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Vertical-axis water turbines (VAWT), the target of the present study, provide a higher
area-based power density when used in arrays, and are a promising alternative to
horizontal-axis hydro-kinetic turbines (HAWT). Nevertheless, they operate under highly
dynamic conditions near or even beyond dynamic stall at their best-efficiency-point. The
abrupt loss of lift and strong increase of drag associated with hydrofoil stall can produce
cyclic loads and possible damage of turbomachines due to material fatigue.

The effect of flexible structures in a highly dynamic flow regime including separation and
stall is here studied systematically in an experimental setup which permits observations
of all regimes ranging from quasi-static state up to the occurrence of deep dynamic stall
and beyond. The process is studied using a surrogate model consisting of an oscillating
NACA0018 hydrofoil in a closed water channel, following a motion law comparable to the
real angle of incidence of a Darrieus turbine blade along its rotation. The investigated
parameters are the oscillation frequency and tip speed ratio, for one rigid as well as for three
flexible hydrofoils of different stiffnesses. The coupling process is therefore investigated
for multiple machine designs and working points. Lift and drag measurements have been
carried out in a systematic manner.

Results show that at tip speed ratios for which highly dynamic flow regimes occur, flex-
ible blades provide not only higher thrust, but also reduced normal forces and reduced
peak-to-peak cyclic normal force variations. This reduction of stress loads would translate
into significantly increased turbine lifetime. This supports the need for further investiga-
tions in order to identify optimal blade flexibility and check further turbine designs.
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Nomenclature

ĉN mean amplitude of the normal-force
coefficient [-]

α angle of incidence [rad]

αmax maximum angle of incidence [rad]

αstall angle of incidence with onset of stall
[rad]

α̇ angular velocity of the pitching foil
dα
dt [rad/s]

η thrust-to-normal force ratio [-]

λ tip speed ratio, λ = ωDR
v∞

[-]

ρ density [kg/m3]

σ solidity σ = n·C
R [-]

θ azimuth angle [rad]

ωD angular velocity of the turbine
[rad/s]

v∞ free stream velocity [m/s]

w relative velocity [m/s]

cD drag force coefficient [-]

cL lift force coefficient [-]

cN normal force coefficient [-]

cP power coefficient [-]

cT thrust (tangential force) coefficient [-
]

fD turbine rotor frequency [Hz]

fo oscillation frequency [Hz]

k reduced frequency [-]

kD reduced frequency of the turbine [-]

ko reduced frequency of the oscillation
[-]

vch channel inlet velocity [m/s]

I second moment of inertia [m4]

n number [-]

b width of the foil [m]

C profile chord length [m]

F xyz forces in xyz dimensions [N]

T xyz torque in xyz dimensions [N m]

N number of cycles before material fail-
ure [-]

R
Z

(α) transformation matrix

Re Reynolds number [-]

R turbine radius [m]

S stress [MPa]

s profile planar area [m2]

T normalized oscillation period [-]

t thickness of the carbon blade [m]

BEP Best efficiency point

DES Detached Eddy Simulations

FSI Fluid-Structure Interaction

HAWT Horizontal Axis Water Turbine

LES Large Eddy Simulations

PIV Particle Image Velocimetry

RANS Reynolds-Averaged Navier-Stokes

RMS Root mean square

VAWT Vertical Axis Water Turbine
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1 Introduction

Climate change and the greedy devour of
our limited fossil resources since the be-
ginning of the industrialization force us
to change our global strategies of energy
exploitation, heading towards renewable
sources with sustainable technologies. Hy-
dropower currently constitutes the largest
share of renewable energies. Nevertheless,
large dam systems, which provide high hy-
draulic head to improve the power density of
hydropower systems, have a huge social and
ecological impact, as reported very clearly
by Rosenberg et al. [35], even if it is dif-
ficult to estimate the full range of this im-
pact due to their complex far-reaching char-
acter [38]. In fact, even small-scale facili-
ties obstruct fish migration. This issue is of
recent research interest, bringing the need
for theoretical performance considerations
[34, 6] as well as assessment of fish passabil-
ity [2, 3, 30].

Hydrokinetic turbines directly convert the
kinetic energy of the flow and allow for
a move away from dams and towards op-
eration in very low-head flow conditions.
However, the available energy for a free-
stream installation is far lower as there
is no potential energy which can be con-
verted. Still, vertical-axis water turbines
(VAWT), installed in marine currents and
rivers could contribute to sustainable and
environmentally -friendly hydropower ex-
ploitation. The most important advantage
of VAWT is their area-based power density
when used in farm configurations, which is
reported to be significantly higher than for
HAWT [41, 7, 4]. In sites with continu-
ous flow directions, like rivers, a significant
improvement of the rotor-based power co-
efficient can be achieved by collector con-
structions, as reported by Hashem and Mo-
hamed for wind turbines [19]. The structure
of a VAWT is quite simple, without need
for guiding vanes or housing, but the flow
conditions in the turbine are very complex:
the blade angle of incidence α and relative
speed w, resulting from the velocity trian-

gle of free-stream velocity v∞ and the tan-
gential velocity of the blade ωR, vary con-
stantly (fig. 1). Furthermore, VAWT blades
operate under dynamic conditions including
at least the onset of, or even deep dynamic
stall. This is due to the high density of wa-
ter, which requires a rotor with higher so-
lidity σ compared to wind turbines. The
consequences are smaller tip speed ratios
λ and accordingly higher variations of the
angle of incidence α in the best-efficiency
point (BEP). For example, the turbine of
the LEGI laboratory in Grenoble operates
at σ = 1.1 and λopt = 2 [26]; the turbine
studied by Zeiner-Gundersen with σ = 0.9
and λopt = 2.2 [42]. Those design points
result in cyclic structural loads with small
pulsing contributions to the thrust and mul-
tiple load peaks per turn. This is a gen-
eral drawback of vertical-axis turbines and
is known to cause damage due to mate-
rial fatigue or defects on the main bearings
[11, 31]. Only the sinusoidal component of
the lift generates thrust (tangential force,
see fig. 1). The cosine component is an order
of magnitude higher and has to be compen-
sated by the structure (normal force). The
thrust-to-normal force ratio η = cT/cNmax ,
similar to the lift-to-drag ratio in aerody-
namics, is a measure of the quality of the
configuration, with higher values being de-
sirable. Extreme working conditions, such
as low tip-speed ratios, tend to lower η.

Increasing the value of η requires control
of the occurrence of flow separation, which
is related to phenomena such as vibrations
and flutter caused by the negative damping
in light stall, or the abrupt loss of lift and
increase of drag in deep dynamic stall. Dy-
namic stall was extensively investigated in
the field of helicopter aerodynamics during
the 1970s and 1980s by McCroskey [27, 28].
This work was adapted to VAWT – which
work under comparable conditions, as their
angle of incidence α varies periodically with
respect to azimuth angle θ – by Laneville
and Vittecoq [21], who experimentally in-
vestigated the forces on a VAWT operating
under dynamic stall conditions.
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Figure 1: Left and middle: velocity triangles and hydraulic forces on a VAWT at λ ≈
2.2 for four azimuth angles: the angle of incidence varies with azimuth angle
θ and tip-speed ratio. Only the tangential part (sinusoidal share) of the lift
force generates thrust. Most of the hydrodynamic forces result in structural
loads. Drag forces were scaled up for better readability. Right: CAD model of
a three-bladed H-Darrieus turbine rotor.

Other experimental studies of the com-
plex flow conditions in VAWT use Particle
Image Velocimetry (PIV) to visualize the
flow field [16]. Ferreira et al. [14] studied
a one-bladed turbine at Re ≈ 100 000 with
λ ranging from 2 to 4. In turn, Gorle et al.
[18] studied a four-bladed turbine in a tow-
ing tank in comparable conditions. Gorle
showed that for a very common tip speed
ratio of 2, the flow remained attached for
an azimuth angle θ of 50° to 100°, while
dynamic stall occurred from 120° to 220°.
The flow progressively reattached from 240°
onwards, and a second vortex appeared be-
tween 0 and 40° (refer to fig. 1 for angles).
Consequently, the flow was attached only
14 % of the time in these operating condi-
tions.

One approach to control the forces vari-
ation and raise the efficiency is to use an
active or passive pitch mechanism for the
blades, in order to adapt α along the az-
imuth angle θ. Active techniques may also
improve self-starting capabilities. A de-
tailed overview of the state-of-technology
and its opportunities is given in Pawsey [33].
More recent studies mainly focused on de-
centralized actuator-based pitch [22, 43, 44]
and optimizing the pitch trajectory [37].

The drawback of this approach is the me-
chanical or mechatronical complexity of the
required system, which may need high main-
tenance efforts and is prone to failure.

Another approach to raise the single tur-
bine efficiency is to optimize the blade
shape. Recent studies show a possible im-
provement of more than 20 % which can
be obtained compared to a commonly-used
symmetrical NACA profile by the use of
computational fluid dynamics coupled with
an optimizer using genetic algorithms [36,
10].

A third approach is to use an intelligent
design featuring structural flexibility. It is
known from bionic studies that whales raise
the efficiency of their fins through flexibility
[15]. Adjusted flexible structures can adapt
to the flow by deformation. Flexible com-
pound structures can naturally reproduce
this effect by adapted stiffness which can be
set by design. This was demonstrated exper-
imentally and numerically by McPhee and
Beyene, first for horizontal-axis wind tur-
bines [24], later also for vertical-axis wind
turbines through numerical analysis, with
promising results [25].

VAWT is a challenging task for numeri-
cal simulations. Reynolds-Averaged Navier-
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Stokes (RANS) simulations with fully-
modeled turbulence and wall functions for
the boundary layer can provide quite accu-
rate power predictions in the turbine best-
point [26] and show good accordance for
the forces integrated over the whole blade
[12], but have strong dependency of the
chosen turbulence model and grid refine-
ment [8] while the shear stress transport
k-ω model is considered to be most suit-
able for VAWT [17]. They may fail at
low λ when deep dynamic stall is the gov-
erning flow regime. They are also known
to badly reproduce key aspects of the flow
field, in particular boundary layer separa-
tion [12, 9, 8]. Separation is often overesti-
mated and the point of occurrence shifted in
time (and so in θ). RANS-based, two-way
strongly-coupled simulations of the fluid-
structure interaction (FSI) on highly de-
formable VAWT structures might capture
these high dynamic flow conditions. How-
ever, they may not always provide very reli-
able results, since the position of the separa-
tion point and the load (pressure) distribu-
tion on the blade both strongly influence the
behavior of such flexible structures. Three-
dimensional Large-Eddy Simulations (LES)
or Detached-Eddy Simulations (DES) ap-
pear to be significantly more accurate, but
remain computationally extremely challeng-
ing [13, 32]. Such simulations are almost
impossible on current supercomputers when
two-way FSI is involved and the algorithm
enters, for each time step, an internal loop
for structure deformation versus flow pres-
sure distribution [39]. Another issue is the
mesh deformation, which can be challeng-
ing at the fine mesh resolutions required for
LES.

This explains the necessity of further ex-
perimental investigations, as an essential
source of information. Zeiner-Gundersen
presented an experimental study with de-
formable blades on a 5-bladed low-λ VAWT
with promising results [42]. The flexibil-
ity improved self-starting capabilities, raised
the efficiency, and shifted the BEP to lower
values of λ. One last advantage is the in-

crease in fish-friendliness of the device asso-
ciated with lower rotational speeds [30].

The objective of the present study is to
experimentally investigate the two central
questions: Can flexible structures 1) lower
the cyclic structural load, and 2) perhaps
even improve the efficiency of vertical-axis
water turbines?

2 Modeling

In order to simplify the experimental setup
for the study, the VAWT is replaced by
a surrogate model, which allows to pre-
cisely study the influence of structure flexi-
bility concerning the occurrence of dynamic
stall. This is the dominant issue for working
points at low λ, which are particularly inter-
esting for VAWT with low ecological impact.
All secondary effects like tip and strut effects
or blade-blade interaction, which become
important at higher λ [8], are neglected.

The two targets of the study –lifetime and
efficiency– are quantified using the maxi-
mum normal force (non-dimensionalized as
the average amplitude of normal coefficient
ĉN), the thrust efficiency η, and the tangen-
tial force (non-dimensionalized as the thrust
coefficient cT).

The amplitudes of the cyclic loads (nor-
mal force) are a crucial factor for the turbine
lifetime. High-cycle fatigue analysis based
on S − N diagrams relates the number of
cycles before fatigue failure N to magnitude
S of the stress peaks. In such an analysis,
it is known that N increases exponentially
when S is lowered [5]. The amplitude of the
normal coefficient (ĉN) (see eq. 9) can be
seen as an equivalent, as S is proportional
to it.

The tangential force delivers the turbine
torque and serves to compare the benefit of
different levels of flexibility for a given tur-
bine design and operating point (eq. 7). The
thrust-to-normal force ratio η is a benefit-to-
cost ratio in this study.

For the surrogate model, a single-bladed
VAWT is considered as an oscillating hy-
drofoil (fig. 2). This concept was used al-
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Figure 2: Left: The compound hydrofoil consists of a leading edge milled from aluminum,
a skeleton of carbon and a body of silicone. The rigidity of the foil is adjustable
through the thickness of the carbon core. It is mounted on a six-axes load cell
via an aluminum base plate. Right: The most flexible design (carbon blade
thickness 0.3 mm) performs large deformations during one period. The picture
shows the deflection for the λ=3 case at α = 20 °

ready in other studies such as that of Ly
et al. [23]. As a consequence of this ap-
proach, some characteristics of real VAWT
are not taken into account. Strut and tip
losses, as well as blade-blade interaction, are
not present. The model does not reproduce
the upstream-downstream and blade-wake
interactions. Therefore, values for thrust are
expected to be raised artificially, especially
in the downstream part of the path. Further
quantitative studies will have to take those
complex flow characteristics into account.

Also, in the present case, the flow veloc-
ity w, which is alternating in real turbines,
must be kept constant in the closed-loop wa-
ter channel used for this study. This will re-
sult in a constant Reynolds number. How-
ever, McCroskey showed that the influence
of Re is small for a fully turbulent flow. This
was also true for the normal force and the
vortex shedding [29].

A dominant factor to determine the flow
conditions on the blade is the tip speed ratio
λ. It is defined as the ratio of blade tangen-
tial speed ωDR to free-stream speed v∞:

λ =
ωDR

v∞
(1)

Eqs.2-4 below describe the motion and the
flow for such a blade. Using λ and the ro-
tor’s azimuth angle θ, the angle of incidence
α follows a trajectory for the non-sinusoidal
oscillation of a blade (fig. 3) that is given
by:

α = arctan

(
sin θ

λ+ cos θ

)
(2)

Then, as shown by Laneville et al. [21],
the angular velocity α̇ of the pitch motion
can be calculated with respect to the angu-
lar velocity of the turbine ωD, λ and θ:

α̇ =
ωD (1 + λ · cos θ)

1 + 2λ · cos θ + λ2
(3)

The alternating relative flow speed on the
blade of a VAWT w is obtained with eq. (4)
and depends on v∞, λ and θ:

w = v∞
√

1 + 2λ cos θ + λ2 (4)

In order to transfer this approach into an
oscillating airfoil experiment in a closed wa-
ter tunnel, the inlet speed becomes the rel-
ative flow speed and is set constant. There-
fore, the root mean square (RMS) of the
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Figure 3: Normalized angle of incidence α
and pitch speed α̇ for λ=2. The
non-harmonic trajectory leads to
a maximum absolute pitch speed
in the descending branch. This
has to be considered in the defi-
nition of kD and ko.

relative flow speed along one turn of the ro-
tor is set as vch for the channel in the ex-
periment. It corresponds to the average in-
let speed and is given by volume flow rate
divided by the channel cross-section. The
thrust coefficient cT, the normal force co-
efficient cN (and its amplitude ĉN) can be
calculated from cL and cD (fig. 4):

cD =
FD

0.5 · ρ · s · v2ch
(5)

cL =
FL

0.5 · ρ · s · v2ch
(6)

cT = cL · sinα− cD · cosα (7)

cN = cL · cosα+ cD · sinα (8)

ĉN =
cNmax − cNmin

2
(9)

Those coefficients will allow to compare
the experimental results of the flexible hy-
drofoils with those of the rigid foil reference
(see section 3).

Fy (lift)

α

Fx (drag)

F’ y (normal force)

F’ x (thrust)

V ch

Figure 4: Reference frame of the measure-
ment with qualitative forces and
coefficients. Thrust and normal
loads are the sinusoidal and co-
sine shares of lift and drag. vch
becomes equivalent to the relative
velocity w. The measured forces
and moments F ′xyz, M

′
xyz from the

rotating sensor get transformed to
the channel coordinate system and
become Fxyz and Mxyz (see sec.3)

The flow regime on the blades depends
strongly on λ and on the solidity σ of the
turbine. The definition of σ is not uniform
in literature; it is often based on the diam-
eter, but sometimes on the radius. In line
with former studies at the LEGI laborato-
ries, a convention conformal to [26] is used:
the solidity is then defined as the ratio of
the plan view area of the blades to half of
the turbine’s cross-section area:

σ =
n · C
R

(10)

These two parameters can be combined
into a non-dimensional number, the reduced
frequency kD, which determines the stall be-
havior of the flow in a VAWT. It relates the
ratio of the time scale of the vortex con-
vection over a profile to the time scale of
the profile motion. Starting with k, from
helicopter aerodynamics [27] (eq.(11), left),
then specifically for a blade in a rotating
reference frame [21] (eq.(11), right), the re-
duced frequency kD for a VAWT is given by
eq.(12) from Laneville and Vittecoq [21]. In
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Experiment

Quasi-static
Transition 

Dynamic

LEGI Turbine [12] 

Figure 5: Influence of λ and kD on turbine design, and region investigated in this study.
Thin structures with high λ are characterized by low kD, while massive structures
with low λ lead to high kD. The value of kD diminishes with increasing λ as the
maximum angle reduces; while kD increases with raising solidity as the relation
of the chord length C to the turbine radius R grows. For visualization purposes,
solidity σ is calculated here for a three-bladed turbine, kD and ko include C/R
(see eqs.(10)&(12)).
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the case of a non-symmetric motion trajec-
tory, α̇ is the absolute pitch speed. That is
the reason for λ − 1 instead of 1 − λ in the
denominator of eq. (12) which leads to pos-
itive kD even if α̇max is in the descending
pitch motion (fig. 3).

k =
C · α̇max

2v∞ · αmax
=

C · α̇max
ωD · 2R · αmax

(11)

kD =
C

2 ·R · (λ− 1) · arctan
[
(λ2 − 1)−

1
2

]
(12)

The rotor frequency is given by the an-
gular velocity ωD (eq.(13 left). Considering
now the case of an oscillating profile in a
tunnel, the average oscillation frequency fo
can be calculated from the oscillation pe-
riod Tosc (eq.(13 right) which connects the
turbine rotation to the profile oscillation:

fD = ωD/2π = fo =
1

Tosc
(13)

However, the angular velocity α̇ of the pro-
file is not constant. In this case fo alone
is not sufficient to characterize flow dynam-
ics from the forced oscillation. Therefore,
the reduced oscillation frequency ko is more
adequate. ko is introduced inserting eq.(2)
and eq.(3) into eq.(11)-right, which leads to
eq.(14):

ko =
π · fo · C

vch · (λ− 1) · arctan
[
(λ2 − 1)−

1
2

]
(14)

This formulation of ko accounts for the non-
sinusoidal shape of the evolution of α with
respect to time. The sawtooth-like curve de-
pends on the value of λ (see eq.(2)) and has
a very strong influence on the unsteady ef-
fects characterizing the flow.

In both equations 12 and 14, the case of
λ=1 leads to a singularity with infinite k
(fig. 5), as α jumps from 90° to -90° at θ = π

(see eq.(2)):
McCroskey showed that the reduced fre-

quency is a crucial parameter for the
stall dynamics. A NACA0012 behaves at
k=0.004 almost quasi-static, while the char-
acteristics corresponds to dynamic stall at
k=0.06 upwards [27]. These characteristics
depend on the maximum angle, as well as
the foil geometry. For the given experi-
mental setup, the quasi-static characteris-
tics were found for ko <0.01 and the fully
dynamic state was reached for all sets at
ko=0.06.

The parameter kD includes the ratio of
chord length C to the turbine radius R and
links it to the tip speed ratio λ. The latter
defines the operating point of the turbine.
The oscillation frequency fo substitutes R
in ko. This allows to cover an entire field
of turbine designs by the variation of only
two parameters: 1) the reduced frequency ko
and 2) the tip speed ratio λ. Their influence
is mapped in fig. 5. This feature will be
used in the experiments to cover the range
relevant for most common VAWT designs.

3 Experimental Setup

A set of NACA0018 hydrofoils is investi-
gated in the study: three flexible variants
are investigated, along with a fully-rigid
milled aluminum foil for reference. The flex-
ible foils consist of a milled aluminum lead-
ing edge, in which a carbon composite blade
is inserted along the length of the foil (fig. 2).
Three values for the blade thickness t are in-
vestigated: 0.3, 0.5 and 0.7 mm. The stiff-
ness of the foil grows with t3, since the sec-
ond moment of inertia I reads:

I =
b · t3

12
(15)

The silicone embodiment has a Young’s
modulus 1.5 × 105 times smaller than that
of the carbon composite, so its contribution
to the overall stiffness is neglected. Struc-
tural effects like strain hardening of silicone

9
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vch

Figure 6: Experimentally-measured deflec-
tion of the flexible foil (for
t=0.3mm) at λ=2 and angle of in-
cidence α = 30°. The acquisition
was made with a Phantom V2511
high-speed camera, colors were
inverted, and the non-deformed
shape for the same position was
later added to the plot. The defor-
mation changes the shape of the
foil; in consequence it behaves like
a high-cambered foil operating at
lower angle of incidence.

polymers under cyclic loads with high fre-
quency, as well as the influence of the blade
natural frequency and damping, are the sub-
ject of ongoing investigations by the authors
and are neglected in this first work.

Each foil is placed in a closed-loop water
channel at LEGI Grenoble (fig. 2). A forced
rotational oscillation is generated with a
5 kW servo drive system, following the tra-
jectory defined by eq.(2). Hydrodynamic
forces produce large deformations of mag-
nitude 25 mm for a foil with 66 mm chord
length (fig. 6). They are measured with
a fully-submerged, six-axes load cell under-
neath a base plate on which the hydrofoil is
mounted. The sensor rotates along with the
foil leading edge. The pivot point is placed
at quarter chord (fig. 7).
The rotated six-axes load-cell provides
thrust and normal force. Then, a transfor-
mation matrix R

Z
(α) is applied to project

the forces and the torque to the static
(earth) reference frame and to obtain lift

and drag:

(F,T)xyz = R
Z

(α) × (F’,T’)xyz (16)

with

R
Z

(α) =

 cosα sinα 0
− sinα cosα 0

0 0 1

 (17)

The experimental parameters for the
setup were chosen in order to achieve results
comparable with those from previous stud-
ies on a VAWT model at LEGI [26]. This
VAWT model is subsequently called LEGI
turbine:

Geometrical similarity:

The LEGI turbine is built with 4% cam-
bered NACA4518 alike hydrofoils. These
follow the flow curvature of the rotational
motion of the turbine blades [1]. In the
present experiment they are replaced by a
symmetric NACA0018, since the flow in the
channel has no rotational component.

Reduced frequency:

The range of tip speed ratio was set to λ =
[2, 3]. This leads to angles of attack αmax =
[20°, 30°]. The resulting reduced frequency
for the LEGI turbine varies between kD =
0.26 at λ = 3 and kD = 0.35 for λ = 2 [26].
Due to sensor stiffness, the maximum fre-
quency that could be achieved in the present
study was fo = 6.45 Hz. Higher frequencies
would lead to sensor damage through reso-
nance. This limited the maximum achiev-
able range to ko= 0.71 for λ = 2 and ko=
0.653 for λ = 3 (see fig. 5).

Chord-based Reynolds number:

Re is a function of the azimuth an-
gle θ for VAWT, the (fixed) experimen-
tal Reynolds number was chosen to corre-
spond to the RMS(Re) along one revolu-
tion (Re=200 000). A flow speed of vch =
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Figure 7: Experimental setup: Left: Detail of shaft, sensor and foil; right: test section
at LEGI Grenoble with a streamwise length (X-axis) of 1000 mm, a spanwise
width (Z-axis) of 175 mm and a height (Y -axis) of 280 mm. The closed water
channel can run up to 600 l s−1 volume flow rate. The foil rotation center, at
1/4 chord length, is placed 300 mm downstream of the inlet.

3.5 m s−1 in the water channel leads to a pro-
file chord length C = 0.066 m. For the flex-
ible foil (t=3 mm) case (inlet velocity was
set 3.0 m s−1) the variations remain below
1% of the average velocity and are consid-
ered negligible. vch is measured with the
forces/moments for each data point at 1 kHz
acquisition rate. ko was calculated using the
average value of vch for each period and than
averaged.

Confinement:

The maximum blockage ratio can reach up
to 12 % (for the rigid foil, at a maximum
angle αmax = 30°). This value exceeds 6%,
which is considered a safe limit for a negli-
gible influence [40]. However, confinement
results in higher lift forces. On flexible foils,
the deformation of the blade tends to de-
crease blockage for high angles of incidence
(as can be seen in fig. 6).

Measurement equipment, filtering
and uncertainty:

All experiments have been repeated twice
in an independent manner, with no notice-

able differences. In consequence any remain-
ing measurement errors are considered to be
systematic.

The experiment is controlled with a
purpose-built Python-based environment.
To achieve accurate set point control, an
Ethernet-based communication with the
drive system was implemented using the Tel-
net protocol. The implemented algorithms
allow to perform arbitrary periodical motion
for a given trajectory.

A low-cost acquisition card (lab-
jack T7 pro) collects and streams the
data with 1 kHz sample rate at 16 bit
accuracy for volume flow rate, temperature,
three forces, three moments, position
feedback and an external trigger signal.

The data is filtered with a hardware-based
R/C filter with a 480 Hz low pass, to pre-
vent aliasing and to eliminate noise from the
power inverter. No further filtering or sig-
nal software-based postprocessing was nec-
essary.

The set point precision of the drive sys-
tem is given with 0.058° (by 0.0439° resolver
resolution, as the zero angle was set with
0.014° accuracy 0.25 mm m−1 with a water
level).
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Standard weights were used to determine
the static accuracy of the load-cell-based
force measurement system. The maximum
error was found to be less than 0.009 % to
full scale (800 N) and from 0.05 % to 4.8 %
relative error when calibrating with loads
from 2 kg to 0.1 kg mass load. In conse-
quence the static load uncertainty is con-
sidered negligible for a single-axis load in
the range of the experiment with −200 N <
Fy < 200 N and 0 N < Fx < 100 N.

However, significant crosstalk is specified
by the manufacturer: from 0.3% of full scale
800 N (y to x and conversely) to 1.82 % of
1600 N (for z to x). Also, the dynamic char-
acteristics of the sensor (0.26 % hysteresis
on full scale of 800 N for x and y) raise the
uncertainty. In summary, the signal for the
dynamic drag measurements without profile
stall has to be taken in the range of the un-
certainty.

In a second step, the static lift and drag
coefficients for the system were captured
with and without water; the results of the
difference between them –the hydrodynamic
forces– for the rigid hydrofoil were com-
pared to computed results produced with
the JavaFoil utility [20]; the results are dis-
played in fig. 8. Measurements and calcu-
lations are consistent below the static stall
angle. However the slope of the experimen-
tal lift curve is less steep and the drag curve
is shifted to lower magnitudes. The differ-
ences remain <1% of the sensor full scale
and the effect on the drag can be explained
by the sensor crosstalk.

Since JavaFoil is not able to predict ac-
curate results in the stall region, no lift and
drag coefficients were computed there.

Table 1 will give an overview of the ex-
perimental parameter:

4 Results

The experiment begins with a quasi-
static/transitional low-frequency case of
fo = 0.22 Hz. The frequency is then raised
in seven steps up to 5.71 Hz for λ=2. For
λ=3, eight steps were performed up to a fre-

Figure 8: Comparison of the experimental
measured drag (top) and lift (bot-
tom) coefficients with calculated
values. The grey fields are the
min/max variations from mean
value. The results show satisfac-
tory agreement with Javafoil and
with the theoretical slope (cL =
2π sin(α)) below the static stall
angle of ≈15°.
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Table 1: Parameters of the experiment

Symbol unit value

Tip-speed ratio λ − [2.0, 3.0]

Composite plate thickness t m [0.3, 0.5,0.7]

reduced frequencies (λ=2) ko − [0.03, 0.06, 0.16,
0.28, 0.33, 0.46, 0.71]

reduced frequencies (λ=3) ko − [0.03, 0.07, 0.13, 0.24,
0.34, 0.49, 0.62, 0.65]

quency of 6.45 Hz. In both cases, an upper
limit was set on fo in order to prevent reso-
nance damage on the load cell. The oscilla-
tion was performed over 10 s for each step.
Figures 9-10 display the lift and drag coef-
ficients over one normalized oscillation pe-
riod T for λ=2, and figs.13-15 display those
same values for λ=3. The upper plot (lift co-
efficients over one period) also includes the
trajectory of the angle of incidence, which is
plotted unitless ([◦/10◦]) to fit with the lift
coefficients. The plot maps the mean values
for all normalized periods within the mea-
surement time of 10 s, with the first and last
periods excluded. Only a selection of the
investigated frequencies is shown, including
minimum, intermediary and maximum val-
ues for ko. Variations of the inlet velocity
vch lead to differences in ko for constant fo.
This means that ko is the mean frequency
for each frequency step.

4.1 Results for λ = 2

4.1.1 Transitional state at ko = 0.026
(fig. 9 (left)):

Rigid hydrofoil: From starting point θ =
0 the lift increases with the angle of inci-
dence until the static stall angle of α=15°
(cL=1.4). The lift remains constant until it
suddenly decreases to cL=0.8 at α=19° after
a short peak to cL=1.7. It then remains al-
most constant with further losses after αmax

is reached; a small positive peak is visible
when the flow reattaches at α=7.5°. At the
zero-crossing (when the profile becomes hor-
izontal), cL is zero. The drag coefficient cD
is very low for α < αstall and remains in
the range of the measurement uncertainty.
When the stall point is reached, cD displays

a large peak and then remains at a high
value, increasing until αmax is reached. The
drag then steeply decreases until the flow
reattaches: There again cD becomes lower
than the measurement uncertainty.
Flexible hydrofoils: The flexible foils

provide a smoother trend than the rigid foil.
None of the three foils feature a pointed
peak, on either the lift or the drag curves.
Apart from the area close to the stall point,
all flexible foils display values of cL similar
in magnitude to those of the rigid foil, while
their values for cD are significantly reduced
in the stalled regime.

Similar trends are observed for both rigid
and flexible foils in the second half of T.
Compared to the first half of the motion,
the magnitude of both cL = and cD is in-
creased, as is the stall angle. This is due to
the different motion α̇ (quantified by eq. 3
and visible in fig. 3 and as the slope of the
black curve in figs. 9-10).

4.1.2 Dynamic stall at ko = 0.277 (fig. 9
(right)):

Rigid hydrofoil: With this increase in ko,
the stall angle is raised very significantly
(αstall= 27°, cLmax 2.7). Past this angle,
the loss of lift is less pronounced than for
lower ko; however, a hysteresis loop becomes
visible and the flow does not seem to reat-
tach before the shift in direction. At zero-
crossing, cL already takes the value -1.5.
The point of no lift αzl is reached at αzl=12°
in the descending and αzl=−10° in the as-
cending motion. Thus, the lift trajectory is
shifted leftwards with respect to α. In the
meantime, the integral of the lift for one pe-
riod increases.
The drag curve also changes significantly:
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Figure 9: Results at λ=2 for four NACA0018 hydrofoils: one rigid and three flexible foils
with different blade thicknesses: [0.3, 0.5, 0.7] mm. The black sinusoidal curve in
the upper plots displays the angle of attack α [◦/10◦], with αmax=30°. Left: Tran-
sitional state at ko=0.026; Right: Full dynamic state with deep dynamic stall at
ko=0.277;

the characteristic spike with onset of stall
disappears, while the two maxima are in-
creased and display a slender shape. The
hysteresis concerning lift does not appear for
drag. The drag coefficient peaks at 1.0 in
the descending branch (at α= 27°) and at
1.5 in the ascending branch (at α= −28.5°).

Flexible hydrofoils: All flexible foils
display less lift than the rigid foil. The in-
tegral of the lift over the trajectory is lower
and it decreases together with the stiffness.
The stall angle is increased, with the most
flexible foil (t=0.3) achieving cLmax.=2 at
αstall=29°.
The drag curves display similar behavior to
those of the rigid foil. Nevertheless, the drag
is everywhere lower, and the maxima are re-

duced by 25 to 50 % compared to those of
the rigid foil.

4.1.3 Dynamic stall at ko = 0.46 (fig. 10
(left)):

For all foils, for both lift and drag, some
weak oscillations begin to appear.
Rigid hydrofoil: As the reduced fre-

quency is increased, the stall angle increases
to reach αstall=29°. However, the lift coef-
ficient never exceeds cLmax=2.7. Peaks in
the drag coefficients which were observed at
lower frequencies diminish.
Flexible hydrofoils: All three foils fol-

low the trend described above. The two
most rigid foils (t=0.5 and 0.7 mm) have lift
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Figure 10: Results at λ=2 for four NACA0018 hydrofoils: one rigid and three flexible
foils with different blade thicknesses: [0.3, 0.5, 0.7] mm. The black sinusoidal
curve in the upper plots displays the angle of attack α [◦/10◦], with αmax=30°.
Left: Fully-dynamic state at ko=0.46; Right: Fully-dynamic state at ko=0.71.

and drag curves almost identical to those of
the rigid foil. For the most flexible foil, max-
imum lift occurs past the maximum angle
of attack, and the curve is close to zero at
both zero-crossings, suggesting that hystere-
sis, one indicator for dynamic stall, vanishes
with higher ko.

4.1.4 Dynamic state at ko = 0.71 (fig. 10
(right)):

Larger high-frequency oscillations are now
observed for all curves and all foils. It
is possible that the natural frequency of
the multi-mass system containing the sen-
sor, the base plate and the hydrofoil (fig.
7), is approached. A light dynamic stall
with negative damping [28] may also play

a role. Those effects are under further in-
vestigation, requiring deeper knowledge of
the structural properties and especially of
the flow field.
Rigid hydrofoil: There are only light in-

dications of stall, in the descending branch,
with cLmax=2.5 at αstall= 30°. Compared
to the previous (lower) frequency, the max-
imum drag is significantly reduced.
Flexible hydrofoils: As for the rigid

foil, stall indicators become less dominant.
The loss of lift and the overshoot of drag
are shifted to higher azimuth angle, while
the hysteresis loop becomes narrower.
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Figure 11: Left: Thrust coefficient cT, a measure for the qualitative performance, as a
function of reduced frequency. Right: Amplitude of the normal coefficient (ĉN),
an indicator for the turbine lifetime, as a function of the reduced frequency ko.
Lower values are favorable, since lifetime rises exponentially with diminishing
stress; A second-order polynomial curve fit of the data was added. These results
correspond to λ=2 for four NACA0018 hydrofoils: one rigid and three flexible
foils with different blade thicknesses: [0.3, 0.5, 0.7] mm.

4.1.5 Performance and lifetime
improvements

The relationship between reduced fre-
quency and thrust coefficient is shown in
fig. 11(left). It displays the average thrust
coefficient for one rotor revolution as a func-
tion of reduced frequency. It can be seen
that the most flexible hydrofoil performs
best, with significant improvement com-
pared to the rigid reference especially in low-
ko region. The effect becomes less important
with higher ko. A maximum could not be
obtained for these curves, maybe due to the
experimental limitations on the oscillation
frequency. The model allows to examine the
effect of flexibility in specific design points,
one for each ko. The comparison between
two ko or design points is not possible in
this model. In this case, the power output
cP would have to include the turbine radius
(which grows with raising ko as the chord
length is constant) and further parameters
like secondary effects as tip losses or blade-
blade interaction, which is not possible with
the current measurements. For ko=0.71, the
intermediate flexible foil (t=0.5 mm) over-
performs the most flexible one (t=0.3 mm).
This indicates that the optimal stiffness is

related to ko, but demands further investiga-
tions. The LEGI turbine model with BEP at
λ=2 has a σ=1.1 and so a value of kD=0.35
[26]. At this operating point (ko=0.35), the
most flexible hydrofoil (t=0.3 mm) provides
best performance with 20% improvement of
thrust compared to the rigid reference.

The influence of foil stiffness on the tur-
bine lifetime is displayed in fig. 11(right),
which displays the mean amplitude of the
normal force coefficient, ĉN (see eq. 9), as
a function of the reduced frequency. The
trend is parabolic for all foils. It becomes
obvious from this figure that flexibility can
contribute to lower structural loads com-
pared to the rigid reference, decreasing the
cyclic stress, which translates into exponen-
tial increase in structural lifetime.

The thrust efficiency η is also displayed
as a function of the reduced frequency in
fig. 12. All curves show improved charac-
teristics with increasing ko. For the same
reasons as above, no maxima can be ob-
tained. Nevertheless, the most flexible foil is
clearly advantageous over the whole exam-
ined range, delivering an improvement rang-
ing from 35 % (high ko) to 75 % (low ko).
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Figure 12: Thrust-to-normal-force ratio η, a measure for the benefit-to-cost ratio, as a
function of reduced frequency. λ=2 for four NACA0018 hydrofoils: one rigid
and three flexible foils with different blade thicknesses: [0.3, 0.5, 0.7] mm.

4.2 Results for λ = 3

The motion law for λ=3 (eq.2) results in a
maximum angle αmax=20°. The setup for
λ=3 begins at ko=0.033; the reduced fre-
quency is then increased step-wise until it
reaches ko=0.653.
For all measurements carried out at λ=3,
the measured drag for the first half of the
period is partially negative. This unphysi-
cal behavior is a consequence of the sensor’s
cross-talk and hysteresis, combined with the
low magnitude of the forces (see section 3 for
details).

4.2.1 Transitional/dynamic state with
dynamic stall at ko=0.069 (fig. 13
(left)):

Rigid hydrofoil: Lift increases together
with angle of attack up to the static stall an-
gle αstall = 15°, reaching a wide and smooth
maximum. An abrupt peak is visible at
αmax on both the ascending and descend-
ing branches. From this point on, the lift
reduces until the flow reattaches at the zero-
crossing, where the lift is zero. Differences
with the λ=2 case displayed in fig. 9, where
the stall occurred far before αmax, are a con-
sequence of the different maximum angle,

but may also be affected by the higher value
of ko.
The drag features a peak at the stall point,
whose magnitude in the ascending branch is
55 % larger than in the descending branch.
Flexible hydrofoils: The lift curves are

smoothed out compared to those of the rigid
foil. The lift developed by the most flexible
foil slightly overtakes that of the rigid foil.
All foils develop zero lift at the zero crossing.

4.2.2 Dynamic state at ko=0.130 (fig. 13
(right)):

Rigid hydrofoil: The lift reaches a larger
maximum (cLmax=1.6) at a higher angle
(α=19°) than at the lower-frequency case.
The dynamic stall characteristics are less
significant; however, hysteresis with nega-
tive lift at zero-crossing, and smoother char-
acteristic lift and drag peaks at the stall
point can be reported, particularly in the
ascending branch.
Flexible hydrofoils: The lift curves are

smoothed out for all flexible foils, except
for the intermediate foil (t=0.5 mm) which
features a stall peak shortly before αmax.
The most flexible foil (t=0.3 mm) provides
slightly higher lift than the rigid foil, al-

17



Figure 13: Results at λ=3 for four NACA0018 hydrofoils: one rigid and three flexible
foils with different blade thicknesses: [0.3, 0.5, 0.7] mm. The black sinusoidal
curve in the upper plots displays the angle of attack α [◦/10◦], with αmax=20°.
Left: Transitional state at ko=0.069; Right: Dynamic state at ko=0.130;

though the increase remains below the mea-
surement uncertainty.
The drag peak for the two most rigid flexible
foils is higher and occurs earlier than for the
rigid foil, especially in the ascending branch.
The highest drag peak is provided by the in-
termediary foil in the ascending branch.

4.2.3 Fully-dynamic state at
ko = 0.241 − 0.653 (figs. 14-15):

Starting from ko=0.13, the fully-dynamic
state is reached, and the maximum angle
of attack αmax=20° is no longer sufficient
to cause the hydrofoil to stall. The domi-
nant factors are the resonant high-frequency
oscillations, which require further investiga-
tions. Neglecting those oscillations, the dif-

ferences in lift and drag coefficient trajec-
tories for ko=0.344 to 0.653 remain in the
range of the measurement uncertainty.

4.2.4 Performance and lifetime
improvements

Figure 16 again displays the average torque
coefficient for one rotation as a function of
the reduced frequency. Results are simi-
lar to the case for λ=2 displayed earlier in
fig. 11: the most flexible hydrofoil performs
best. The maximum thrust coefficient at
ko=0.35 is obtained with the most flexible
foil, with cT=0.2. Nevertheless, the differ-
ences between all foils in both figures 16&
17 are small: the results may not be signifi-
cant and have to be taken with caution. At
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Figure 14: Results at λ=3 for four NACA0018 hydrofoils: one rigid and three flexible
foils with different blade thicknesses: [0.3, 0.5, 0.7] mm. The black sinusoidal
curve in the upper plots displays the angle of attack α [◦/10◦], with αmax=20°.
Left: Fully-dynamic state at ko=0.241; Right: Fully-dynamic state at ko=0.344;

λ=3 it is probable that strut and tip losses,
blade-blade interaction effects and friction
would exceed the thrust for high reduced fre-
quencies, which correspond to high turbine
solidity.

Figure 16 (right) displays the value of ĉN
for all four foils: no influence of flexibility
on the lifetime is evidenced in the case λ=3.

Finally, the thrust-to-normal-force ratio η
is shown in fig. 17. The rigid foil displays a
steep trend, with magnitude similar to that
of the most flexible foil at ko=0.35. For both
lower and higher values of ko, the flexible foil
provides better performance.

5 Conclusions

The effect of blade flexibility on the perfor-
mance of VAWT has been investigated ex-
perimentally in this study, particularly in
regimes featuring dynamic stall. The main
results may be summarized as follows:

• At λ=2 a significant improvement in
the delivered thrust is observed when
using the most flexible foil. This
is in accordance with McPhee and
Beyene [25] who studied a three-
bladed vertical-axis wind turbine nu-
merically and reported a significant
improvement of the rotor efficiency.
The most flexible blade provided the
highest improvement. This advan-
tage reduces with increasing values of
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Figure 15: Results at λ=3 for four NACA0018 hydrofoils: one rigid and three flexible
foils with different blade thicknesses: [0.3, 0.5, 0.7] mm. The black sinusoidal
curve in the upper plots displays the angle of attack α [◦/10◦], with αmax=20°.
Left: Fully-dynamic state at ko=0.486; Right: Fully-dynamic state at ko=0.653;

Figure 16: Left: Thrust coefficient, a measure for the qualitative performance, as a func-
tion of reduced frequency. Right: Amplitude of the normal coefficient (ĉN), an
indicator for the turbine lifetime, as a function of the reduced frequency ko.
Lower values are favorable, since lifetime rises exponentially with diminishing
stress; A second-order polynomial curve fit of the data was added. Results
at λ=3 for four NACA0018 hydrofoils: one rigid and three flexible foils with
different blade thicknesses: [0.3, 0.5, 0.7] mm.
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Figure 17: Thrust-to-normal-force ratio η, a measure for the benefit-to-cost ratio, as a
function of reduced frequency. Results at λ=3 for four NACA0018 hydrofoils:
one rigid and three flexible foils with different blade thicknesses: [0.3, 0.5, 0.7]
mm.

ko, so that the foil with intermedi-
ate flexibility becomes more advanta-
geous for higher values of ko. Very
significant improvements in both the
thrust-to-normal-force ratio and stress
reduction are observed when using the
most flexible foil. These improve-
ments are explained by the lift and
drag measurements, which show that
much lower levels of drag and signif-
icantly smoother drag variations are
obtained near the stall region, while
the reduction in lift is comparatively
small.

• At high tip speed ratio (λ=3), a minor
advantage is seen when using highly
flexible foils, particularly so at high
and low reduced frequencies. Nev-
ertheless, the low magnitude of the
hydrodynamic forces results in rela-
tively high experimental uncertainty
for λ=3, so that these observations
must be taken with caution. The ben-
efits of the bending mechanism for the
flexible foil are also less significant as
the maximum angle of incidence di-
minishes with raising λ.

These results support following conclu-

sions:

1. The surrogate model used in this and
in previous studies permits the de-
tailed study of parameters such as
blade flexibility over a very wide range
of design points, reproducing the flow
regimes corresponding to multiple tip
speed ratios and turbine solidities
through the choice of the reduced fre-
quency and the oscillation trajectory.
It allows relating improvements in per-
formance indicators (cT, η, ĉN) to the
fluid dynamic properties found in the
reference frame of the blade (cL and
cD curves).
In the present case, the benefit of us-
ing a flexible structure for a given op-
erating point may be assessed sim-
ply by reporting cT values from
figs. 11(left and right) into the design
parameter map in fig. 5. However, the
comparison between multiple design
or operating points (ko and λ) requires
a transformation of the results in the
turbine reference frame, which would
include different rotational speeds as
a function of λ and R, and of torque
as a function of cT and R, which de-
pend on the design point. Then, sec-
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ondary effects (upstream wake in the
downstream part of the rotor, blade-
blade interaction) would play a signif-
icant role.

2. Blade flexibility delivers promising im-
provements to the operational char-
acteristics of VAWT. At commonly
employed tip speed ratios, where
dynamic stall and strong hysteresis
become dominant flow phenomena,
blades with high flexibility deliver sig-
nificantly higher torque. This is due to
their favorable behavior near the stall
region, where they feature lower drag
at comparable levels of lift.

3. The flexibility in VAWT blades trans-
lates into large increases in thrust
efficiency (thrust-to-normal-force ra-
tio), reducing the inner structural
loads associated with normal forces.
They also feature significantly reduced
stress amplitude (average amplitude
concerning cyclic variations of normal
force), which translates into reduced
fatigue-related lifetime limitations if
the profile design is adapted to provide
enough contributing cross-section area
to distribute the force over the struc-
ture.

Further work should include a broader
range of operation, with a quantitative
translation of blade performance parameters
into the turbine reference frame. This would
allow the exploration of a wider range of tur-
bine designs, and the identification of op-
timal blade stiffness (present data suggests
that this is a function of reduced frequency).
Furthermore, using particle image velocime-
try measurements as well as surface-tracking
methods would deepen our understanding of
the fluid and structural dynamics of the de-
forming blades.
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