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Abstract 
State-of-the-art technologies for wind and tidal energy exploitation focus mostly on axial turbines. However, cross-flow 
hydrokinetic tidal turbines possess interesting features, such as higher area-based power density in array installations and 
shallow water, as well as a generally simpler design. Up to now, the highly unsteady flow conditions and cyclic blade stall 
have hindered deployment at large scales because of the resulting low single-turbine efficiency and fatigue failure challenges. 
Concepts exist which overcome these drawbacks by actively controlling the flow, at the cost of increased mechatronical 
complexity. Here, we propose a bioinspired approach with hyperflexible turbine blades. The rotor naturally adapts to the flow 
through deformation, reducing flow separation and stall in a passive manner. This results in higher efficiency and increased 
turbine lifetime through decreased structural loads, without compromising on the simplicity of the design.
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Abbreviations
2D2CV	� Two-dimensional, two components
BEP	� Best-efficiency point
CAD	� Computer-aided design
CFTT	� Cross-flow tidal turbine
EN	� European norm
FSI	� Fluid–structure interaction
LDA	� Laser Doppler anemometry

LEGI	� Laboratoire des Écoulements Géophysiques et 
Industriels

NACA​	� National Advisory Committee for Aeronautics
NaN	� Not a Number
PIV	� Particle image velocimetry
SFT	� Surface tracking
TPS	� Thin plate spline
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List of symbols
�	� Angle of attack [ ◦]
�	� Equivalent angle of attack [ ◦]
Δ	� Difference [–]
�	� Tip-speed ratio [–]
�	� phase angle [rad]
�	� Density [kg/m3]
�	� Rotor solidity [–]
Θ	� Rotor azimuth angle [rad]
�	� Angular velocity [rad/s]
cD	� Drag coefficient [–]
cL	� Lift coefficient [–]
cN	� Normal force coefficient [–]
cT	� Torque coefficient [–]
f	� Frequency [Hz]
h	� Height from SFT [m]
k	� Reduced frequency [–]
n	� Number of blades [–]
r	� Combined relative error [%]
t	� Thickness [m]
v	� Absolute flow velocity [m/s]
w	� Relative flow velocity [m/s]
u	� Tangential velocity [m/s]
C	� Blade chord length [m]
D	� Distance [m]
F	� Force [N]
H	� Height [m]
L	� Length [m]
M	� Moment [Nm]
R	� Turbine radius [m]
W	� Width [m]
Re	� Reynolds number [–]
∞	� Free-stream condition
ch	� Water channel
max	� Maximum
o	� Oscillation
rec	� Recording
̇ 	� Temporal derivation
̄	� Average
′	� Apparent

1  Introduction

Tidal flows represent a huge source of renewable energy, 
which is as of yet largely unexploited. This exploitation 
remains a major challenge in energy engineering, because 
of the conflicting requirements that must be addressed. To 
be competitive on the electricity market, low production 
costs must be achieved, which requires high efficiency and 
durability in order to reduce initial investment and main-
tenance efforts. Salt water, high levels of turbulence and 
underwater installation make for unfavorable construction 

and operation conditions. Beyond this, the fragile maritime 
ecosystem makes low ecological impact a necessity, requires 
systematic accompanying eco-engineering efforts (Bugnot 
et al. 2020) and a detailed investigation of the impact of the 
energy extraction on the flow regime (Barnier et al. 2020). 
For instance, dam-based installations act as a sea fauna 
migration border, have high ecological impact, require high 
initial investments and are therefore an unsatisfactory solu-
tion if one aims for a fully sustainable tidal energy exploita-
tion. In this context, installations featuring hydrokinetic tur-
bines are particularly attractive. However, the power density 
of such power plants is generally low.

Cross-flow tidal turbines (CFTTs, see Fig. 1) are now 
known to outperform conventional (horizontal-axis) turbines 
in their area-based power density (Whittlesey et al. 2010; 
Dabiri 2011; Brownstein et al. 2016), since positive turbine-
to-turbine interaction and their rectangular plan-view area 
allow for denser, more efficient turbine farm installations. 
This is a very important advantage, since conflicting inter-
ests of nature conservation and resource exploitation have 
to be weighed up in order to use the few suitable areas as 
sensibly and efficiently as possible (Bugnot et al. 2020). 
CFTTs operate independently of the flow direction without 
requiring yaw control. Additionally, their impact on marine 
fauna is considered to be extremely low (Berry et al. 2019; 
Zhang et al. 2017; Castro-Santos and Haro 2015; Hammar 
et al. 2013). The hydrokinetic energy conversion leads to 
negligible pressure drops (the highest injury risk for fish in 
turbines according to Stephenson et al. 2010), and their low 
rotor speed and absence of guiding structures result in low 
probability for direct hits or crush between moving and static 
parts (Müller et al. 2018; Deng et al. 2007; Turnpenny et al. 
2000). These ecological advantages are associated with a 
technological drawback—a low turbine efficiency.

2 � Complex flow and rotor dynamics

2.1 � Dynamic stall and turbine efficiency

CFTTs feature a complex rotor flow, dominated by dynamic 
stall (Laneville and Vittecoq 1986), as shown in a numeri-
cal simulation in Fig. 1 (right). Dynamic stall is character-
ized by alternating flow separation and reattachment on the 
blades, with peaking hydrodynamic loads; it is the focus 
of current research (Benton and Visbal 2019; Buchner 
et al. 2018; Miller et al. 2018). Severe structural vibrations 
and unsteady blade thrust lower endurance and efficiency. 
Numerous studies have investigated methods to overcome 
these effects, which doubtlessly hinder large-scale industrial 
applications. One approach is to continually vary the pitch 
angle of the blades using mechanical systems in order to 
control their angle of attack (Abbaszadeh et al. 2019; Liang 
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et al. 2016; Mauri et al. 2014; Zhang et al. 2014; Lazaus-
kas and Kirke 2012; Khalid et al. 2013). Another approach, 
termed angular velocity control, uses phases of rotational 
acceleration and deceleration in order to control the angle of 
attack by adjustment of the tangential velocity (Strom et al. 
2016). Both methods result in higher efficiency and lower 
structural load peaks. The first requires complex designs, 
which are then prone to failure and less suitable for low-
cost, low-maintenance applications. Both approaches require 
significant advanced control systems, with the second addi-
tionally requiring extended torque capacities of the electric 
drive that serves for the highly dynamic acceleration and 
deceleration phases.

Bioinspired approaches deploying hyperflexible rotor 
blades have shown potential for reducing the structural loads 

and improving the efficiency (Descoteaux and Olivier 2021; 
Hoerner et al. 2019; MacPhee and Beyene 2016; Zeiner-
Gundersen 2015). In the context of complex rotor flow 
dynamics, the additional effect of blade deformation under 
load and its impact on the fluid dynamics (the fluid–structure 
interaction, FSI) make the investigation of this phenomena 
particularly challenging. In this experimental study, the FSI 
of hyperflexible CFTT blades is visualized and fully charac-
terized, by linking together the dynamics of hydraulic forces, 
blade deformation and flow field.

Through this multimethod experimental investigation, we 
show how hyperflexible blades effectively adapt their angle 
of attack dynamically and passively control the flow through 
deformation (see Fig. 2). Load peaks are smoothed out, and 
a significant reduction of the hydrodynamic structural loads 

ω

Fig. 1   (Left) Cross-flow tidal turbine rotor. (Middle) Schematic 
presentation of the flow conditions in the rotor at � = 2 , expressed 
with velocity triangles. The vertical rotation axis leads to unsteady 
flow conditions featuring alternating relative velocities w and angles 
of attack � with respect to the azimuth angle � . (Right) Numerical 
simulation of a CFTT at � = 2 (vorticity), generated with the Open-

FOAM/Paraview software packages. The turbine features a complex 
flow field, due to the rotor dynamics. A video of the vorticity field 
can be accessed on the author’s website as a supplemental material. 
The asymmetry in the profiles displayed left and right results to their 
adaptation to the circumference of the turbine radius according to 
Maître et al. 2013.

Fig. 2   (Left) section of a bioinspired flexible hydrofoil, displaying the 
solid leading edge on the left, a flexible carbon-fiber composite skel-
eton, surrounded by a white silicone embodiment. (Right) Hyperflex-
ible structures adapt to the flow and can inhibit or milden dynamic 

stall effects. The NACA0018 shaped hydrofoils encounter significant 
deformation of up to 25% of the chord length. (High-speed recording 
image enhanced, colors inverted)
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is achieved simultaneously with increased turbine efficiency 
for specific operation points. This is obtained because flex-
ible structures feature shorter phases of flow detachment 
and result in reduced wake structures. The power-produc-
ing phases are extended within the rotation period, when 
the stiffness of the hydrofoil is adjusted to the operational 
regime. At low-speed regimes, where fish compatibility is 
highest, we observed an efficiency increase of up 20% along 
with a decrease of 20% in the structural loads, as already 
reported in Hoerner et al. 2019, demonstrating the potential 
of this approach to improve the ecological and performance 
characteristics of future CFTT designs.

2.2 � Turbine physics

The rotor kinematics are governed by two parameters: (1) 
the operation point � and (2) the solidity � . The first is given 
as the ratio of tangential turbine velocity u = �R ( � angular 
velocity, R turbine radius) to flow speed v∞ (see Eq. (1)). The 
second is defined as the relation of the plan-view area of the 
blades to half of the turbine’s cross-section area (see Eq. (2), 
with n the number of blades and C the blade chord length).

The blade motion—in parts crosswise to the flow—results 
in an alternating angle of attack � (see Eq. (3)) and an alter-
nating relative velocity w, both functions of time and of the 
azimuth angle Θ (see Fig. 1).

Because of the highly dynamic conditions, the flow remains 
attached at angles far exceeding the foils’ static stall angles; 
the maximum angle of attack �max typically reaches 30◦.

The flow field in a real rotor is further affected by 
blade–blade interactions (see Fig.  1(right)) and three-
dimensional effects, such as blade tip effects on the upper 
and lower blade ends. Hyperflexible blades further increase 
the system complexity, making for a difficult distinction 
between the influences of single parameters. For this reason, 
in order to generate high-resolution flow observation around 
the airfoil, a reduced, well-established surrogate model was 
deployed in the experimental campaigns presented here, 
where a pitching hydrofoil substitutes for a single-bladed 
CFTT (Ly and Chasteau 1981). It has to be mentioned that 
the angle of attack in the downstream part of a real rotor con-
figuration is strongly affected by the power extraction in the 
upstream part. Therefore, the angles of attack are normally 

(1)� =
�R

v∞

(2)� =
n ⋅ C

R

(3)� = arctan
(

sinΘ

� + cosΘ

)

strongly decreased as shown by Delafin et al. 2021. How-
ever, the level of reduction depends on several factors and is 
unknown for the cases tested, due to the FSI mechanism with 
the variations of the deformable structures. In consequence, 
this phenomenon have been neglected. This should be kept 
in mind when analyzing the results.

3 � Experimental approach

3.1 � Model reduction

Now, the dynamic stall regime observed on the pitching 
hydrofoil depends on the maximum angle of incidence 
�max and the reduced frequency k, a measure for the ratio 
of the time scales of the foil motion and the flow convec-
tion (McCroskey 1981). In the light of CFTT applications, 
k depends on � and � (Laneville and Vittecoq 1986). For 
the surrogate model in a water channel with constant flow 
speed vch , k can be expressed with respect to � and the pitch 
frequency f (see Eqs. (7) and (8) for details):

In this way, multiple CFTT solidities and operating points 
can be investigated with a single oscillating foil by simply 
changing the pitch trajectory � = f (�) , and the reduced 
frequency k (by varying the oscillating frequency f), since 
k = f (f ) = f (�, �).

In turn, the performance is assessed by measuring the 
hydrodynamic forces acting on the profile, as converted in 
dimensionless coefficients cL and cD for lift and drag (see 
Eqs. (10) and (11)), as well as the thrust cT and the normal 
force coefficient cN:

The surrogate model does not allow for a quantitative eval-
uation of the power obtained on a three-dimensional tur-
bine, especially given the large range of frequencies and 
operation points covered here. However, given any turbine 
design at one operation point, a rigorous comparison can 
be made between designs of different rigidities—one cen-
tral aim of the study. In this case, cT directly contributes to 
the power and can be used as a substitute to evaluate the 
turbine efficiency, while cN characterizes structural loads, 
whose periodic variations lead to vibrations and causes 
material fatigue. Therefore, the changes in these coeffi-
cients brought by the flexible foils relative to the rigid foil 
(the thrust change cT − cTref and maximum load amplitude 
change cNmax

− cNmax,ref
 ) were the observed parameters used to 

(4)k =
� ⋅ f ⋅ C

vch ⋅ (� − 1) ⋅ arctan
[

(�2 − 1)−
1

2

]

(5)cT = cL ⋅ sin � − cD ⋅ cos �

(6)cN = cL ⋅ cos � + cD ⋅ sin �
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assess performance. It is worth noting that according to Eqs. 
(6) and (5) when 𝛼 <45◦ , drag has a major influence on the 
blade thrust, while lift has a major influence on the struc-
tural loads. Both influences are detrimental to the turbine’s 
performance and endurance.

The surrogate model also allows for the installation of 
measurement systems around any single blade, in order to 
investigate the fluid–structure interaction occurring there. 
We deployed a light-based surface tracking (SFT) system 
to measure the flexible blades’ deformation in three dimen-
sions and a 2D2C (two-dimensional, two-component) par-
ticle image velocimetry (PIV) system in order to observe 
the flow around the blade. The combination of the results 
from these two measurement campaigns, in addition to the 
performance improvements quantified using the force and 
moment measurements, provides a holistic description of the 
flexible-blade approach to improving CFTT performance.

3.2 � Experimental setup

The experiments were performed in the closed-loop water 
tunnel in the LEGI labs Grenoble. Four different hydro-
foils with a symmetric NACA0018 geometry (C = 66 mm) 
were deployed. The leading edge of the three bioinspired 
foils consisted of a milled aluminum piece reaching up to 
the first quarter of the chord, followed by a composite tail 
consisting of a carbon-fiber blade and a silicone embodi-
ment (see Fig. 2). The profile stiffness was adjusted by 
changing the carbon-fiber blade thickness, varying from 
0.3 to 0.7 mm. The fourth hydrofoil was milled entirely 
out of aluminum and served as the reference, correspond-
ing to a standard rigid-blade CFTT. For each hydrofoil, 

the trajectory of � = f(t) and the pitch frequency f were 
varied. A total of 64 parameter sets featuring two operat-
ing points and seven turbine solidities for four hydrofoils 
were investigated:

The hydrodynamic forces were captured with 1 kHz tempo-
ral resolution by means of a fully submerged six-axis load 
cell, placed underneath a mounting plate for the hydrofoils 
(see later Fig. 3). The drive system encoder returned the 
angle of incidence. The average flow speed of 3 and 3.5 m/s 
was obtained from the tunnel flow meter and led to a chord-
based Reynolds number of 200,000–230,000. All signals 
were synchronized with the optical measurements by use of 
a trigger signal.

Two different measurement campaigns were designed, 
aiming for a full classification of the FSI. A custom high-
speed, structured-light-based surface tracking technique 
(SFT) was deployed to measure the solid deformation. 
The corresponding flow field was captured with 2D2C 
high-speed particle image velocimetry (PIV) measure-
ment. The masking of the highly deformable structure 
posed a particular challenge and was solved using clas-
sic image segmentation strategies combined with a model 
for the mechanical bending of the profile (Hoerner 2020). 

� = 2

k = [0.03, 0.06, 0.17, 0.29, 0.34, 0.48, 0.74]

f = [0.21, 0.45, 1.30, 2.25, 2.63, 3.64, 5.68]Hz

� = 3

k = [0.08, 0.15, 0.28, 0.4, 0.55, 0.74, 0.77]

f = [0.70, 1.33, 2.46, 3.42, 4.84, 6.20, 6.45]Hz

Fig. 3   The two experimental setups deployed at the LEGI labs’ 
closed-loop water tunnel. (Left) Flow field measurements, 2D2C 
high-speed PIV with two lasers facing one another in order to illu-
minate the flow field surrounding the foil. (Middle) Deformation 

measurements through high-speed structured-light surface tracking. 
(Right) Force and torque measurements with a fully submerged six-
axis load cell
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More details of the methods, data sheets and measurement 
uncertainty considerations are provided in Methodology 
section.

4 � Methodology

4.1 � LEGI labs water tunnel

The LEGI labs water tunnel is a closed-loop device with a 
maximum discharge of 0.65 m 3/s. The turbulence intensity 
was found to be less than 0.5% in the core flow by means of 
laser Doppler anemometry measurements. The control vol-
ume is of 1000 × 350 × 280 mm3 ( length × height × width ). 
The flow rate is determined by a propeller sensor immersed 
in the main pipe with < 0.5 % measurement uncertainty. Con-
finement effects may be encountered: with the rigid foil, the 
maximum cross-section blockage periodically reaches 12% 
(at � = 30◦ ). According to West and Apelt (1982), blockages 
beyond 6% are no longer negligible when considering lift 
measurements; however, drag is not affected. In the present 
study, the blockage ratio may translate into exaggerated lift 
values for the rigid hydrofoil in particular, translating into 
an underestimation of the efficiency improvement of flexible 
blades. This would translate into an even better performance 
of the flexible hydrofoil by comparison.

4.2 � Experimental model

The reduced frequency k, Eq. (4), a key parameter for this 
study, was derived from original equations to match flow 
conditions in the water channel. Starting from helicopter 
aerodynamics (Eq. 7 left, from (McCroskey 1981)) k is re-
expressed in a rotating reference frame (Eq. 7 right) and 
formulated as follows (Laneville and Vittecoq 1986):

With elimination of R by insertion of Eq. 1 and replacement 
of the angular velocity � by the frequency 2�f  , k can finally 
be expressed as Eq. 4.

4.3 � Force measurement

The forces were captured with a load cell of specifications 
given in Table 1.

(7)k =
C ⋅ 𝛼̇max

2v∞ ⋅ 𝛼max

=
C ⋅ 𝛼̇max

2𝜔 ⋅ R ⋅ 𝛼max

(8)
k =

C

2 ⋅ R ⋅ (� − 1) ⋅ arctan
[

(�2 − 1)−
1

2

]

A customized amplifier with an integrated first-order, 
low-pass hardware filter for anti-aliasing was deployed. No 
software-based filtering was applied to the signals displayed in 
the figures. The sample rate was set to 1 kHz at 16-bit discre-
tization with a Labjack T700 DA card. The sensor was tested 
with standard weights (0.1–2 kg) for single-channel calibra-
tion and uncertainty tests. The nonlinearity was found to be 
negligible for loads > 1 N. Significant channel cross talk was 
observed, which is due to the measurement principle. The 
combined error from cross talk and single-channel accuracy 
was determined to be < 2% . It was calculated with the subse-
quent equation. Here, as an example, calculation for the drag 
measurement channel ( FX ) is shown. The other channels can 
be calculated accordingly.

where FX,Y ,Z and MX,Y ,Z are the forces and moments in the 
three axes in space, rX,Y ,Z is the single-channel uncertainty 
in reading, and cCFX,Y ,Z

 is the channel crosstalk coefficient 
provided by the calibration matrix of the vendor. Hysteresis 
effects and nonlinearity are neglected. The forces were 
expressed as dimensionless coefficients and then averaged 
over the phase angle using the subsequent equations with use 
of the profile surface projection s as reference:

For this, values for cD , cL and � at any time point within 
a period were averaged across periods. For example, in a 
representative period constructed with n periods for each 
sample j of the position feedback � , the period-averaged lift 
coefficient cL(�j) is obtained as:

(9)
rFX

= rX ⋅ FX + cCFY

⋅ FY + cCFZ

⋅ FZ + cCMX

⋅MX

+ cCMY

⋅MY + cCMZ

⋅MZ

(10)cD =
FD

0.5 ⋅ � ⋅ s ⋅ v2
ch

(11)cL =
FL

0.5 ⋅ � ⋅ s ⋅ v2
ch

(12)cL(�j) =
1

n

n
∑

i=1

cLi(�j)

Table 1   Six-axis load cell specifications

SRI six-axis sensor M3714BP

Strain gauge res. [Ω] 350
Net forces F X,Y,Z [N] 800,800,1600
Net moments T X,Y,Z [Nm] 44,44,44
Accuracy X (2 kg) Read/full scale [−] 0.05%/0.009%
Cross talk X (2 kg) Read/full scale [−] <2%/0.036%
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The coefficients of tangential and normal force, cT and cN 
were calculated from the time-averaged values of cD , cL and 
� with Eqs. (5 and 6).

4.4 � Surface and deformation tracking

The method was implemented in the open-source PIV 
framework fluidimage (Augier et al. 2019) published under 
the CECILL-B license.1 The measurements are based on 
a structured-light projection and phase angle shift due to 
defocusing:

where hi,j,t is the height of a point of the surface in i and j 
direction for a sample time t, D′ is the appearing distance 
(magnified by refraction) to the reference point, Δ�i,j,t is the 
phase angle shift, due to defocusing, 2�∕�rec is the wave vec-
tor of the recording, D′

PC
 is the appearing distance (magni-

fied by refraction) between projector and high-speed camera.
The method provided 4 kHz temporal and 1.5 mm spatial 

resolution in this setup. The averaged measurement accuracy 
was found to be of 0.77 mm (RMS) which corresponds to 
1.17% of the profile chord length. The method, originally 
introduced by Takeda et al. 1982, was adapted to the case at 

(13)hi,j,t =
D�

⋅ Δ�i,j,t

Δ�i,j,t −
2�

�rec
⋅ D�

PC

hand and presented in detail, including validation and error 
assessment, in Hoerner and Bonamy 2019.

4.5 � Particle image velocimetry

Two continuous lasers, positioned opposing one another in 
order to avoid shades, provided a light sheet with thickness 
2 mm. A Phantom V2511 high-speed camera captured the 
fluid flow with 4 kHz and 1280 × 800 px2 (see Table 2 for 
details). The fluidimage software package was deployed for 
data processing. A multistep postprocessing with a final 
interrogation window of 16 × 16 px2 and 50% overlap led 
to 1.5 × 1.5 mm2 spatial resolution in a plane section of 
120 × 74 mm2 . Final vector fields were compared to those 
obtained by processing with the DaVis software package. A 
significant difference in the direct vicinity of the hydrofoils 
was found, which is considered to be a result of different 
mask treatment strategies. The averaged differences were 
found to be − 0.02 m/s, which is less than of 1% of the aver-
age flow speed. Vectors with correlation peak < 0.3 were 
rejected. The flow field was subsequently filled up by an 
unweighted moving average of valid vectors based on a roll-
ing window containing four samples. This led to a final tem-
poral resolution of 1 kHz. Further details of the method are 
provided in Hoerner et al. 2021. The resulting flow fields of 
size i, j were presented dimensionless by the velocities rela-
tive to the mean flow speed v̄ of the entire measurement take.

Table 2   Laser I and II, camera specifications

Spectra physics Millenia Pro 2 SJ

Wave length [nm] 532
Type [−] NdYV04

Max. power [W] 2
Set power [W] 0.5

Spectra physics Millenia Pro 2 SJ

Wave length [nm] 532
Type NdYV04

Max. power [W] 5
Set power [W] 0.5

Camera Phantom V2511

Resolution [px2] 1280 × 800
Pixel size [�m] 28
CMOS area [mm2] 35.8 × 22.4
Color depth [bit] 12
Focus [mm] 105
Max acquisition rate [fps] 25,000
Set acquisition rate [fps] 4,000
Lens aperture [mm] focus/4
Exposure time [�s] 50

1  https://​bitbu​cket.​org/​fluid​dyn/​fluid​image.

https://bitbucket.org/fluiddyn/fluidimage
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4.6 � Hydrofoils

The flexible hydrofoils were designed assuming the carbon 
blades would deform according to the Euler–Bernoulli beam 
theory. Because the silicone embodiment features a Young’s 
modulus 100,000 times lower than that of the carbon blades, 
the stiffness is determined entirely by the blade (Table 3). 
Carbon fiber composite and silicone material specifications 
were determined experimentally through bending and tensile 
tests. Aluminum alloy properties are provided by European 
standards (EN -7075):

The rigid airfoil was considered fully rigid after its 
deformations were found to be below the measurement 
uncertainty.

5 � Results and discussion

5.1 � Thrust and structural loads

The relative structural loads, expressed by cNmax
− cNmax,ref

 and 
the relative thrust cT − cTref for the flexible profiles compared 
to the rigid reference, are shown in Fig. 4 for the full param-
eter study. A clear trend can be observed.

For all cases where � = 2 , the flexible profiles per-
form better than the rigid hydrofoil over the entire range 
of the stiffnesses ( t = 0.3 − 0.7 mm) and for all geometries 
( k = 0.028 − 0.735 ). By contrast, for � = 3 , the improve-
ments are negligible and the performance sometimes drops. 
However, considering the absolute variation of the hydro-
dynamic forces compared to the measurement uncertainty, 
force measurements in the � = 3 case generally do not allow 
for definite conclusions (Hoerner et al. 2019).

The largest improvements are seen using the most flexible 
foils. The hyperflexible profile (t = 0.3 mm) outperforms the 
rigid profile over the entire range of the geometries in � = 2 . 
The profile performs best for k = 0.028 − 0.341 , which cor-
respond to low and moderate solidities.

5.2 � FSI mechanisms and passive flow control

The reduction in loads and increase in thrust associated with 
the most flexible blades can be explored by observing defor-
mation and fluid flow. In this way, the FSI mechanisms lying 
underneath these improvements can be exposed and charac-
terized in a holistic manner. Results resulting from force and 
moment measurements, foil deformation, and optical flow 
measurement are shown subsequently in unified diagrams 
(see later Figs. 5 and 6). The two most relevant cases were 
selected, corresponding to one thin- and one robust-struc-
tured turbine, both operating at � = 2 with the most flexible 
and the reference foil.

In the center of the figures, the top plot displays the 
angle of attack (measured according to Fig. 7), and the bot-
tom plot displays fluid-induced forces, as a function of the 
phase angle Θ . The lift (solid line) and drag (dashed line) are 
shown for the rigid reference foil (red) and the hyperflexible 
profile blade (black), as obtained with the SFT setup shown 
in Fig. 3 (middle).

Surrounding these two diagrams are fifteen depictions 
of particular events of interest (numbered). For these phase 
angles, the corresponding flow fields from the PIV measure-
ments are presented for both the rigid reference (bottom) and 
the flexible profile (top). The flow fields were obtained with 
the PIV setup shown in Fig. 3 (left). These two diagrams 
allow for a complete characterization of the passive flow 
control for two different rotor geometries.

Table 3   Material specifications

Aluminum alloy

Young’s modulus E [Pa] 72 ⋅ 109

Density � [kg/m3] 2800
Tensile strength Rp0.2 [Pa] 450 ⋅ 106

Carbon fiber composite (cg-tec.de) cg-tec.de

Young’s modulus E [Pa] 52.7 ⋅ 109

Density � [kg/m3] 1600
Fiber orientation [◦] 0/90

Silicone (Wacker)

Elastosil M4600
Young’s modulus E [Pa] 6.4 ⋅ 105

Density � [kg/m3] 1100
Tensile strength [Pa] 7 ⋅ 106
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It must be noted that the water tunnel velocity in both 
measurement campaigns was not identical, varying between 
3 m/s (in the force and SFT measurements) and 3.5 m/s (for 
the PIV measurements). The comparability of the results is 
achieved by the selection of a common reduced frequency 
(k = 0.06 & 0.38). This guarantees flow similarity for the 
stall dynamics.

5.3 � Thin structures: the k = 0.06 case

Figure 5 shows the FSI for a thin structure, which would be 
typically suited for wind turbine applications, and resulting 
in a low reduced frequency and a flow regime in transition 
from quasi-static ( k < 0.05 ) to fully dynamic. There, the 
solidity of � = 0.19 will normally lead to a best efficiency 
point far beyond � = 2 (Shiono et al. 2000).

The FSI mechanism associated with the blade flexibility 
can be explored following points 1 to 15 around the diagram. 
Starting from point 1, the angle of attack continuously rises, 
while the flexibility leads to reductions in a lower single-
digit range. A first flow separation can be observed when 
the rigid profile reaches the static stall angle (point 3). A 

characteristic curve slope for stall occurrence is observed 
in points 4–6 for the rigid profile, featuring a lift peak with 
subsequent harsh drop along with overshooting drag. A very 
different behavior is shown by the flexible profile. It displays 
maximum deformation for a phase angle corresponding to 
the maximum lift on the rigid foil. The flexible structure 
balances the flow and provides a smooth load curve with 
negligible drag.

This effect repeats for subsequent load/deformation vari-
ations and in particular in the second half of the oscillation 
period. The flow fields around the rigid profile are character-
ized by a fully separated flow, starting from point 5, and a 
large wake zone. Hysteresis effects delay the reattachment 
of the flow to the zero-crossing of the angle of incidence (at 
Θ = � ). The hyperflexible structure, instead, adapts to the 
flow. Stall is decreased, the fully detached time span is sig-
nificantly shorter, along with the size of the wake structure. 
The drag remains moderate for the entire oscillation, along 
with reduced lift forces. This is beneficial for the torque, 
which is proportional to the cosine of drag and the sine of 
lift for low angles of attack, according to Eq. (5).

Fig. 4   Improvements in turbine structural loading. The variations 
in the loads ( c

N
max

− c
N

min
 , . left abscissa), the  average loads rela-

tive to the rigid reference cases ( cNmax
− cNmax/ref

 , right abscissa), 
as well as relative thrust improvement compared to the correspond-
ing rigid reference hydrofoil ( cT − cTref

 ), are shown for each case. 
The points can only be compared one to another in one parameter set 
(each marked with a common number 1–14). This is due to the model 

reduction, where each set corresponds to turbines of different sizes 
operating at different speeds. The highest improvements are found for 
the most flexible hydrofoil ( ) for low and intermediate ( k < 0.477 ) 
reduced frequencies for an operating point of � = 2 , which is found 
in sets 1–5
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5.4 � Robust structures: the k = 0.38 case

In structurally robust, thicker turbine structures correspond-
ing to higher reduced frequencies, the flow conditions are 
fully dynamic. Figure 6 shows the flow at a reduced fre-
quency of k = 0.38, which corresponds to a common solidity 
of � = 1.2 for CFTT.

There, although the trends are similar to the previous, 
finer geometry, the flow regime features significantly higher 
hydrodynamic forces, which result in a stronger deflection 
of the structure. Again, the bioinspired blades’ flexibility 
successfully smoothens the load peaks observed on the rigid 
foils.

The flow fields of the rigid structure clearly show that 
although the stall angle is increased (a known mechanism 
as per (McCroskey et al. 1976; McCroskey 1981)), the flow 
remains detached for more than half of the period, in accord-
ance to the findings on a full turbine rotor reported by Gorle 
et al. 2016. Hysteresis effects shift the phase angle for flow 
reattachment to the opposing pitch movement period. Here, 
the flexibility of the bioinspired structure again decreases 
these effects, so that it behaves like a cambered hydrofoil 
operating at lower angles of attack. The extensive drag 
forces measured on the rigid foil are no longer present for 

the flexible structure. Lift forces are significantly reduced 
as well. Interestingly, the coincidence of maximum flexible 
structure bending and maximum rigid profile load which was 
observed in the previous case no longer occurs. The shift, 
we believe, is due to mass inertial effects which delay the 
structural and hydrodynamic response.

6 � Outlook

This in-depth visualization of the structural adaptation 
of the hyperflexible foils, and their influence on the flow 
field, demonstrates that chordwise flexibility is an appropri-
ate means of passive flow control. The best results, which 
combine a reduction of 25% in structural loads along with 
improved blade thrust of 20% compared to an identical rigid 
turbine (as shown in detail in Hoerner et al. 2019) and quali-
tatively in accordance with the numerical results reported by 
Descoteaux and Olivier 2021; MacPhee and Beyene 2016, 
show the method’s potential for broadening the deployment 
of CFTT. The largest improvements occur for low-� applica-
tions, which are especially relevant for ecological compat-
ibility, as they feature lower blade strike probability.

Fig. 5   Passive flow control by flexibility: flow fields (PIV), deformation angle (SFT), lift and drag forces (load cell from SFT measurements) for 
flexible ( t = 0.3mm ) and rigid profile for � = 2 at k = 0.06)
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The bioinspired blades result in reduced wake areas, 
which we expect will significantly affect blade–blade inter-
actions as well as the flow field downstream of the turbine, 
with possible influence on the area-based power density in 
farm installations. Now, with the most promising design 
areas identified through systematic analysis using the 
surrogate oscillating-foil model, the path is opened for a 
quantitative assessment of performance, structural loads, 
as well as flow and wake fields on a full three-dimensional 
rotor.
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