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On the Effect of elastic Blade Deformation on
the Performance of a horizontal Axis Tidal

Current Turbine

Nicholas Kaufmann, Thomas H. Carolus, and Ralf Starzmann

Abstract— During the model scale testing of a newly de-
signed 6.3 m horizontal axis fixed-pitch tidal turbine, a
distinct - undesired - deformation of the 1:12.6 brass model
was observed. The objective of this contribution is a nu-
merical and experimental assessment of a potential per-
formance modification due to the observed deformation.

To simulate the bending and twisting an extended
and validated blade element momentum (BEM) model,
predicting the turbine performance including the cavita-
tion characteristics, was coupled to the finite element
method (FEM) solver from ANSYS Mechanicals®.

The deformation was predicted for a wide operating
range utilizing the BEM-FEM coupling. It was found that
the axial bending of the blades was accompanied by a
distinctive torsion which led to increased pitch angels.
Comparing the performance predictions for the rigid and
flexible rotor blades showed that the obtained variation in
pitch angle distribution led to i) a decreased power output,
ii) reduced thrust loads and iii) somewhat lower critical
cavitation numbers.

Experimental performance characteristics of the - una-
voidably flexible - model scale turbine were obtained in
comprehensive towing tank and cavitation tunnel tests. A
comparison with the prediction strongly suggests, that the
model-scale turbine experienced the performance changing
deformation as simulated from the FEM model.

Keywords— BEM-FEM Coupling, Fluid-Structure-
Interaction, Horizontal Axis Tidal Current Turbine, Model-
Scale Testing

L INTRODUCTION

N elastic deformation of the blades of modern
Asmall tidal turbines with blades manufactured from
composites is unavoidable and even used to control
their performance. As examples, the rotor design of the
horizontal axis fixed-pitch SIT250 turbine and its prede-
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cessor STG50 from SCHOTTEL HYDRO purposefully
aims for an elastic deformation — in particular torsion — to
reduce the thrust loads in off-design conditions (cp. [1]
and [2] ). The full-scale testing of the 4 m diameter STG50
turbine showed a significant decrease of the thrust due to
the elastic deformation of the blades [3].

In the first model scale tests of a new turbine, however,
rigid rotor blades are preferred as these tests aim for a
validation of the principle hydrodynamic rotor perfor-
mance. Geometrical restrictions of the test facilities limit
the size of the scaled model turbines and lead to thin
rotor blades. Thus, due to the delicacy of model turbines
undesired blade deformation cannot be excluded.

Axial bending, i.e. in direction of the ingested inflow,
may have a minor impact, but torsion around the radial
axis and the thus effect of a variation of pitch angle dis-
tribution is seen of utmost relevance. For given operating
conditions, i.e. flow angle B, a change of the pitch angle
y at a blade cross section causes an alteration of same
magnitude of the angle of attack a:

a=Pfo—Yy (1)

Fig. 1 schematically shows the effect of a pitch angle
variation Ay on the lift force Fr and drag force Fo. Increas-
ing y by +Ay (“pitch to feather”) causes a decrease of «,
resulting in a reduced lift force F.. On the other hand,
decreasing the pitch angle by -Ay increases the angle of
attack, resulting in a higher lift force up to the stall point
(pitch to stall). Furthermore, the higher « cause increased
drag forces Fp. Introducing the normal and tangential
forces per unite span,

E, = F, cos(Bw) + Fp sin(Bs,) 2)

and

Fy = Fy sin(Be) — Fp cos(Bo) (3)

the rotor shaft power P and rotor axial force Fax (i.e. thrust T)
result from a spanwise integration from hub to tip and a
multiplication with the number of the blades Nsand the
angular velocity of the rotor Q:
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Fig. 1 Pitch angle variation: (a) design pitch (solid), pitch to feather (dotted) and pitch to stall (dashed); (b) effect of pitch variation on the
angle of attack a and hydrodynamic lift and drag force Fr and Fp (c), respectively.

Ttip
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respectively. Thus, pitch-to-feather is expected to reduce
the P and T whereas pitch-to-stall is most likely causing
increasing thrust until stall and increasing P as long as
the increased lift is not compensated by the raising drag
(cp. e.g. [4]).

The majority of the literature discussing the effect of
blade deformation on the performance of horizontal axis
tidal turbines is focusing of blades made from fiber rein-
forced composite materials. For example, NICHOLLS-LEE
et al. presented in [5] the numerically investigation of the
performance of a 20 m diameter three-bladed horizontal
axis tidal current turbine. The structural design concept
of the rotor utilizes the bent-twist coupling of composite
materials to enable load related torsion of the blades.
They coupled a blade-element-momentum model (BEM)
with a finite-element model (FEM) to predict the load
related deformation of the blades as well as the corre-
sponding changes of the turbine performance. Their re-
sults indicated a reduction of the axial loads of up to 10%
while increasing the annual energy production in an ex-
ample case up to 5%. MOTLEY and BARBER varied in [6]
the orientation of the fibers within the blades’ composite
to obtain a pitch-to-feather as well as a pitch-to-stall tor-
sion, respectively, from the same blade shape. Thus, for
this example solely the nonhomogenous material proper-
ties determine the load related torsion of the blades. They
used a 3D potential-based boundary element method
coupled to a FEM solver as fluid-structure-interaction
tool to estimate the blade deformation and performance.
Their results showed that an increased power capture is
accompanied by increased thrust loads (pitch-to-stall

case) whereas the pitch-to-feather configuration yielded a
reduced power output but also reduced thrust loads. In
[7] BARBER et al. presented the experimental results of
flume testing proving that different fiber orientations
enable pitch-to-stall as well as pitch-to-feather behavior
for a single blade shape. MURRAY et al. developed a FSI
tool which utilizes a BEM model coupled to a FEM model
to design a blade for a 1:20 scale model of a horizontal
axis tidal turbine from composite material [8]. The load-
related deformation of the blade let to decreased power
(5%) and thrust (6%) for the maximum flow speed at the
simulated site. By applying a pretwist to the blade they
compensated the deformation at the design conditions
such that the power capture was the same as for the ini-
tial - rigid — blade geometry at this particular operating
point. In [9] MURRAY et al. compared the experimentally
obtained performance of a “flexible” composite rotor to a
“rigid” rotor manufactured from aluminum. The results
showed a significant reduction of power and thrust for
the composite blades.

The load related torsion of the studies above is at-
tributed to the bent-twist behavior of the utilized compo-
site materials. The objective of this contribution is to nu-
merically model the deformation of the blades manufac-
tured from brass, i.e. with isotropic properties. The aim is
to examine whether the visually observed deformation of
a scaled turbine model influenced the measurement re-
sults of towing tank and cavitation tunnel tests. There-
fore, a BEM model is coupled to an FEM model and
solved iteratively. The power, thrust and cavitation char-
acteristics are predicted for the deformed blades as well
as for the rigid rotor utilizing the BEM model. Finally, the
predicted characteristics of the “flexible” and “rigid”
turbine are compared against experimental results of the
model scale tests.
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IL. INVESTIGATED TURBINE

The turbine investigated in this contribution is a 1:12.6
brass model of the horizontal axis fixed-pitch turbine for
tidal currents, the SIT 250 by SCHOTTEL HYDRO, shown
in Fig. 2. The SIT250 is designed as a modular turbine
system utilizing one drivetrain and two rotor diameters, 4
m and 6.3 m, which can be selected based upon the vary-
ing velocity frequency distributions of different deploy-
ment sites. This work discusses the scaled model of the
6.3 m diameter rotor design. The model rotor is CNC-
milled from brass by the workshop of the Schiffbauver-
suchsanstalt Potsdam (SVA) and hub is complemented
with a plastic hull to replicate the full-scale geometry, as
shown in Fig. 2.

The SIT250 drive train is rated at a mechanical shaft
power of Prtd = 85 kW which corresponds to a grid ready
power of Pa =70 kW. The blades of the full-scale turbines
are made from fiber-reinforced composite. The elasticity
of these blades provides an additional load reduction at
high inflow velocities (“passive-adaptive pitch”) through
an elastic pitch-to-feather behavior. A so called "over-
speed" strategy by the speed controller limits the power
output to rated power as described in KAUFMANN et al.
[10]. Nevertheless, a mechanical brake is added to stop
the turbine. A two stage planetary gearbox and an asyn-
chronous generator complete the drive train. The turbine
is manufactured by SCHOTTEL HYDRO, Germany.

Fig. 2 1:12.6 model of the 6.3 m rotor of the SIT250 tidal turbine
utilized for the model tests.

Special attention was given to the hydraulic design of
the turbine blades. A novel multi-objective optimizing
scheme, described in [4], has been developed targeting
the best compromise between maximum power output,
minimum thrust load and shallowest immersion depth
for operation without cavitation. To support the passive-
adaptive pitching, the stacking line of the blade has been
designed to provide a sufficient positive moment around

the radial axis, so called pitching moment Mz, as described
in [4].

11I. FLUID-STRUCTURE-INTERACTION MODEL

A fluid-structure-interaction (FSI) model, schematically
shown in Fig. 3, is utilized within for this work to predict
the performance characteristics of horizontal free-flow
turbines considering the load related deformation of the
blades. The key components of the model are
e  an extended performance prediction model based on

the BEM theory
e a FEM solver (commercial software ANSYS Mechan-
ical® of ANSYS® 18.2)

To initialize the simulation, the BEM model is used to
predict the spanwise load distribution for a given operat-
ing point. The loads are applied to the FEM model which
is solved to predict the deformation of the blade due to
the acting loads. Subsequently, the induced torsion Ay
along the blade span is calculated based on the displace-
ments of specified points along the leading edge (LE) and
trailing edge (TE), respectively. Considering the changed
pitch angle distribution, the BEM model predicts the
performance and the updated loads are passed to the
FEM model to actualize the deformation. This iteration is
repeated until the change of the pitch angle at the blade
tip is less than 0.01% with respect of the previous itera-
tion. Eventually, the power, thrust and cavitation charac-
teristics are predicted for the chosen operating point by
the BEM model utilizing the final pitch angle distribution.
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Fig. 3 Basic scheme of the coupled BEM-FEM model to predict
the performance of turbines with flexible rotor blades
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A. Performance Prediction Using BEM

Here we use an enhanced in-house BEM method -
briefly summarized in the next paragraph - for the predic-
tion of the performance and cavitation characteristics of a
given turbine. A detailed description of the model as well
as a validation based on model scale test data is given in
KAUFMANN et al. [11].

It is common practice to describe the turbine perfor-
mance in terms of the non-dimensional characteristics

- tip speed ratio

Ttipn§l
A=—2 ®)
Uy
- power coefficient
c P
=~ 37 7
P 050082, @
- thrust coefficient
c T
= 8
T 0.5pU8nTE, ®
- cavitation number
_ Patm + pghhub — Dy (9)

907 = 0.5 pUZ(1 + (0.72)?)

Uo is the free flow velocity far upstream of the turbine.
P is the density and p» the vapor pressure of the fluid, pam
the atmospheric pressure, g the gravity and hme the im-
mersion depth of the hub. Cavitation is avoided when the
cavitation number exceeds a critical value coz.eit.

In spanwise direction the turbine blade is segmented
into a number of blade elements (BE). For every BE, the
local power and thrust coefficients are derived based on
momentum conservation (Cemand Crm) and the dynamic
forces on a quasi 2D hydrofoil (Cror and Cror). Equating
Crm = Cror and Cru = Cror yields two nonlinear equations
for the unknown local axial and tangential velocity com-
ponents and eventually the BEs' Cr and Cr. The overall
turbine performance at a specific tip speed ratio then
results from a summation over all BEs.

Simplifying assumptions, such as a flow field that is
purely 2D, are limiting the precision of the basic BEM
theory. In order to increase the accuracy of the method,
various sub-models are applied. B's [12] correction of the
thrust coefficient for large axial flow retardation is used,
furthermore models by PRANDTL/GLAUERT [13] and SHEN
[14] accounting for blade hub and tip losses.

The hydrodynamic forces (lift and drag) for all BEs are
needed to determine Crorand Crpr. Since lift and drag of
the hydrofoil sections are functions of the Reynolds num-
ber Re and angle of attack o, they are calculated in ad-
vance and stored in a database. These polar data are ob-
tained utilizing the public domain code XFOIL by DRELA

[15]. To mimic an incompressible flow, the Mach number
is set to zero. The transition from a laminar to turbulent
boundary is calculated using the e"-method with a
threshold amplification ratio of Neit = 1, which corre-
sponds to a free stream turbulence level of 2% [16]. Post-
stall data are extrapolated according to VITERNA et al.
[17]. Although VITERNA's correlation is empirical and
known for its limited accuracy, it ensures the needed
numerical stability.

Cavitation in a turbine is a very complex phenomenon
and affected by a variety of factors, which naturally can-
not all be accounted for within a semi-analytic BEM
method. The cavitation number cos introduced in (9) is
solely a function of the turbine's operating conditions,
independent of the blade shape. However, cavitation is
avoided when the cavitation number exceeds a critical
value co7cit. Thus, for each A the value of 07, where cavi-
tation inception is observed, is defined as co7wi. For a
given rotor geometry, the turbine's cavitation characteris-
tic is given by ocozei(A). It is usually determined experi-
mentally in a cavitation tunnel by varying the static pres-
sure. For designing or optimizing a rotor blade, the a
priori prediction of cozeit (A) is crucial. Cavitation may
occur on the blade suction surface and near the blade tip
region due to the presence of the tip vortex. Typically, the
onset of tip vortex cavitation is prior to blade suction
surface cavitation. The BEM model is not capable of pre-
dicting the tip vortex flow. However, since tip vortex
cavitation does rarely harm the blade structure nor de-
grade the turbine performance, this limitation is accepted.
Then, an estimate of the turbine cavitation characteristics
can be made on the basis of the chordwise pressure dis-
tributions of the BEs which are linked to lift and drag.
These pressure distributions are also taken from XFOIL,
accepting that 3-D effects are not resolved. The aim of the
implemented model is predicting the inception of cavita-
tion in order to determine the turbine operating range
free of cavitation as a function of design, placement be-
low the free surface and inflow velocity to the rotor. A
performance prediction of the cavitating turbine is by no
means an outcome of the model.

B. FEM Model

The FEM model, i.e. description of the blade through
mesh, specification of the load application and definition
of the material properties, is done in advance utilizing the
preprocessing tools included in the ANSYS® software
package. Solely a single blade of the turbine is modeled
within FEM analyses since the BEM model assumes uni-
form conditions across the rotor. The hub and the inter-
face to the blade are not included in the FEM model. In-
stead, the blade is constrained in all degrees of freedom at
the root. The blade is divided into sections based on the
blade elements utilized within the BEM model. An auto-
matic meshing application by ANSYS® is used aiming for
a mesh of mainly hexahedral 3D elements supplemented
with tetrahedral elements if necessary. The properties of
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the applied isotropic linear elastic material correspond to
the brass type (CuZn39Pb2 cp. [18]) of which the model
turbines are milled from.

C. Integration to the Fluid-Structure-Interaction Model

The axial and tangential loads are applied in the FEM
model at fixed points equivalent to the positions used
within the BEM model, i.e. at 25% of the chord length
from the LE, exemplarily shown for a blade cut in Fig. 4.
The forces obtained from XFOIL refer to these points. An
additional moment M:roa accounts for the distance of this
reference point to the true point of application. Thus,
M:roa acting on a BE is applied to the FEM model in addi-
tion to the normal and tangential force components.

The nodal displacements u;g; and ugg; of i points Pyg;
and Prg; along the LE and TE, respectively, resulting of
the FEM analysis are used to determine the local elastic
torsion Ajui (cp. Fig. 5). Therefore, u;g; and urg; are ap-
plied on points Pyg; and Prg; of the undeformed blade to
obtain the displaced points Pjg; and Prg; , as shown in
Fig. 5. Eventually, the angle between the vectors connect-
ing the LE and the TE, before and after the deformation,
yields the local elastic torsion,

(10)

(PLE,IPTE,I ° P[:E,1P'I,‘E,1 )>

Ao = arccos( .
. |PE, Pre, | ) | PI:E,IP'I,‘E,ll

Cy

Fig. 4 Forces and loads applied to the FEM model for one cross-
section (schematically).
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Fig. 5 Schematic illustration of the blade deformation at one
cross-section.

V. EXPERIMENTAL SETUP

D. Towing Tank

The non-dimensional performance characteristics (Cr
and Cr) of the model-scale turbine are measured in a
towing tank, i.e. the turbine is dragged through a basin of
calm water. Thus, the free-flow velocity far upstream Uo
corresponds to the speed of the towing vehicle. The ex-
periments are performed at the ship model basin in Pots-
dam Germany, the Schiffbau-Versuchsanstalt Potsdam
GmbH (SVA). The most relevant data of the utilized tow-
ing tank are compiled in Table I.

TABLEI
SV A TOWING TANK FACILITY
280.0 m length
Towing tank dimensions 9.0 m width
4.5 m depth
Maxxmum carriage velocity (correspond- 7.0 m/s
ing to co)
Dynamometer type H39, Kempf and =60 5™
Remmers Tmax=1000 N
Qmax=50 Nm

Since the diameter of the model scale turbine is diiy = 0.5
m, the resulting cross-sectional blockage of the open wa-
ter tests is 0.5%. The shaft of the turbine is immersed
more than one rotor diameter below the waterline and
located downstream of the rotor to avoid interaction with
the water surface and the wake of the shaft. Fig. 6.2 de-
picts the towing tank setup.

Vehicle

Fig. 6 SVA towing tank test rig in maintenance position.

The testing follows the recommendation of the Interna-
tional Towing Tank Conference (ITTC) for open water
tests of scaled models [19]. Tests are carried out at differ-
ent velocities and over a range of tip speed ratios, which
is achieved by varying the rotational speed of the turbine
for a given co. 10 s-time records of thrust, torque, rota-
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tional speed and co (towing vehicle speed) are captured
synchronously. According to the recommendations of the
ITTC [19], the measured values for thrust and torque are
corrected by using a dummy hub having the same mass
as the model turbine.

E. Cavitation Tunnel

For cavitation studies, the same turbine as for the tow-
ing tank tests is placed in the cavitation tunnel of the SVA
with the specification as in Table II. The turbine is posi-
tioned in the measuring section ("test section") and the
water is pumped around a closed-loop configuration
(vertical) providing Uo to the turbine.

The procedure of the testing follows the ITTC stand-
ards for cavitation tests [20]. Due to the high cross-
sectional blockage ratio of 27%, a blockage correction has
to be applied to match the operation points at free-flow
conditions. The applied correction follows mainly the
methodology presented by BAHA] et al. in [21].

TABLEII
SV A TOWING TANK FACILITY

Cavitation tunnel test section

2
(length) 600 mm
CaV}tatlon tunnel test section (cross- 850 mm x 850 mm
section)

Pressure variation -950 mbar — +1200 mbar

Maximum flow velocity (corre-

sponding to Uo) 75mfs

Dynamometer H36, Kempf and rimax = 60 5™

Remmers Tmax = 2000 N
Qmax= 100 Nm

To determine the critical cavitation number, an operat-
ing point in terms of Uo and n (i.e. A) is kept constant and
the static pressure in the cavitation tunnel is decreased
continuously starting in non-cavitating conditions. As
soon as cavitation is observed the conditions are locked
up and applied to (9) to obtain corresponding and hence
critical cavitation number. A quasi-static visualization of
the rotor is obtained through stroboscope providing a
flash-light according to the rotational speed.

V. NUMERICAL RESULTS

In Fig. 7 the simulated spanwise displacement of the LE
in x and y direction (axial and circumferential cp. coordi-
nate system in Fig. 4) as well as the change of the pitch
angle Aya are shown for A = 6 and increasing Uo. As ex-
pected is the axial deflection (in x-direction) substantially
larger as compared to the circumferential displacement.
In both cases, the deflection increases from the blade root
to tip and with increasing values of Uo. Besides the axial
and circumferential displacements, the simulations re-
sulted in an additional torsion of the blades. Interestingly,
Aya is negative (i.e. pitch to stall) at the blade root region
before increasing to the maximum Ay at the tip. Howev-

er, for the majority of the blade the torsion increases for
faster inflow velocities Uo resulting in larger pitch angles.
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Fig. 7 Simulated deformation along the blade at the design point
A = 6 for varying inflow velocities: (a) axial displacement of the LE;
(b) tangential displacement of the LE; (c) and the induced pitch
angle Ay

The simulated displacement of the blade tip as function
of the tip speed ratio is shown in Fig. 8 for three different
Uo. As for the results at the design point, presented in Fig.
7, the deflection and torsion of the blade increases with
the Uo. However, the axial and circumferential deflection
decreases for high tip speed ratios whereas the induced
pitch angle further rises. As shown in Fig. 9 this might be
due to the rising values of the pitching moment M:roa. F
and F. decrease for high tip speed ratios whereas the
maximum values of M:roa are at the highest A simulated.
A possible explanation is that the true point of applica-
tion of the resulting force moves towards the TE the
higher the tip speed ratio. Thus, even though the magni-
tude of the resulting force decreases, M- further increases
due to the larger lever.
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The influence of the blade deformation on the predict-
ed turbine performance is shown in Fig. 10. The induced
pitch angles result in lower power and thrust values.
Increasing Ay, either through higher Uo or higher A, lead
to a significant reduction of Cr and Cr. Thus, the defor-
mation acts as a kind passive "pitch to feather" control
even for blades from brass with isotropic material proper-
ties. As for the power and thrust, the reduction of Go7eit
increases with A but after a critical tip speed ratio the
difference decreases for higher A. At A = 10 the flexible
rotor has even higher cozeit. This is most likely due to
cavitation on the blades pressure side which occurs at
low o and hence is more likely for the deformed rotor.
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Fig. 8 Simulated deflection at the blade tip as function of the tip
speed ratio for varying inflow velocities: (a) axial displacement of
the LE; (b) circumferential displacement of the LE; (c) induced pitch

at the blade tip.
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Fig. 9 Pitching moments resulting from axial force, tangential

force and distance of the reference point POA to the true point of

application (Mzroa) for Uo= 2.5 m/s as function of the tip speed ratio.
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Fig. 10 Predicted differences between the performance of a rigid
and flexible rotor: (a) power coefficient, (b) thrust coefficient and (c)
the critical cavitation number for three different inflow velocities Uo.
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Fig. 11 BEM-predicted non-dimensional characteristics for different Uo considering rigid blades (black solid line) and considering elastic
deformation of the blades (flexible blade - dashed black line) and comparison with experimental data (towing tank).

VI COMPARISON WITH EXPERIMENTAL RESULTS

Towing tank tests of the turbine were conducted for in-
flow velocities of Uo = 2 m/s and Uo = 2.5 m/s. Measure-
ments at higher inflow velocities were not possible be-
cause a significant deformation of the blades was ob-
served. To avoid a plastic deformation and hence perma-
nent damage of the blades in-flow velocity was limited to
Uo=2.5m/s.

Fig. 11 shows non-dimensional power and thrust char-
acteristics, obtained from the towing tank tests. Addition-
ally, the BEM prediction of Cr and Cr are plotted for a
rigid rotor (black solid lines) and the predictions includ-
ing the simulated elastic deformation of the blades due to
the acting loads, i.e. the flexible rotor (black dashed lines).
The BEM predictions are solely plotted for the non-
cavitating operating points (according to the cavitation
model).

The experimentally obtained power coefficients are
in good agreement with the BEM predictions for the stall
free operating range, i.e. A > 4. A distinct statement which
Cr prediction is more accurate is hardly possible. For the
lower Uo the flexible prediction seems to be more accurate

whereas it is vice versa for Uo = 2.5 m/s. In contrast, the
thrust coefficients for rigid blades are significantly higher
as the experimentally obtained data for A > 4. The pre-
dicted Cr values of the flexible blades are in very good
agreement with the experimentally obtained predictions
for A > 4. This implies that the observed deformation of
the blades during the towing tank tests results in reduced
thrust loads compared to the originally predicted values
of the (rigid) turbine design. The differences of the per-
formance predictions, rigid and flexible, to the experi-
mentally obtained data for the operating range A < 4 dis-
playing the limitations of the VITERNA model for stalled
hydrofoil sections.

Summarizing, the design of the stacking line aiming for
a high pitching moment as well as the good agreement of
the BEM prediction considering FEM simulated defor-
mation imply that the significant deviation of the origi-
nally predicted Cr and experimentally obtained thrust
coefficients are caused by the load related deformation of
the blades. Furthermore, the potential of flexible blades to
reduce the thrust is displayed. Nevertheless, stiff blades
are favorable for experiments to validate the original
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hydrodynamic turbine design since the deformation adds
an element of uncertainty.

To avoid damages of the blades, the cavitation tunnel
tests were conducted at Uo = 1.5 m/s since the high block-
age ratio (27%) increases the loads compared to the tow-
ing tank tests (cp. BAHAJ et al. [21]). Due to the low Uo it
was not possible to decrease the cavitation number far
enough to visually observe cavitation types other than tip
vortex cavitation at a sufficient operating range. Instead,
a significant drop of the power coefficient is taken as an
undesired phenomenon related to cavitation to define
oosait. Moreover, the cavitation related reduction of the
power output is of a high practical relevance since it re-
duces the energy yield of the turbine. Fig. 13 shows the
change of the Cr for decreasing cavitation numbers rela-
tive to the Cr at the highest 0oz exemplarily for A = 6. For a
constant operating point, the pressure is reduced contin-
uously starting at non-cavitating operation. The turbine is
observed visually to detect cavitation as well as a display
of the instant power output of the turbine. To take the
measurements, shown in Fig. 13, the pressure is kept
constant at regular intervals and the turbine performance
is recorded. As soon as cavitation at the turbine or a sig-
nificant power drop is observed an additional measure-
ment is conducted.

In Fig. 12 the experimentally obtained critical cavita-
tion numbers regarding the onset of tip vortex cavitation
attached to the blade and the onset of a reduced power
output are plotted as function of the tip speed ratios and
compared to the BEM predicted co7it curves. Since the
results of the towing tank measurements discussed above
imply that the blades are deformed by the acting loads,
oozt is predicted for the rigid geometry and a flexible
rotor. At the investigated operating range, the tip vortex
cavitation incepts at higher 0oz as compared to the onset
of the power loss. The simulated deformation of the
blades obviously results in a shift of the predicted co7,erit
curve towards lower tip speed ratios. The BEM model

somewhat overpredicts the experimentally identified
cavitation inception for rigid as well as flexible blades.
The consideration of the simulated blade deformation
provides a reduced overall deviation. However, the BEM
model yields a conservative estimate of the onset of cavi-
tation related power loss.

5 1 1 ] 1
0 0.5 1 1.5 2 2.5

Cavitation number o

Power coefficient reduction

[-]
0.7

Fig. 13 Change of the power coefficient for decreasing cavitation
numbers relative to the start value (highest 0 07) at A=6 and Uo=1.5
m/s..

VII. SUMMARY AND CONCLUSIONS

The objective of this contribution was a numerical and
experimental assessment of the torsion-related perfor-
mance change of a 1:12.6 brass model from a 6.3 m fixed
pitch horizontal axis tidal turbine. Therefore, a BEM
model is coupled to an FEM model and solved iteratively.

It was found that the axial bending of the blades was
accompanied by a distinctive torsion which led to in-
creased pitch angels. Comparing the performance predic-
tions for the rigid and flexible rotor blades showed that
the obtained variation in pitch angle distribution led to i)
a decreased power output, ii) considerably reduced thrust
loads and iii) somewhat lower critical cavitation numbers
for a wide operating range. Thus, the numerical results
imply that the blades - with isotropic material properties -
experience a performance affecting torsion.

Experimental performance characteristics of the

3 T | \ T 1 I 1
\ BEM: rigid blade
2.5 |- \ — — — BEM: flexible blade —
E +@ -+ Exp.: onset tip vortex cavitation
g 7 < -{)++ Exp.: onset power loss _
c o
=B
Q —
S fais| -
g 2 15
§e
o ¢ .
5 .
0.5 - —
0 | ] | | | |
0 2 4 6 8 10 12

Tip speed ratio \ [-]
Fig. 12 BEM-predicted critical cavitation numbers for rigid blades (black solid line) and flexible blades (black dashed line) compared to the
experimentally obtained critical cavitation numbers regarding the onset of tip vortex cavitation (blue circles) and the onset of power loss (red
diamonds).
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unavoidably flexible - model scale turbine were obtained
in comprehensive towing tank and cavitation tunnel tests.
A comparison with the prediction strongly suggests, that
the model-scale turbine experienced the deformation as
obtained from the FEM. Measurements with turbine
model which experiences no deformation are needed to
evaluate performance of rigid blades and hence the origi-
nal blade design.
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