when there
is a constant flow of 3m/s. These results represent the static
load imposed on the turbine blade and hub as the result of
constant flow and may be used as the force applied when
performing mechanical static testing of the tidal turbine
blade in the flap-wise direction.

G. Fatigue loading

The fatigue loading on the tidal turbine blades is
calculated using the transient CFD model of the full
turbine geometry (from Fig. 1). The complete domain,
including boundaries, is shown graphically in Fig. 4.

A transient analysis of the flow velocity, which is
defined in Section E, has been performed in order to
investigate the thrust force on the turbine. The thrust force
hasbeen selected as it is the most significantloading on the
turbine blades when in operation and, therefore, the
fatigue loading imparted due to this force will have the
most damaging effect on the turbine blades.

Within this analysis, a case study for the turbine
operating at 13.39rpm, where the average tidal flow
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Fig. 4. Graphical representation of the CFD model domain used
for the transient analysis in this study.
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velocity is 3 m/s, has been assessed. This operating speed
for the turbine has been selected based on the results of the
steady state analysis, which is discussed in Section F,
where 13.39rpm is found to produce the peak power when
the average tidal flow velocity is 3 m/s. Additionally, a
single linear wave has been selected in order to explore the
fatigue loading on the tidal turbine in the presence of
surface waves. This wave has a significant wave height of
3m and a wave period of 10s.

In order to explore the effect of the velocity profile on
the concept tidal turbine, four velocity profile conditions
have been specified:

e A constant flow

e A constant flow in the presence of surface
waves

e Atidal flow

e A tidal flow, derived using the power law, in
the presence of surface waves

As the thrust force is the most significant force on the
tidal turbine blades, this was examined for the concept
tidal turbine, where the total thrust force on the turbine
and the thrust force on the hub and individual blades were
extracted from the results.

Fig. 5 presents the thrust force for the three scenarios
detailed in the previous paragraph. The horizontal axis of
the graph has been normalised with respect to the period
of the waves present. It is evident from both Fig. 5 (a) and
(b) that the total thrust force on the turbine varies
significantly over the period of the surface wave, which is
approximately 16%. This variance between maximum and
minimum thrust force is consistent when each blade,
where it is approximately 14-17%. However, when the
blades are examined individually, it can be seen that
further variances per turbine rotation is evident. Although
this is smaller in comparison to the overall thrust, it will be
significant over the design life of the turbine blade.
Additionally, the thrust force on the hub is displayed in
Fig. 5 but it is relatively small compared to the other
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Fig. 5. Results from the CFD analysis of the concept tidal turbine,
showing the thrust force on the turbine for (a) a constant flow of 3 m/s
in the presence of surface waves and (b) a tidal flow in the presence
of surface waves (using Equation (7)).

components being analysed and this is as a result of its
relatively small surface area.

The thrust force on a single blade has been compared for
each of the four velocity profile conditions described in
this study, which is shown in Fig. 6. It is evident that the
force due to the combination of tidal flow in the presence
of surface waves is greater than the constant flow
scenarios, when estimating the fatigue loading imparted
on the blades. The variance in loading per turbine rotation,
which will cause fatigue damage in operation, is even
more evident in Fig. 6 and this should be further
investigated in order to accurately recreate it in a
controlled laboratory setting. Additionally, it is evident
from this study, when fatigue testing tidal turbine blades
in a laboratory, for certification or design life prediction
tests, it is satisfactory to carry out tension-tension fatigue
loading.

When the unsteady loadings discussed in this paper are
coupled with the other sources of fatigue on turbine blades
— presenceof a supporting structure and turbulence within
the flow — the overall loading on the turbine and, in
particular, the tidal turbine blades becomes relatively
significant, where it may surpass 30% of the overall thrust
force. Therefore, it is essential to accurately predict these
unsteady loadings to account for fatigue and should be a
central component when certifying tidal turbines, which is
currently defined in DNVGL-ST-0164 [11].
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Fig. 6. Results from the CFD analysis showing the thrust force on
a single blade for each of the three velocity profile conditions
described in this study.

IV. FUTURE WORK

Now that tidal energy is reaching commercial viability,
thereis a larger data set for operational trials available and,
therefore, a greater understanding into the operational
loadings that are experienced by the turbines. Therefore,
the next stages in this study will be to incorporate other
sources of fatigue damage into the models. These include
shadow effects from the presence of a supporting
structure, turbulence in the flow and any other aspects
identified by developers.

In the short term, this current model will be advanced
by exploring a range of linear wave inputs and expanding
the model to include irregular wave, which represent
ocean waves. Additional data on the wave and current
climate at proposed sites may be incorporated into the
model, which would allow for the model to be used to
assess the suitability of a specific turbine at a range of tidal
energy sites.

V. CONCLUSION

In this paper, the operational fatigue loading on the
blades of a concept tidal turbine device due to waves and
tidal current was explored using a concept tidal turbine
device. A CFD model of the fluid flow on the tidal turbine
was developed using the commercial software ANSYS
CFX. The fatigue loading on the turbine was explored for
three flow velocity conditions and discussed in Section 3.
A significant fatigue loading due to a variance between
maximum and minimum thrust force of up to 17% was
observed and its implications in design, testing and
operation were discussed.

Fatigue testing is well established in the wind energy
sector, which is detailed in the structural testing standards
DNV-DS-J102 [12] and IEC61400-23 [13]. For the tidal
energy sector, a discussion of the requirements for fatigue
testing blades and components is presented in the tidal
turbine design standard, DNVGL-ST-0164 [11]. The
research presented in this study can help to better define
the potential impacts of fatigue loading on tidal turbine
components and potentially feed into the fatigue testing

and design of components, as companies move into the
final TRLs and begin full commercialisation.

The key to success for a new energy source, such as tidal
energy, is to ensure the levelised cost of tidal energy is kept
to a minimum and, preferably, lower than alternative
energy which will aid its commercial
competitiveness, while making it more attractive for
investors. Advanced and comprehensive fatigue testing
will de-risk the technology as it will ensure that tidal
turbine blades to withstand fatigue effects over their
functional lifespan.
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