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a b s t r a c t

As the world moves to a greater reliance on renewable energy, a vital component will be the predict-
ability and dependability of the energy source; tidal energy provides such a solution. Horizontal axis tidal
turbines are the most mature technology of all the marine renewable energy devices currently under
development, as full-scale porotypes are already being tested and operated. As the industry develops and
strives for commercial viability, it is becoming increasingly vital to develop a robust understanding of the
complex interaction between the tidal flow, turbine blades and the support structure. This study uses an
advanced computational fluid dynamics model to explore the operational fatigue loadings induced on
tidal turbine blades. Two factors are considered, the presence of a support structure and varying vertical
velocity profile of the tidal current. In order to perform the investigation, a model of a concept 16 m
diameter horizontal axis tidal turbine with a monopile support structure is created. An investigation of
the operational fatigue loadings due to variations in the positioning and the diameter of the support
structure, the tidal turbine blade loads were found to varying by up to 43% of the maximum total thrust
force.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, there has been a growing interest in establishing
renewable sources of marine energy to alleviate the global reliance
on fossil fuels. The Ocean Energy Strategic Roadmap for the Euro-
pean Union (EU) predicts that with favourable support to the
nascent industry in the coming decades, the global market in ma-
rine renewable energy could be worth V653bn between 2010 and
2050 [1]. Tidal energy, with its reliability and predictability, is
developing into the ocean energy sector with the greatest potential.
Recently, there has been a number of examples of its commercial
maturity, including Orbital Marine Power’s O2-2000 tidal current
turbine generating 1.2 GWh of electricity over a 5 month period in
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.ie (W. Finnegan), jamie.
2017 [2] and theMeyGen project, which will deliver the installation
of four 1.5 MW turbines offshore in an array as well as the con-
struction of the onshore infrastructure [1]. It is envisaged, based on
projects that have been awarded public funds, that 71 MW of tidal
stream energy capacity could be operational within the EU in 2020
and this could potentially reach 600 MW if technological and
financial barriers are overcome [3]. Currently, the EU is at the
forefront of technology development as approximately 50% of tidal
energy developers are located within the EU, along with the ma-
jority of ocean energy infrastructure [3]. Additionally, based on a EU
report by Corsatea and Magagna [4], 76% of research and devel-
opment efforts in the tidal energy sector are related to horizontal
axis tidal turbine (HATT) technologies.

In order for tidal energy technologies to develop at an efficient
and effective rate, computational modelling is vital. It provides an
efficient approach to innovate device designs as devices move
through the technology readiness levels (TRLs), improving specific
components of the devices as the objectives change from energy
capture to structural response and reducing the levelised cost of
energy. Currently within the tidal energy sector, the most
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Abbreviations

ADCP Acoustic Doppler current profiler
BEMT Blade element momentum theory
CAPEX Capital expenditure
CFD Computational fluid dynamics
EMEC European Marine Energy Centre
EU European Union
GGI General Grid Interface
HATT Horizontal axis tidal turbine
OPEX Operational expenditure
RANSE Reynolds-averaged Navier Stokes equations
SST Shear stress transport
TRL Technology readiness level
TSR Tip speed ratio
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commonly used computational modelling method for estimating
the hydrodynamic loads on HATT is based on the blade element
momentum theory (BEMT) [5]. However, as traditional BEMT codes
do not take account of three-dimensional flow effects, it is neces-
sary to make a number of modifications (or corrections) to the code
to improve the model’s accuracy for a wider range of operating
conditions, which is demonstrated by Masters et al. [6]. The ability
of BEMT to predict the loadings and performance of model-scale
tidal turbines has been demonstrated by Bahaj et al. [7] for uni-
form inflow conditions, O’Rourke et al. [8] for non-uniform inflow
conditions, Galloway et al. [9] for wave-current interactions and
Fagan [10] for uniform flow conditions and for inflow conditions
based on real world data.

However, as computational capabilities grow, computational
fluid dynamics (CFD) has gained popularity as it presents a more
accurate and versatile analysis tool, when compared to traditional
BEMT. Its popularity is evident in the number of recent publications
applying the CFD Reynolds-averaged Navier Stokes equations
(RANSE) models to investigate HATT performance, which are
summarised in Table 1. Based on the selection of studies detailed in
Table 1, the most commonly used commercial software has been
ANSYS CFX and the most commonly employed turbulence model is
the shear stress transport (SST) model. The effect of including a
support structure connected to the tidal turbine hub, which would
be the case in operation, has been explored in a number of studies.
For example, Badshah et al. [11] developed a numerical fluid-
Table 1
Summary of previously published studies exploring the use of CFD to examine the opera

Reference Numerical method Commercial code Tu

Badshah et al. [11] RANSE ANSYS CFX SST
Badshah et al. [28] RANSE ANSYS CFX SST
Aparna et al. [29] RANSE ANSYS Fluent SST
Tatum et al. [30] RANSE ANSYS CFX SST
Gebreslassie et al. [31] RANSE þ IBF OpenFOAM k-u
Kulkarni et al. [32] RANSE ANSYS CFX ke
Frost et al. [12] RANSE ANSYS CFX SST
Holst et al. [33] RANSE ANSYS CFX SST
Noruzi et al. [34] RANSE ANSYS CFX SST
Wang and Day [35] RANSE FLUENT k-u
Jo et al. [36] RANSE ANSYS CFX SST
Kang et al. [37] CURVIB N/A N/
Turnock et al. [38] Coupled RANSE-BEMT ANSYS CFX ke
Faudot and Dahlhaug [39] RANSE ANSYS CFX SST
O’Doherty et al. [40] RANSE FLUENT RS

Legend: Curvilinear immersed boundary method (CURVIB); Not applicable (N/A); Reynol
Stress Transport (SST).
structure interaction model, which coupled a CFD model with
finite element analysis, and investigated loading variations and
fatigue life of a full-scale tidal turbine under the effect of velocity
profile, where the variation in flap-wise bending moment coeffi-
cient increased from 4.9% to 19%. Additionally, Frost et al. [12] used
a CFD model to investigate the performance of Cardiff University’s
concept tidal turbine with the support structure located either
upstream or downstream. They also investigated the effect of
varying the proximity between the rotating plane of the turbine
and its support stanchion for a constant flow velocity of 3.086 m/s
(6 knots). Frost et al. [12] presents details of the thrust force and
bending moment on the tidal turbine blade as it rotates through
360⁰, demonstrating significant fluctuations as the blade passes the
support stanchion. Ahmed et al. [13] explored the fluctuating loads
on a 1 MW tidal turbine at the European Marine Energy Centre
(EMEC) test site in Scotland due to velocity shear and turbulence.
The analysis was initially performed using a CFD model based on
RANSE, followed by a large eddy simulation model, which was
compared and validated against physical test data. Similarly to Frost
et al., Ahmed et al. [13] presented results for the fluctuation in
thrust force, power coefficient and bending moment on the tidal
turbine blade as it rotates through 360⁰. Furthermore, significant
fluctuations in thrust force and torque have been observed by
Jeffcoate et al. [14] during full-scale trials of a 50 kW tidal turbine.
There are four main aspects that have been identified by tidal
turbine developers that contribute to unsteady loadings on tidal
turbine blades:

� Variation in vertical velocity profile of the tidal flow [15];
� Shadow effects from the support structure [16,17];
� Forces generated from surface waves [18,19]; and
� Turbulence in incoming tidal flow [20].

In this paper, a numerical CFD model is developed to investigate
the contribution of the first two of these effects (variation in ver-
tical velocity profile of the tidal flow; and shadow effects from the
support structure) to the operational fatigue loading on the tidal
turbine blades. It is important to note that the support structure
causes a shadow effect regardless if it is upstream or in the wake of
the turbine, which is evident in the results of Frost et al. [12]. For the
purpose of this study, a vertical support structure with a circular
cross-section is specified, which supports the turbine hub and is
anchored at the sea floor. The circular cross-section (similar to a
monopile structure) is assumed for ease of manufacture, which is
the same assumption used by Frost et al. [12], and support
tion of horizontal axis tidal turbines.

rbulence model Support structure Wave included Wake analysed

Yes No Yes
No No No
No No No
Yes Yes No

SST No Yes Yes
ε model & SST No No No

Yes No No
No Yes Yes
No No No

SST No Yes No
Yes No No

A Yes No Yes
ε model No No Yes

No Yes No
M No No No

ds-averaged Naiver Stokes equations (RANSE); Reynolds Stress model (RSM); Shear
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structures of various diameters are also investigated. The support
structure is positioned immediately in either the front or the wake
of the turbine in order to quantify its effect during the flood and ebb
tides (assuming the turbine cannot yaw into the oncoming flow).
The tidal current flow profile has been derived from acoustic
Doppler current profiler (ADCP) data, which was recorded at a site
off the Scottish coast. The results of this study will provide de-
signers, manufacturers and developers of tidal energy devices with
insights into the suitable design criteria for fatigue loading over the
operational lifespan of blades.

2. Materials and methods

2.1. Turbine geometry

For the purpose of this study, a concept 16m diameter HATTwas
employed, designed using the methodology detailed in Ref. [10].
The blade hydrodynamic shape is generated using the NACA63xxx
series of blade profiles and the distribution of the chord length,
hydrodynamic twist angle and the section shapes along the length
of the turbine blade are summarised in Table 2. A schematic de-
tailing the numerical calculation domains, which includes the
rendered turbine blades, hub and support structure, is shown in
Fig. 1. It is assumed that the height of the hub of the turbine, zhub, is
located at 16.5m (zhub/R¼ 2.02) above the sea floor, where the total
water depth, d, is 40 m (d/R¼ 4.91). The support structure, which is
similar to amonopile structure, extends from the turbine hub to the
sea floor and is located immediately in either the front or the wake
of the turbine.

2.2. CFD model details

The CFD model used in this study has been developed using the
commercial software package ANSYS CFX (version 17.1) [21], which
uses a finite volume method to solve the RANSE. ANSYS CFX is fully
integrated with ANSYS Workbench and, therefore, can be easily
coupled with other ANSYS simulation technologies.

2.2.1. The governing equations
The method that the ANSYS CFX solver is based on is the finite

volume technique [18]. This technique divides the region of interest
into sub-regions and discretises the governing equations in order to
solve them iteratively over each sub-region. Therefore, an approx-
imation of the value of each variable at points throughout the
domain is achieved.
Table 2
Geometry of the tidal turbine used in the analysis.

Radius (m) Chord (m) Twist (�) Section

0.5 0.50 0.0 Circular
1.0 1.45 18.0 NACA 63-225
1.5 1.40 15.5 NACA 63-222
2.0 1.30 13.5 NACA 63-220
2.5 1.20 11.5 NACA 63-218
3.0 1.05 10.0 NACA 63-216
3.5 0.95 9.0 NACA 63-215
4.0 0.85 8.0 NACA 63-214
4.5 0.80 7.0 NACA 63e213.5
5.0 0.775 6.0 NACA 63-213
5.5 0.725 5.0 NACA 63e212.5
6.0 0.70 4.0 NACA 63-212
6.5 0.65 3.5 NACA 63-212
7.0 0.60 3.0 NACA 63-212
7.5 0.575 2.5 NACA 63-212
8.0 0.55 2.5 NACA 63-212
8.15 0.25 2.5 NACA 63-212
The governing equations solved by the ANSYS CFX solver include
the mass continuity equation, which is given as:

vr
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where t is time, r is the fluid density, x, y, z are Cartesian coordinates
(as shown in Fig. 1), u1 is the flow velocity in the x-direction, u2 is
the flow velocity in the y-direction, u3 is the flow velocity in the z-
direction, F1 is the body force on the fluid in the x-direction, F2 � rg
is the body force on the fluid in the y-direction (vertical), F3 is the
body force on the fluid in the z-direction, p is pressure and m is
viscosity.
2.2.2. CFD model set-up and solver stage
The CFDmodel used for this study has been developed based on

a similar method to that described in detail in Finnegan et al. [22].
The set-up for the CFD model is divided into three stages: (i) the
geometry, (ii) the computational domain and mesh and (iii) the
solver physics, which includes the analysis type and the boundary
conditions.

The geometry of the turbine, which has been defined in the
previous section, is defined in the CFD model and enclosed in a
rotating fluid region. This domain is itself enclosed in a larger sta-
tionary fluid domain, as can be seen in Fig. 1. A region size de-
pendency study was conducted to determine an efficient size for
the computational domain. Both the rotating and stationary do-
mains are cylindrical in shape. The rotating domain is 17 m in
diameter (2.09R) with a thickness of 2 m (0.25R) and the stationary
domain is 40 m in diameter (4.91R) with a total length of 110 m
(13.5R). The support structure for the turbine hub is located in the
outer stationary domain, immediately in either the front or the
wake of the turbine, as shown in Fig. 1.

Based on the study detailed in Finnegan et al. [22], the primary
mesh refinement is required within the rotating domain and at the
turbine wall. This approach allows for efficient modelling times,
where the overall size of the mesh is minimised, reducing the
computational requirements. Therefore, a maximum element size
of 0.1 m was specified on the turbine wall boundaries (using the
“face sizing” mesh refinement option in ANSYS CFX) and a
maximum element size of 0.175mwas specifiedwithin the rotating
domain. Within the stationary domain, the maximum element size
was specified as 1.2 m as further mesh refinement did not improve
the accuracy of the model. Overall, the total mesh size is approxi-
mately 370,000 nodes (or approximately 2 million elements). A



Fig. 1. Schematic of the model geometry for the analysis, where the turbine and support structure are rendered.
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schematic of the mesh, which shows the refinement around the
turbine wall and support structure, can be seen in Fig. 2.

Similarly to the studies summarised in Table 1, the turbulence
model used in this analysis is the SST. Since a transient simulation is
necessary, the “transient rotor-stator” method, also known as the
“sliding mesh approach”, is specified within the rotating domain.
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. The rotational speed of the region is defined, along with a
General Grid Interface (GGI) mesh connection. An inflow boundary
condition is specified at one end of the stationary domain and an
‘opening’ boundary condition, with a pressure specified at 0 Pa, at
the other end. The outer curved edge of the stationary domain is
defined as a wall boundary with a free slip condition. A velocity
profile is applied at the inflow boundary, which is specified at
Fig. 2. Illustration of the mesh used in the simulation that includes the necessary
mesh refinement, where the support structure is placed in front of the turbine.
either:

� A constant velocity of 2.25 m/s, or
� The mean tidal flow, based on ADCP site data for the Pentland
Firth (detailed in Section 2.3).

Once the model has been set-up, a ‘solver’ stage takes place in
order to calculate the final solution. Within the solver, the transient
scheme is a Second Order Backward Euler scheme and the
convergence criteria is set to 1e�4 of the root mean square residual.
2.3. Mean tidal flow

The mean tidal flow used in this study has been derived from
ADCP data for the Inner Sound, Pentland Firth in Scotland. The data
consists of ADCP measurements of depth-wise tidal current mag-
nitudes and directions for approximately a month period from
February to March 2013 [23]. The ADCP device used was a Telydyne
Workhorse Sentinel and the instrument was deployed at a depth of
approximately 34m, where thewater depth varied between 32.6m
and 36 m over the recorded month. The mean tidal flow profile
used in this study, which is derived from this ADCP data, is shown
graphically in Fig. 3 (b). Additional details on the processing of the
raw ADCP data can be found in Fagan [10].
2.4. CFD model comparison

The accuracy of the CFD model is assessed by comparing the
results of steady state simulations of a tidal turbine (with no sup-
port structure present) for a number of tip speed ratios (TSRs),
ranging from 2 to 8, to results from a BEMT model analysis of the
same tidal turbine [10]. In both analyses, the same constant inflow
velocity of 2.5 m/s is specified. As no support structure is present
and the flow velocity is constant, it is assumed that there is a quasi-
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steady flowaround the rotating tidal turbine at every rotation angle
and, therefore, a steady state CFD simulation can be performed. In
order to take account of the rotation of the tidal turbine, additional
rotational effects (Coriolis and centrifugal terms) are imparted to
the flow as source terms in the RANSE in the rotating domain,
which is achieved by specifying a “frozen rotor” method for the
rotating domain within the ANSYS CFX model. In order to compare
the results of the two analyses, the same non-dimensionalised
coefficients (TSR, power (CP) and thrust (CT) coefficients) are used
in both models, which are defined using the following equations
[5]:

TSR¼UR
UT

(5)

Cp¼ QU
1
2 rU

3
TA

(6)

CT ¼
T

1
2 rU

2
TA

(7)

whereU is the rotational speed of the turbine (rad/s), R is the radius
of the turbine (m),UT is the average tangential flow velocity (m/s),Q
is the rotor torque (Nm), T is the thrust force (N) and A is the area of
the turbine (m2).

Fig. 4 compares the results of the two analyses for TSRs from 2 to
8. The CFD model under predicts the power coefficient, CP, of the
turbine at the lower TSRs, where the CP in the CFDmodel is 52e70%
of that predicted by the BEMT model. However, the CP produced
from the CFD model agrees closely with the BEMT model from
approximately TSR ¼ 5 and high TSRs, where the difference is
reduced to less than 11%. For the thrust coefficient, CT, the CFD
model predictions are in close agreement with the BEMT model for
the lower TSRs. However, the CFD model somewhat over predicts
the CT, compared to the BEMT model, by 10e13% at higher TSRs.
Overall, the comparison presented in Fig. 4 suggests reasonable
agreement between the solutions. The differences in the two
models are due to (i) the CFD model including nonlinear viscous
effects around the hub and turbine blades, particularly at the tip, (ii)
the effect of flowmoving parallel to the blade length and (iii) minor
effects due to the interaction between the rotating turbine and the
outer curved wall boundary. Although losses due to the hub and tip
effects have been included in the BEMT model, many of the other
effects are not included. From a computational point-of-view, the
BEMT model is significantly less computationally expensive and,
therefore, is a muchmore useful method for the preliminary design
and analysis of turbine blades. However, as the problem increases
in complexity (similar to the introduction of a support structure
that is detailed in this paper), the CFD approach may prove a much
more reliable analysis tool.

2.5. Analysis methodology

Once the CFD model was set up and its accuracy was assessed
using a steady state analysis, a number of transient analyses were
performed under varying conditions. A summary of the analysis
configurations used in this study is given in Table 3. Firstly, in order
to assess the effect of the variation in vertical velocity profile of the
tidal flow, a constant flow condition of 2.25 m/s was specified in
one model and a mean tidal flow condition (based on ADCP data
recorded at Pentland Firth in Scotland that is described in Section
2.3 and is given in Fig. 3) is specified in another. For both models, a
constant rotational velocity of 15 rpm has been specified. In order
to explore the shadow effects from the support structure for each
these flow conditions, a structure (supporting the turbine hub and
anchored at the sea floor) is introduced into the model either in
front or in the wake of the turbine. In this analysis, the support
structure, which has a circular cross section, is positioned in the
stationary domain, where the distance between the closest point
on the support structure and the centreline of the tidal turbine, xss,
is 1.25 m (xss/R ¼ 0.15) when it is in front of the turbine and 0.75 m
(xss/R¼ 0.09) when it is in the wake of the turbine. Three diameters
for the support structure, dss, are investigated in the study, which
are 1 m, 2 m and 3 m (Table 3). The thrust force and torque on the
blades, hub and support structure are then compared to the base-
line analysis (where no support structure was specified) in order to
determine the magnitude of the effect of the support structure.

3. Results and discussion

For each of the analysis cases, which are described in Section 2.5
and summarised in Table 3, the following variables were
monitored:

� Total thrust force on the three blades
� Thrust force on each blade
� The forces on the hub and the support structure
� Total torque on the three blades
� Torque on each individual blade

An example of the monitored variables is presented in Fig. 5 for
a 3 m support structure placed in the wake of the turbine with a
mean tidal flow specified. It is evident from Fig. 5 (a) that the
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Table 3
Summary of the analysis configurations used in this study, where dss is the diameter of the support structure.

Analysis No. Flow regime Support structure

Diameter, dss (m) In turbine wake In front of turbine

1 2.25 m/s N/A N/A N/A
2 2.25 m/s 1 ✓

3 2.25 m/s 2 ✓

4 2.25 m/s 3 ✓

5 2.25 m/s 1 ✓

6 2.25 m/s 2 ✓

7 2.25 m/s 3 ✓

8 Mean Flow1 N/A N/A N/A
9 Mean Flow1 1 ✓

10 Mean Flow1 2 ✓

11 Mean Flow1 3 ✓

12 Mean Flow1 1 ✓

13 Mean Flow1 2 ✓

14 Mean Flow1 3 ✓

Legend: 1 Mean tidal flow based on ADCP data recorded at Pentland Firth in Scotland, which is described in Section 2.3 and illustrated graphically in Fig. 3 (b); Not applicable
(N/A).
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magnitude of the variation in the thrust force on the individual
blades is quite significant, but the variation is reduced when the
total thrust force on all of the blades is assessed. Additionally, it can
be seen in Fig. 5 (b) that there is an even more significant variation
in themagnitude of torque on the blades and, again, this variation is
reduced when the total torque on all of the blades is assessed.

The force on the support structure and the hub are included in
Fig. 5 (a). The thrust force on the hub is relatively small compared to
the other components being analysed and this is as a result of its
relatively small surface area. However, it is evident from this figure
that the thrust force on the support structure is significant, with its
variation in magnitude being comparable to that observed for each
of the blades, which is due to the shadowing of the tidal flow by the
three blades on each rotation. This information would be vital for
the structural design of the support structure and for the structural
and geotechnical design of the foundations. However, for the pur-
pose of this study, the variations of thrust force and torque on the
tidal turbine blades are the main focus.

In the present study, the blades rotate in a clockwise direction
and this has an effect on the distribution of the shadoweffect on the
support structure. In order to describe the motion of the tidal
turbine blades, a coordinate system has been adopted, where 0⁰
indicates the blade is oriented vertically upwards and then rotates
360⁰ clockwise. The influence of the support structure on the thrust
force on the blade is significant and this is evident from the results
presented in Fig. 6 and Fig. 8. As the blade rotates, the thrust force
on the blade begins to reduce at approximately 150⁰ until it reaches
240⁰, where the support structure has maximum impact. The blade
is oriented vertically downwards at 180⁰. Therefore, the effect on
the thrust force on each blade lasts twice the angular rotation (60�)
passed the centreline of the support structure at 180⁰, compared to
before reaching it (30�). Overall, it can be seen that the reduction in
thrust force on the blade is greater when the support structure is
placed in front of the tidal turbine, rather than in its wake.
Furthermore, as the diameter of the support structure is increased,
the reduction in thrust force on the blade increases (Figs. 6 and 8).

Interestingly, for the torque on the turbine blades, as the blade
rotate, there is a decrease in torque between approximately 130⁰
and 230⁰ (Figs. 7 and 9). This is followed by an immediate increase
in torque between approximately 230⁰ and 310⁰. However, it is also
evident that this increase in torque on the blade, during this part of
the rotation, is more significant when the support structure is
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placed in front of the turbine, rather than in the wake of the tur-
bine. This effect is, in part, caused by the increase in flow velocity as
the flow moves around the support structure. However, the total
torque is reduced with the presence of the support structure either
in front or in the wake of the turbine. Additionally, the magnitude
of the reduction in torque on the blade is similar to that observed
with the thrust force on the blade, where it is greater with a larger
diameter of the support structure or if it is placed in front of the
tidal turbine, rather in the wake of the tidal turbine.
In order to analyse the results of the study, the percentage dif-

ference between the maximum and minimum total thrust force
and total torque as the blade rotates around 360⁰ has been calcu-
lated. For the baseline case with a mean tidal flow condition
specified, a 9% difference in the thrust force on each blade was
observed. Additionally, as expected, the difference in the total
thrust force on the blade when there was a constant flow condition
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specified was insignificant (less than 1%). The difference in torque
on a blade as it rotates around 360⁰ is just over 1% and 18% for the
constant flow and mean flow conditions, respectively. However, a
more significant difference is evident when a support structure,
and the resultant shadow effect, is introduced into the analysis.
Table 4 presents a summary of the percentage difference between
the maximum and minimum total thrust and total torque values in
a full blade rotation (for the analysis cases with support structures
present). From this table, it can be seen that the difference in thrust
force varies from 13% to 43%. Unsurprisingly, the effect is greater
with the larger diameter support structures andwhen the structure
is in front of the turbine rather than in its wake. These thrust force
variances are similar to those observed by Frost et al. [12], who
noted variances of 18% and 50% when there was a stanchion sup-
porting the turbine located 1.8 m downstream and upstream of the
turbine, respectively, assuming a constant flow rate. From Table 4, it
can be seen that the difference in total torque varies much more
significantly, i.e. from 29% to 73%. Once again, the effect is greater
with larger diameter support structures and when the structure is
in front of the turbine rather than in its wake. As the torque is
directly proportional to the power that is generated by the turbine,
it is vital that the location is optimised in order to reduce this effect
and gain the maximum amount of power for an individual turbine.
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Table 4
A summary of the percentage difference between the maximum andminimum total thrust force and total torque as the blade rotates around 360⁰ for each of the analysis cases
with a support structure present, where dss is the diameter of the support structure.

Thrust force Torque

dss (m) dss/R Constant flow Mean flow Constant flow Mean flow

Location of support structure In wake 1 0.12 13% 21% 29% 40%
2 0.25 23% 29% 49% 55%
3 0.37 31% 35% 60% 65%

In Front 1 0.12 28% 33% 53% 58%
2 0.25 35% 39% 65% 69%
3 0.37 39% 43% 71% 73%
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4. Conclusion

Although BEMT analysis is widely used and accepted as an in-
dustry standard when analysing the loadings on tidal turbine
blades, CFD offers a good alternative, especially when the problem
becomes increasingly complex. This is true for the scenario pre-
sented in this paper, where shadow effects due to the interaction
between the tidal turbine and its support structure are being
explored.

The magnitude of fatigue loading on tidal turbine blades is very
significant (up to 43% of the maximum total thrust force on the
blade, based on the analysis presented in this paper) and should be
taken into account in all stages of design, testing and operational/
maintenance phases of tidal turbine development. Therefore, the
optimum tidal turbine and support structure design should be
found that balances the structural capacity of the support structure
with the resultant fatigue loading on the turbine blades. Addi-
tionally, if a support structure can be employed that minimises the
impact of the flow on the turbine (especially in the in-front posi-
tion) then it should be given high priority, since the resultant
design will yield less maintenance to blades due to fatigue. The
investigation of the effect of an unsteady loading on the turbine
may also have significant impact on the blade fatigue design life
and this will be explored in a follow up study, where the loading
from surface waves is also included. Another avenue of investiga-
tionwould be the unsteady loading on the blades due to turbulence
von K�arm�an like vortices in the wake of the supporting structure,
when it is in front of the turbine, which would require an unsteady
Reynolds-averaged Navier-Stokes analysis.

Fatigue testing is well established in the wind energy sector,
which is detailed in the structural testing standards DNV-DS-J102
[24] and IEC61400-23 [25]. For the tidal energy sector, a discus-
sion of the requirements for fatigue testing blades and components
is presented in the tidal turbine design standard, DNVGL-ST-0164
[26], and aspects have been included in the IEC design re-
quirements for marine energy systems, IEC TS 62600e2:2016 [27].
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 compo-
nents, as companies move into the final TRLs and begin full
commercialisation.

The key to success for a new renewable energy source, such as
tidal energy, is to ensure the levelised cost of energy is kept to a
minimum and, preferably, lower than alternative energy sources to
aid its commercial competitiveness and attractiveness to investors.
Advanced and comprehensive fatigue testing will de-risk the
technology as it will ensure that tidal turbine blades can withstand
fatigue effects over their functional lifespan. The large variations in
thrust and torque loads, along with the impact of combined
edgewise and flapwise loading, cause damage to the turbine blades
and the bending moment applied to the blade root and blade-hub
connections needs to be accurately predicted. These aspects need to
be efficiently accounted for in the design and manufacture stages,
which affords designers the opportunity to balance the capital
expenditure (CAPEX) and operational expenditure (OPEX), which
are predominantly maintenance costs, yielding a more efficient and
cost effective tidal turbine design.
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