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Abstract

As previously experienced by the wind industry, it is envisaged hat tidal stream turbine blades will present
misalignments or blade deformations over time as they are constantly wotikg under harsh and highly
unsteady environments. Blade misalignment will a ect the power capure of a tidal stream turbine and
if not detected in time could a ect other components of the drive train. Therefore, the aim of this paper
is to compare the use of two numerical modelling techniques to pidict the performance of a tidal stream
turbine working under o -design conditions, in this case, the misalgnment of one or more blades. The
techniques used in this study are Blade Element Momentum Theory ad Computational Fluid Dynamics.
The numerical models simulate the performance of a three-bladed h@ontal axis tidal stream turbine with
one or two blades o set from the optimum pitch setting. The simulations were undertaken at 1.0 m/s ow
speeds. The results demonstrated that both unsteady BEMT and steadyor transient CFD are able to
predict power coe cients when there is a certain level of misalgnment in one or even two blades. However,
both techniques failed to accurately predict a loss of power performnce at high rotational speeds.

Keywords: Blade Element Momentum Theory, Computational Fluid Dynamics, Blade Misalignment,
O -design, Numerical Modelling, Tidal Stream Turbine

1. Introduction UK, from marine currents alone, is approximately
20.6 TWh ([2]). The main challenges arising with
the implementation of tidal stream turbines (TSTS)
are related to its performance, durability and reli-
ability. As previously seen by the wind industry,
major faults in wind turbines are associated with
blades and blade root connections ([3], [4]). As
found by [5] a faulty pitch mechanism in wind tur-
s.ordonez@strath.ac.uk bines could lead to an asymmetric load distribution
WWWUSITrLa:th ac.uk/esru/research/hydrowavetidalpower/ inducing non-torque loads in the bearings and gear-
(Step.hanie.Oraonez-Sanchez ) box. But, otherfactqrs related to.th.e ow structure
could be as damaging as an existing fault. For ex-

According to the Clean Growth Strategy, the UK
aims to promote a continuous growth in the econ-
omy while reducing greenhouse emissions [1]. O -
shore marine renewables will play a crucial role to
reach this objective, as the resource available in the
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ample, it was observed in [6] that wind shear in ows
generate out of plane bending causing a large shift
in the line of action of the streamwise rotor forces,
and thus, a ecting the turbines structural integrity.

These faults are now becoming evident in Tidal
Stream Turbines (TSTs). Atlantis resources re-
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cently announced that the pitching mechanism of
one of the turbines had to be replaced due to its
exposure to a long idle cycle [7]It has also been ob-
served at prototype scale that asymmetric loading
due to unsteady ows and shadowing e ects of the
support structure can create changes in the axial
force centroid [8]. In a similar a context, [9] high-
lighted that the accurate prediction of out of plane
bending moments when a turbine is subjected to
wave and currents is crucial in order to minimise
internal bearing stresses in the turbines driveshatt.

In order to simulate rotor failures, [10] designed
an experiment using a small scale TST, where one
blade was xed to the hub with an o set position
compared to the optimum pitch setting. This ex-
perimental study proposed a methodology to study
torque signal uctuations to detect failures on the
turbine. Although experimental work is highly
valuable when studying complex uid-structure in-
teractions, the use of experimental tests can be re-
stricted due to a number of reasons, such as the
availability of the testing facility or adequate equip-
ment. Therefore, an alternative solution is to use
analytical or numerical modelling tools. In this pa-
per we aim to use two of the most employed tech-
nigues in the tidal energy eld, Blade Element Mo-
mentum Theory (BEMT) and Computational Fluid
Dynamics (CFD).

1.1. Blade Element Momentum Theory

This method has been used widely to predict the
performance of TSTs, e.g. [11], [12], [13]. It can
be argued that BEMT is one of the least com-
plex methods to compute the characteristics of a
rotor while providing enough accuracy. The theory
is based on the conservation of axial and angular
momentum where axial and angular induction fac-
tors are derived unknowns from a set of equations.
Momentum theory in itself does not take into ac-
count the characteristics of the rotor geometry, i.e.
number of blades and the blade shape. Therefore,
the momentum theory equations are coupled with
blade element theory where an annular disk rep-
resenting the turbine is split into several elements
which are analysed independently in the radial di-
rection. Using data for the 2-D aerodynamic lift
and drag coe cients for the blade aerofoil in ques-
tion, these equations are solved iteratively to obtain
the normal and tangential forces acting on each el-
ement of the blade section and in consequence the
torque and thrust developed by the rotor.

The classic BEMT method can provide an ade-
guate solution to model the performance of TSTs,
but it is limited in certain respects. When used
in its most basic form, BEMT does not take into
account tip and hub losses, yaw in ow, turbulence,
and in the case of the research presented here, blade
o set conditions. However, modi cations to the
theory to address those limitations are available;
some examples can be found in [14] and [15], to
name only a few.

1.2. Computational Fluid Dynamics

Compared to BEMT, CFD is a numerical method
based on the Navier Stokes equations. This method
has been widely used to explore TST performance
([16], [17], [18], [19]), wake characteristics of sin-
gle and multiple turbines [20], ow directionality
[21] and wave-current interactions a ecting single
devices [22]. The main limitation with the use of
CFD is the computational time required to com-
pute complex dynamic simulations.

As depicted in Table 1, a few studies have made
comparisons between BEMT and CFD in the eld
of marine energy. [17] and [18] found that CFD
predicts marginally higher coe cients of power,
thrust and torque than BEMT, even though the
approaches were performed for two di erent types
of TSTs, a cross ow turbine and a horizontal axis
turbine, respectively. The analysis carried out by
[16] showed that the CFD predictions compared to
BEMT vary with the performance curve, and thus
strongly depend on the tip speed ratio (TSR). Al-
though under and over predictions were obtained in
[16], it can be observed in the results a good level
of agreement between the two methods.

As observed in Table 1, comparative analyses
performed between CFD and BEMT have been
completed using a wide range of model settings,
especially when referring to CFD modelling. For
example, [16] and [18] used k-omega Shear Stress
Transport (SST) turbulence models in the simula-
tions, whereas [19] used a k-epsilon model. Another
feature is the boundary conditions speci ed in the
model, i.e. slip conditions on the walls. But per-
haps the main discrepancy between the models pre-
sented in Table 1 is related to the grid generation.
Even though the majority of the investigations have
used unstructured grids, [16] used a combination of
elements by setting subdomains in the simulation,
while [18] conducted a study to understand the im-
plications of using di erent grid resolutions. [18]
found that a coarser computational grid resulted in



lower values of torque compared to those obtained
with high resolution grids.

Little has been reported when comparing rotor
or blade forces using both CFD and BEMT meth-
ods. [18] found that blade element momentum the-
ory signicantly underestimates the hydrodynamic
forces on the blade compared to the CFD solution.
Major discrepancies when predicting blade forces at
low tip-speeds were found by [17], which were as-
sociated with the approach used to model dynamic
stall or its absence.

The investigations undertaken by the authors ref-
erenced in Table 1 have focused on comparisons re-
lated to performance of TSTs under steady ow
conditions. According to the authors knowledge,
this comparative analysis has not been carried out
for other operational conditions, especially those
when the turbines performance is investigated dur-
ing o -design conditions. Therefore, the aim of this
paper is to determine the e ects of blade o set on
the performance of a TST using both CFD and
BEMT models. The results of the simulations are
then compared to experimental data sets to assess
the capabilities of both numerical tools.

2. Methodology

A scaled three bladed horizontal axis turbine of
0.5 m diameter was used in this study. The aerofoll
pro le used was a Wortmann FX 63-137 and the
blade chord and pitch distribution can be found in
Figure 1. A ow regime of 1.0 m/s was utilised
in both CFD and BEMT simulations. According
to experimental testing undertaken by [23] it was
determined that Reynolds independence could be
achieved for ow velocities equal or higher that 1.0
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Figure 1: Wortmann FX63-137 airfoil used in the experi-
ments and simulation. The chord and twist distribution can
be found on the right hand side of the image.

Four cases were modelled in this study. The op-
timum case considers the scaled turbine with each
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of the three blades set to a pitch of 6 based on the
ndings obtained in [24]. In that study, the authors
carried out an investigation using CFD to evaluate
the sensitivity of the power generated by a horizon-
tal axis turbine to the blade pitch setting. A range
of 6 to 9 pitch settings were modelled with all
blades set to identical blade pitch. It was shown
that the rotor was somewhat insensitive to changes
in blade pitch angle with variations of power coe -
cient up to about 4.5% when the optimal angle was
changed by + 3 . Therefore, two additional cases
were also contemplated in this study with similar
but also higher incremental o sets of 3 and 6 from
the optimum setting, resulting on a nal pitch set-
ting of 9 and 12 for a single blade, respectively.
To study a more complex con guration, an addi-
tional case was modelled in [23], where this time
all blades were set with a di erent pitch. Blade 1
was modelled with the optimum pitch while blade
2 and blade 3 were set with a pitch of 9 and 12 ,
respectively. In this paper, this case is refer as the
9 +12 case. A summary of the o set cases studied
here is presented in Table 2 and a diagram of the
cases can be observed in Figure 2.

Blade 1
Optimum 6°

Blade 1
Optimum 6°

J P % p
Blade 3 Blade 2 Blade 3 Blade 2
Optimum 6° imum 6° Offset 9° imum 6°
Offset 9°

Optimum

Blade 1
Optimum 6°

Blade 1
Optimum 6°

Blade 3 Blade 2 Blade 3 Blade 2
Offset 12° Offset 9°+12°

Figure 2: Diagram of the cases modelled in this study

Three non-dimensional parameters were used to
compare the performance of the TST working under
o -design conditions. The power (Cp) and thrust
coe cients ( Ct) were investigated as a function of
tip speed ratio (TSR). These three parameters were
guanti ed as follows:



Table 1: Summary of computational uid dynamic model settin

with blade element momentum theory.

gs used to compare the performance of tidal stream turbines

Device Simulation

Control  Turbulence Mesh/ No. of cells and

Author Boundary condition
Type Software Volume Model Grid element type
lohnson et k-omega
Ansys CFX - - - -
al. CFT SST
1.6 million cell,
blade (
Inlet (3D), tetrahedral
Ansys k-omega Unstruc No slip on turbine
Lee et al. Outlet cells), simple
Fluent SST tured blade surfaces
HAT (6D) geometries
(hexahedral
cells)
Polyhedral Slip condition
elements across the curved
Lawson et k-omega Unstruc having an cylindrical surface
Star CCM -
al. SST tured  average of 14 of the outer
faces per domain. No slip on
HAT element all rotor surfaces.
Inlet (10D),
Outlet
Masters et ANSYS (40D), Unstruc  Tetrahedral No slip at the bed
HAT k-g
al. Fluent 0.4% tured element and blade surfaces
blockage
ratio
Table 2: Pitch angle of each of the blades for the optimum
and o set blade cases T
Cases Blade 1 Blade 2 Blade 3 ‘
1 (Optimum 6 6 6 Ir
(Optimum) TSR= - ?)
2(Oset9 ) 6 6 9 V;
3(Osetl2 ) 6 6 12 whereP and T are the average power and thrust
4(Oset9 +12 ) 6 9 12

= 05AV 3

)

loads generated by the rotor, respectively.A is the

swept area of the rotor, andV denotes the uniform,

unidirectional ow velocity of 1.0 m/s for this study.

r represents the radius of the rotor and! is the

angular velocity developed by the rotor in rad/s.
is the density of the uid which was set to 1000

kg/m 3.



2.1. Blade element momentum theory

As mentioned in Section 1, BEMT combines mo-
mentum theory and blade element theory to com-
pute the performance of a TST in terms of torque
and thrust. To solve the set of equations derived
from BEMT, the 2D lift (Cl) and drag (Cd) coe -
cients must be computed according to the type of
aerofoil prole and ow conditions. Dierent ap-
proaches can be used to obtain these coe cients.
While experimental testing of aerofoils can give an
accurate prediction of lift and drag coe cients, the
approach may be expensive and complex, especially
if this is carried out in a ume tank. A simpler ap-
proach is to compute the coe cients using numeri-
cal methods, e.g. CFD, Xfoil, Pro| 07, etc.

Xfoil is widely used in the eld of marine and
wind energy. It is based on a two-dimensional vor-
tex panel code to evaluate the ow around aerofoils
[25]. A few authors have compared the e ects of
using Xfoil to predict the performance of TSTs.
[26] found that Xfoil accurately predicts Cl and
Cd for high lift aerofoils at Reynolds numbers of
around 2.0 x 1¢. Comparatively, [27] showed that
XFoil under predicts Cds but predicts Cls within
a reasonable margin, especially at angles of attack
higher than 5 - 7 . Similarly, [28] showed that us-
ing Xfoil coe cients at low Reynolds numbers (Re
= 4.4 x 10°) resulted in poorer predictions com-
pared to using experimental data in the model (Re
= 5.1 x 10%). It is clear that as with any other nu-
merical model, there are limitations with the use
of Xfoil and the authors are aware of it. How-
ever, the 2D aerodynamic coe cients were obtained
using Xfoil due to its ability to compute lift and
drag coe cients for the ow conditions stated here.
The Reynolds number considered for the simula-
tions was Re=1.1 x 1@, measured at 75% of the
blade span (from the centre outwards).

An unsteady BEMT model programmed at
Strathclyde University [29] was used in this study.
Prandtl tip and hub loss correction factors were
utilised in order to account for the aerodynamic ef-
fects occurring near the tip and root of the blade.
Classic BEMT assumes that the ow bypassing the
turbine is within a streamtube and therefore, the
axial induction factors are restricted to a value of
less than 0.5, according toU,, = (1 2a) V; where
and U, is the ow velocity of the wake and a is the
axial induction factor. To account for this limita-
tion, [29] also included a Buhl correction formu-
lation which allows the axial induction factor to
be higher than the theoretical upper limit. The

Viterna-Corrigan method was also utilised to es-
timate high ow angles during post stall regions,

especially used for highly loaded rotors with low as-
pect ratio blades [30]. This means that the aerofoil
data that fall below the stall region are corrected

to account for the nite blade length. The momen-

tum equations for torque and thrust were divided

by the number of blades so for each iteration a local
induction factor was computed. However, the onset
velocity considered in the simulations was uniform.
A dynamic wake model correction was also included
in the model based on [31].

2.2. Computational uid dynamics

ANSYS CFX was used to model the scaled tur-
bine described earlier. CFX solves the Reynolds av-
eraged Navier-Stokes (RANS) equations which were
closed using &k-! SST turbulence model. The tur-
bulence model was selected based on the experience
of several authors who have found a close match be-
tween CFD computations and experimental work,
e.g. [21].

The geometry was set up using the inbuilt CAD
software Design Modeller. A control volume of 4 m
(length) x 1.4 m (breadth) x 0.8 m (water depth)
was used to represent the dimensions of the ume
tank utilised in [32]. The rotor plane was located
three diameters downstream from the inlet, ve di-
ameters upstream from the outlet and at mid-water
level (Figure 3). The stanchion was also included in
the CFD model and had a diameter of 90mm. The
distance from the front of the stanchion to the back
of the rotor plane was approximately 200mm. This
distance was established to avoid regions of low ow
velocity to attach the back of the blade ultimately
a ecting the performance of the rotor. This meant
that the calculations carried out with BEMT were
more comparable, as the BEMT model did not in-
clude any tower shadow e ects. The blockage ratio
was 17.5%, which is similar to the experiments un-
dertaken by [10]. The blockage e ects on the per-
formance of the turbine will be discussed in more
detall in Section 3.

The next step in setting up the geometry was to
conceive a methodology to modify the pitch angle
without the need to fully reconstruct the turbine
model. To modify the pitch angle of the blades
within the geometry, three separate cylinders were
drawn that encompassed each blade. The repre-
sentation of the turbine compared to the physical
model was attempted by separating the blades from
the hub and attaching them using a pin, which was



Figure 3: Control volume used in the CFD simulations.

the design proposed by [32]. An additional parame-
ter was then considered to allow the free rotation of
the blade about the pin, so the pitch o set was set
according to each of the studied cases (Table 2).
By using this method, the pitch o set was modi-
ed without the need to restructure the whole tur-
bine geometry and it was more representative of the
physical scaled turbine model. Blade 1, considered
here as having an upright position when the model
was initially set, was kept at 6 pitch for all simula-
tions. Blade 2 is considered here the second blade
in the clockwise direction and Blade 3 the third, as
shown in Figure 2.

To create the rotation of the turbine a moving
reference frame (MRF) was used. The MRF was set
as a cylinder of 0.6 m in diameter and was created
around the turbine, as shown in Figure 4. For each
of the simulations, the MRF was set to the angular
velocity values of interest. A domain interface was
used to pass the information between the cylinder
and surrounding domain.

The mesh was con gured with an unstructured
tetrahedral mesh. Manual mesh re nement in the
form of face sizing was placed on the turbine. The
nest mesh was placed on the blades and increased
from 0.001lm 0.0035m as the mesh moved from tip
to root. The maximum aspect ratio was 17 in the
boundary layer on the blades, decreasing to less
than 6 for all areas outside of the MRF and bound-
ary layer regions. The mesh re nement was based
on previous work done by [33] and [21] who under-
took mesh independency analysis for this turbine
geometry. The total number of elements in the do-
mains was circa 2.3 million. The rotating domain
contained most of the elements, around 1.5 million,

Figure 4: Turbine geometry implemented in CFD.

as this is the region of greatest interest. The wake
dissipation was not studied in this paper and so
the mesh in that region was left unre ned. The in-
terface between the two domains was also re ned
so that a comparative mesh size was found on ei-
ther side of the interface. This was done to help the
preservation of terms across the interface, especially
for the transient case which uses a sliding mesh ap-
proach which will be discussed in more detail below.
These same mesh parameters were maintained for
all the cases proposed in Table 2.

The boundary conditions were set up using CFX-
Pre. A uniform plug ow and a turbulence inten-
sity of 10% were established at the inlet. When
using RANS, the turbulence intensity dissipates
rapidly throughout the domain. Consequently, in
this model the turbulence intensity was approxi-
mately 2% near the turbine, which resembled the
testing campaign. The boundaries of the control
volume were set to no slip conditions for the walls
with a pressure outlet at the end of the domain.
The top of the domain was set up as an opening.

To model tidal stream turbines, it is common to
use CFD in either transient or steady-state forms.
The steady-state model uses a xed mesh approach
and produces one nal time averaged solution i.e.
it is a time independent solution. The turbine is
xed and is not rotating, rather the ow as it en-
ters the MRF is rotated around the stationary tur-
bine. The transient approach uses a sliding mesh
and the results can be monitored with respect to



time throughout the rotation of the turbine i.e. the
turbine and mesh are rotating with each timestep
as seen in real life. Due to the increased complexity
in the transient solution the computational power
and time required is increased. In this study, both
steady state and transient analyses were under-
taken to compare the e ectiveness of each method
against the computational time and power con-
sumed to perform each of the simulations.

For the comparison between steady and transient
analysis only one TSR value was explored, that of
peak power for the turbine. This value was chosen
as this region of the turbine has been characterised
well in previous studies, both numerically and ex-
perimentally ([21],[34]). The results of these analy-
ses are shown in Section 3. The timestep was taken
as 0.005s and run for a total time of 30s to allow
for convergence. If the timestep was to be selected
based on the smallest cell size, then it would need
to be in the order of 0.001s. As such, the timestep
was increased slowly to 0.005s. It was found that
there was no change between the results for the two
timesteps however the simulation nished almost

ten times faster when a timestep of 0.005s was used.

The timestep was not increased beyond this value
so that the rotation of the turbine could still be cap-
tured to a relatively high accuracy as the turbine
rotated 4 degrees per timestep. The corresponding
CFL number for this timestep was around 50.

2.3. Experimental tests

The results obtained from CFD and BEMT were
compared with the experimental data obtained in
[10] who used a 0.5 m diameter TST. The scaled
turbine was installed in a ume facility with a work-
ing section of 3.7 m (length) x 1.4 m (breadth) x 0.8
m (water depth). The turbine and control volume
described in Section 2.2 were of similar geometry
and dimensions to the physical scaled model. As
mentioned earlier, the blockage ratio calculated for
the experiments was 17.5%. The turbine was in-
stalled 0.42 m below the water surface so the hub
centre sat close to mid water level. The turbu-
lence intensity at the facility was recorded as 2%
for ow velocities between 0.5 and 1.5 m/s, ac-
cording to [35]. To obtain the performance curve
of the rotor, a motor (in combination with an en-
coder) was programmed to hold the rotor speed at a
number of constant values. Thetorque generating
current (TGC) was logged from the motor to es-
timate power output. The e ects of friction in the

drive shaft were determined prior to the test cam-
paign and subtracted from the TGC to quantify
the real torque generated by the rotor. This was
done by logging the TGC in a water basin and run-
ning the motor at several speeds without the blades.
This experimental procedure can be found in [34].
The power data was not corrected for blockage as
the CFD model was constructed to replicate the ex-
periment. The testing campaign carried out by [10]
did not involve the measurement of thrust for the
full rotor and therefore the numerical models are
not compared to experimental data when analysing
the Ct values.

3. Results and Discussion

This section presents the comparative results be-
tween BEMT, CFD (steady and transient models)
and when possible with experimental data. The re-
sults are shown in terms of power Cp) and thrust
(Ct) coe cients over a range of TSRs in Figures
5-8. Figures 9-11 show the di erence between the
optimum and the o set cases.

3.1. Steady and Transient CFD results

As mentioned in Section 2, the turbine operating
under o -design conditions was modelled in CFD
using steady-state and transient methods. Table 3
shows the results of the comparative analysis for
both CFD models for Case 1. It can be observed
that there is a discrepancy of less than 3% for both
Cp and Cy. Cases 2-4 were also compared but even
though the di erence between the transient and the
steady state CFD model increased slightly, this was
never higher than 5% as can be seen in Figures 5-8.
The total length of time to solve each of the tran-
sient models was 10 hours. The models were run
for 20 seconds with time steps of 0.05 seconds. In
contrast, it only took 3 hours to reach convergence
for the steady state models which converged in less
than 2000 iterations. Therefore, the steady state
model was used for the remaining cases at several
TSRs.

Table 3: Coe cients of Power and Thrust calculated from
the CFD Model for the Optimum Blade Pitch Case at
TSR=3.6

Model Cp Cr Solving time
Transient CFD 0.40 0.78 10 hours
Steady-State CFD 0.39 0.76 3 hours

% di erence 35 23




3.2. Power Coe cient

Both BEMT and CFD models provide a reason-
able prediction when considering theCp values of
the optimum condition when compared with the ex-
periment (Figure 5), giving con dence that both
models work e ectively. For the cases including
a single blade oset (9 or 12 ) and within TSR
values of 2.5 to 4.5, the dierence in predictions
between models and experiment are< 10%. This
agreement becomes poorer as the turbine operates
close to freewheel condition, especially when ob-
serving the predictions from CFD which over pre-
dict the power coe cients to twice the value com-
pared to the experimental data.

An additional case is included in this section to
investigate the e ects of alternating the blade o set
between blades 2 and 3 (for the O set 9+12 case
and using a CFD transient analysis). Initially, the
Oset9 +12 case was computed by setting Blade
1=6 , Blade 2= 9 and Blade 3= 12 ; in contrast,
the Oset 12 +9 case is now explored by setting
Blade 2 to 12 and Blade 3 to 9. Little disagree-
ment was found between the results of both cases,
see Table 4; therefore, no more attempts to model
additional TSR cases were made.

The experimental data used in the comparison
with both numerical models contains some uncer-
tainty associated with the measurements. This un-
certainty was reported to be as high as 6 % for some
of the torque measurements, see [36]. Therefore, a
good level of agreement has been reached between
the experimental and the simulation models for the
majority of the cases. It is worth noting that the
experimental results were not corrected for blockage
as the CFD models were de ned to reproduce the
experimental tests and the BEMT model used in
this investigation did not take into account block-
age or surface e ects.

Table 4: Coe cients of Power and Thrust calculated from
the CFD Model for the Optimum Blade Pitch Case at
TSR=3.6

Model Cp Cr
Oset9 +12 0.386 0.88
Oset 12 +9 0.388 0.89

3.3. Thrust coe cient

The results for Ct obtained with CFD and
BEMT showed good agreement when comparing
the optimum case for all the TSR values (Figure

5,bottom). However, when comparing the o set
cases, there is a large discrepancy between the mod-
els (Figures 6-8(bottom)). This discrepancy also
increases with TSR values where the worst dis-
agreement was found for O set 9+12 case and
TSR=5.5 with CFD values being twice as high as
those predicted with BEMT.

Even though BEMT is considered an acceptable
tool to predict the performance of wind and tidal
energy converters, there are several limitations as-
sociated with its use. One reason associated with
the discrepancy of thrust values may be related to
the corrections used in the model. However, when
looking at the angles of attack generated for the op-
timum and o set cases, it was observed that those
never exceeded stall regions, and therefore, it is un-
likely that the Viterna-Corrigan method had any
impact on the predictions shown here.

An additional reason for a high discrepancy be-
tween models may be partly because the BEMT
model in this investigation does not account for
blockage or free surface corrections. It has been
observed in [37] and [38] that the performance of
a turbine in a blocked environment is more af-
fected when looking at thrust coe cients rather
than power coe cients. [38] highlighted that there
was only 1% of di erence when comparing maxi-
mum Cp in unblocked and blocked environments.
However, thrust values were almost twice as large
in blocked environments And, the blocked condi-
tions in that study resemble the case studied here
(approximately 19%).The conclusion derived from
that study was that the rotor needs to apply greater
than optimal thrust on the ow to achieve maxi-
mum power. This in turn results in a larger than
optimal reduction in momentum downstream.

However, the main limitation with the use of
BEMT in its current form to predict o set cases is
that this method assumes blade and element inde-
pendence. Even when an unsteady BEMT was em-
ployed, it was found out that the resultant torque
and thrust were similar as if the loads computed for
di erent blade pitch settings were combined pro-
portionally; e.g. 2/3 of the torque and thrust from
the optimum condition added to a 1/3 of the resul-
tant torque and thrust for the 9 o set case (as it
was previously done in [39]). It is likely that dif-
ferences between BEMT and CFD are because the
circulation from neighbouring blades and wakes is
not taken into account in the BEMT model used
here and thus, this unequal strengths related to vor-
tex shedding may in uence the thrust loads seen by



the rotor giving larger thrust loads, as predicted in
CFD. One way to overcome this limitation would
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. . 0.4
be to incorporate methods to take into account the o & g ®a @
vortex shedding from the blades, as suggested by g ©
[40] and[41]. These alternative methods are out of o7 8
the scope of this investigation but will be considered 01
in the future. 0
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3.4. Variation of power and thrust coe cients be-
tween optimum and o set cases

To understand if both models predict the same 1
proportion of Cp and Ct lost or gained when the 08 R i
turbine operated under o -design conditions, the 06 © ° ©° o o5

di erence between the optimum and the o set re-

e
(8]

0.4

sults is presented in Figures 9-11. Thé&Cp variation
for Oset 9 and Oset 12 cases is in close agree-

ment, especially for TSRs< 4.5. The di erences ’ 25 a5 s 55
between the optimum and o set cases calculated
by the simulations are smaller than those obtained
from the testing campaign. This again can be at-
tributed to disturbances in the ow created by the
o set blades on the wake. In terms ofCy variation,
the two numerical approaches predict completely
opposite behaviours when studying the di erences
between the optimum and o set cases. It was pre-
dicted by BEMT that there would be a loss of Ct of
about 50 % when o setting one or two blades in the
turbine in the worst case scenario (O set 9 +12

0.2

TSR
O BEMT Case 3 O CFD Steady-State Case 3 4 CFD Transient Case 3

Figure 7: CFD, BEMT and experimental results showing
(top) Cp and (bottom) Cr at 1.0 m/s for the 12 O set
case.

case and a TSR=5.5). In contrast, both steady-

state and transient CFD models predict that the

thrust of the rotor would increase when working
9 under o -design conditions.



Figure 8: CFD, BEMT and experimental results showing
(top) Cp and (bottom) Crt at1.0 m/sforthe9 +12 O set

case.
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3.5. Torque and thrust variations pe

The average torque and thrust values per blade

Cp and (bot-
O set case.

r blade

from the transient CFD model are shown in Figure

12.

It is noticeable that the o set blade a ected

both the torque and thrust seen by the adjacent
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blades. The highest drop on torque coe cient is
developed in Blade 3 for the 2 bladed o set cases

and Blade 2 for the O set 12 .

A similar trend

can be observed for the thrust coe cients where
the highest thrust is developed in Blade 2 during



the Oset 9 +12 case. Blade 1 develops a simi-
lar thrust value in the O set 12 and 9 +12 cases.
Also, all the cases with a 12 o set blade developed
the largest amplitude of torque and thrust varia-
tion, 0.002 and 0.11, respectively, even if there is
only one misaligned blade.

The torque and thrust variation through time ob-
tained from the transient CFD study is analysed in
Figure 13. The variation was calculated using the
maximum and minimum values extracted from the
transient models which were run for a total time of
30 s (see Appendix A). As before, the o set blade
has a noticeable in uence on the torque and thrust
variation occurring in the adjacent blades. The
largest torque and thrust variation observed was
that of Blade 3 inthe Oset9 +12 case. The sec-
ond greatest torque and thrust variation was that of
Blade 2 for the O set 12 case, again highlighting
that these variations seemed to be more a ected by
having a very large o set on a single blade than for
example, having potentially two o set blades with

a small misalignment. )
The time series of the combined thrust and

torque forces developed by each of the blades can
be found in Figure 14. As mentioned in Section 1,
it is expected that the rotor will be subjected to
an uneven load distribution when the pitch setting
of one or more blades changes from the optimum
position. When the optimum case was compared
to the O set 12 +9 , the mean thrust increased by
13% and the mean torque decreased by 4%. And,
the mean uctuating thrust and torque for the same
case was in the order of 3.5% and 12%, respectively.

Asymmetrical rotor loading can also occur due
to external factors, for example shear ows. Ac-
cording to [42], when a turbine is subjected to tur-
bulence intensities of about 17% and length scales
of 0.41 m, thrust and torque uctuations in the
range of 18-20% and 25%, respectively, can occur in
a TST. [43] showed that when a turbine operates
under combined currents and medium size waves,
thrust and torque uctuations of 27% and 40% can
be produced in the rotor. An additional factor that
can produce asymmetrical loading in a turbine is
the supporting mechanism. In that context, [44]
showed that by analysing a turbine with and with-
out tower, the uctuating thrust developed by a
turbine can increase from 3% to 10%. These gures
were calculated using the maximum and minimum
values over the mean included in [44].

By comparing those gures with the outcomes of
this investigation, it can be observed that the e ects
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related to the ow characteristics can be more detri-
mental for a tidal stream turbine than by having
an uneven distribution of pitch settings per blade.
However, investigations related to the e ects that
an o set pitch produce in the out of plane bending
moment should be consider in the future, as these
have shown to a ect internal stresses in the drive-
train of a turbine, as studied by [9].

4. Conclusions and Future Work

A comparative analysis using numerical models
was carried out to predict the performance of a
tidal turbine when turbine blades operate under o -
design conditions. It was found that both CFD and
BEMT were able to predict the power loss of a small
scale turbine when it operated with one or even two
o set blades at a ow velocity of 1.0 m/s. The dif-
ference between models and experiment was 10%
for most of the simulations, especially when looking
at peak conditions. The major discrepancy seen in
the power coe cients was at high TSRs when the
turbine operated near the freewheel region.

When looking at the di erences between the op-
timum and o set cases, both numerical models
and the experimental data for Cp showed similar
variations except for the 2 bladed case (9+12 ).
The variations obtained in the 9 +12 case be-
tween models and experiment were slightly higher
with a di erence of about 30% in the region below
TSR=4.5.

The numerical models showed poorer agreement
between each other when comparingCr. It was
concluded that the main limitation associated with
the BEMT model used is that large perturbations
on the ow generated by the o set blades to the
adjacent blades are not considered in the analytical
model. Up to a certain extent, the high blockage
conditions modelled by CFD and the experiment,
were not included in BEMT which may had a great
impact in the thrust predictions. Thus, future work
will focus on exploring alternative methods to in-
corporate blade misalignment in BEMT and addi-
tional physical modelling will be carried out in low
blockage ratio environments.

The data obtained from the transient analysis for
a small scale 3-bladed device showed that the case
with single blade with a large o set blade, can in-
duce similar torque and thrust variations, as those
obtained in the cases with two o set blades (where
one of the blades has the same pitch as the single
o set blade). It was also shown that the variation of



Figure 12: Mean (top) torque and (bottom) thrust blade resul

torque and thrust produced by an uneven distribu-
tion of pitch settings in a rotor can be in the order of
12% and 3.5%, respectively. And even though this
is a signi cant variation of loading, other factors
in the ow structure such as turbulence or waves
can produce variations of torque and thrust higher
than 20%. It must be noted that such comparisons
did not consider considered out of plane loadings
which could potentially be more detrimental to the
drivetrain of a TST.

The experimental data used to validate the mod-
els employed a Wortmann aerofoil which is deemed
to be less sensitive to changes in pitch. Itis possible
that a di erent blade shape will produce di erent
torque and thrust variations when working under
o -design conditions. Future work will contemplate

12

ts obtained from CFD transient analysis at TSR=3.6

the importance of the blade prole on the perfor-
mance of the turbine when one or two blades have
a misalignment.
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Figure A.1: Thrust loading per blade: Blade 1 (top), Blade 2 ( middle), Blade 3 (bottom).
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Figure A.2: Torque loading per blade: Blade 1 (top), Blade 2 ( middle), Blade 3 (bottom).
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