N

N

Experimental investigation of the dynamic behaviour of a
fully passive flapping foil hydrokinetic turbine
Leandro de Carvalho Duarte, Nicolas Dellinger, Guilhem Dellinger, Abdallah
Ghenaim, Abdelali Terfous

» To cite this version:

Leandro de Carvalho Duarte, Nicolas Dellinger, Guilhem Dellinger, Abdallah Ghenaim, Abdelali Terfous.
Experimental investigation of the dynamic behaviour of a fully passive flapping foil hydrokinetic turbine.
Journal of Fluids and Structures, 2019, 88, pp.1-12. {10.1016/j.jfluidstructs.2019.04.012). <hal-04241789)

HAL Id: hal-04241789
https://hal.science/hal-04241789v1

Submitted on 13 Oct 2023

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-04241789v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Experimental investigation of the dynamic behaviour
of a fully passive flapping foil hydrokinetic turbine

TPostprint 2019, Journal of Fluids and Structures
Published version available at https://doi.org/10.1016/j.jfluidstructs.2019.04.012

L. Duarte®*, N. Dellinger®, G. Dellinger®”, A. Ghenaim®°, A. Terfous®®

e ICube laboratory, Département mécanique, Université de Strasbourg, France
bEcole Nationale du Génie de I’Eau et de I’Environnement de Strasbourg, France
¢Institut National des Sciences Appliquées de Strasbourg, France

Abstract

The dynamic behaviour of a fully passive flapping foil hydrokinetic turbine is experimentally investigated at a Reynolds
number of 6 x 10%. Previous numerical simulations showed that, depending on the location of the pitching axis Iy and
the rotational stiffness kg, four different responses may emerge from the system. Only one of them is suitable for energy
harvesting purposes, which is characterised by large amplitude pitching and heaving oscillations about the equilibrium
position. The present work experimentally validates these findings. A nondimensionalised chart delimiting the boundaries
between the different responses in the parameter space lg X kg is provided, relying upon an original quantitative classifying
map. It has been found that the pitching axis must be placed at least 29% of the chord length behind the leading
edge in order for the foil to present a non stationary response. The ideal behaviour for harvesting purposes can be
achieved without any pitching stiffness for a pitching axis location from 31% to 39% of the chord length, some pitching
stiffness being needed for values above that range. Finally, sensitivity tests revealed a slight dependence of the transition
boundaries on the heaving mass m, and stiffness k,, suggesting that an increase in the heaving natural frequency of the

baseline prototype may help the system respond in the desired way for an energy extraction scenario.

Keywords: flapping foil, hydrokinetic turbine, stability analysis, fluid-structure interaction, renewable energy.

1. Introduction

In a time of a rapidly growing global demand for clean
and renewable energy, significant effort has been made in
order to develop alternative decentralised energy generation
solutions. Besides meeting this need, the development of
innovative micro-hydro power plants shows to be a promis-
ing way to supply electricity to rural and isolated areas.
The flapping foil hydrokinetic turbine is one of these novel
concepts that has attracted considerable attention from
the scientific community over the past decades (see review
papers by Xiao and Zhu (2014) and Young et al. (2014)).

Bio-inspired from aquatic animals, a flapping foil hy-
drokinetic turbine consists of a blade performing oscillatory
rotation (pitching) and translation (heaving) motions in
perpendicular directions to the flow. With an appropriate
synchronism between the heaving velocity and fluid forces
over the foil, the system is capable of harvesting the kinetic
energy of the flow. This can be achieved by prescribing
the two motions through coupling mechanisms or exter-
nal actuators. For such constrained flapping foil designs,
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Davids (1999) and Kinsey and Dumas (2008) found that
the pitching axis location is a key parameter in ensuring the
desired synchronism and the appropriate phase lag between
heaving and pitching motions. Later, Kinsey et al. (2011)
designed and tested a constrained flapping foil prototype,
reporting a hydraulic efficiency of 40% (ratio between the
power harvested and the power available in the flow). In
spite of the high energy extraction performances, the com-
plexity related to the coupling mechanisms encouraged the
research for alternative designs.

A much simpler and challenging idea, originally pro-
posed by Peng and Zhu (2009), is to elastically mount
the foil and leave the heaving and pitching motions to be
completely induced by the fluid-structure interactions. In
this fully passive design, the synchronism between the foil
motions and the flow dynamics to enable the energy extrac-
tion regime must be achieved through a fine-tuning of all
its structural parameters. Depending on the pitching axis
location and the pitching stiffness, numerical simulations
performed by Peng and Zhu (2009) suggested the existence
of four different responses. Following Peng and Zhu (2009)
and Zhu (2012), the desired response for energy harvesting
purposes can be achieved for a wide range of pitching axis
locations as long as the pitching stiffness is adequate.



Recently, Wang et al. (2017) numerically showed that
moving the pitching axis back to the trailing edge can make
a fully passive flapping foil turbine to respond in the desired
way even for very low flow velocities. A pitching axis located
at 35% of the chord length from the leading edge was found
to be an optimal condition in their case. Following Wang
et al. (2017), Veilleux and Dumas (2017) performed a
numerical optimisation for a fixed pitching axis at one
third of the chord length and reported hydraulic efficiencies
as high as 34%. Subsequently, Boudreau et al. (2018)
designed and tested an experimental prototype matching
the optimal conditions stated by Veilleux and Dumas (2017)
and verified its high performance indicators.

Notwithstanding the significant advances recently achieved
in the development of a fully passive flapping foil, its har-
vesting performance for different pitching axis locations
remains unknown. The existence of single frequency large
amplitude oscillations has yet to be experimentally ob-
served for a pitching axis located elsewhere than at one
third of the chord length.

In an attempt to make up for this shortcoming, a fully
passive flapping foil prototype has been designed and tested
at the present work. The main objective of this paper is
to identify the conditions on the pitching axis location
and the pitching stiffness for which an energy harvesting
regime can be achieved. A nondimensionalised chart must
be provided in order to guide the choice of the adequate
pitching stiffness for a given pitching axis location in the
design of a fully passive flapping foil hydrokinetic turbine.

This paper is structured as follows: Section 2 provides
a preliminary analytical study on the stability of a fully
passive flapping foil; Section 3 describes the experimental
setup and the procedure for characterising the structural
parameters of the prototype; finally, Section 4 presents the
experimental protocol, results and discussion.

2. Preliminary analytical study

2.1. Problem modelling

A schematic upper view of a fully passive flapping foil
is proposed in Figure 1. It can be modelled by a two degree
of freedom mass—spring-damper system, with a heaving
motion in the ¢ direction and a pitching motion in the 2
direction. The foil interacts with an incompressible fluid
flow of specific mass p and freestream velocity U, in the
Z direction. On the chord line of the profile, Iy stands for
the distance between the leading edge and the pitching
axis location P. The centre of gravity G is considered at
a certain distance Ay from P (positive if P is upstream
from G). The chord length is ¢, while b stands for the span
length in the Z direction. Both heaving position y(¢) and
pitching angle 6(¢) are taken with respect to an equilibrium
position at rest, the chord line being aligned with the flow.

Let m,, ky and c, be respectively the mass, the stiff-
ness and the viscous damping coefficient related to the
heaving motion. Analogously, mg, k¢ and cy will stand

equilibrium
position

Figure 1: 2D upper view scheme of a fully passive flapping foil
hydrokinetic turbine.

respectively for the pitching mass, the rotational stiffness
and the viscous damper coeflicient related to the pitching
motion. The moment of inertia of the foil with respect to
the pitching axis at P is Ip. Finally, kinetic dry friction in
both heaving and pitching is considered, respectively, Fix
and My.

Let Fr be the resultant fluid force over the foil in the
plane xy, projected on the heaving axis . Let Mg be the
fluid pitching moment about the 2’ axis at P. Considering a
symmetric foil, Fr and Mg are null for an initial condition
where the foil rests at the equilibrium position. A slight
perturbation of this stable condition leads to non zero fluid
resultants, which can cause the foil to move. Applying
Newton’s second law of motion to the foil, the equations
governing its dynamic response in heaving () and pitching
() can be written:

{ myij + ey + kyy +meAg (02 sin@ — G cos0) = Fr — Fi

Igé+099+ kgg — mg/\g (yCOSQ) = MF — MK
(1)

The parameters involved in the dynamics of the system
may be conveniently presented in an nondimensionalised
form (taking * as superscript). Assuming the physical
quantities of reference L = ¢,V = Uy, M = pbc®, F =
pUZ be, the nondimensionalised parameters are defined in
Table 1.

For an energy harvesting regime, the fully passive flap-
ping foil is meant to perform self-sustained oscillatory mo-
tions. In order for this to be achieved, the system should
have a non-stationary behaviour in the sense that a slight
perturbation in the stable initial conditions will cause the
foil to diverge from the equilibrium state.



Table 1: Structural parameters of the system with the respective
nondimensionalised form.

lg pitching axis location Iy =1/L

Ag centre of gravity offset Ay =g/ L
my  heaving mass my, = my /M
ky heaving stiffness ky = kyL/F
Ccy heaving viscous damper ey =c,V/F
mg  pitching mass my =mg/M
ke pitching stiffness ky =ko/FL
co pitching viscous damper ¢y =cgV/F L?
Iy moment of inertia Iy =Iy/ML?
Fx  heaving kinetic dry friction Fj; = Fg/F
My pitching kinetic dry friction M}, = Mg /FL

2.2. Linear stability analysis

A linear stability analysis is performed as a prior study
to the experimental investigations carried out in the fol-
lowing sections. It will enable to reduce the parameter
space for the experimental tests by predicting the onset
of the non-stationary behaviour of the foil. To do so,
Theodorsen’s linear reduced model for the fluid resultants
is applied (Theodorsen (1935)). Also, it is assumed that
the centre of gravity G and the pitching centre P coincide.
The non-linear coupling terms related to the static imbal-
ance A = mg), can therefore be neglected. Dry friction in
both heaving and pitching is neglected as well.

Under these assumptions, Eqgs. 1 can be written in a
linearised matrix form:

M- [ y u 4 0 6 6 } =0 (2)
with M a coefficient matrix relying upon the flow and

structural properties of the system and the Theodorsen
circulation complex function C'(w) (see Theodorsen (1935)):

| A A Ay A3 Ay As
M_[Bo By By By By Bs |’ ®)
with:
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Applying Laplace transform to Egs. (2) with zero initial
conditions yields a reduced order matrix form:

Mo [Ye o] =[0 0] (4)

with Yy and ©; the Laplace transforms of heaving position
and pitching angle, respectively, and M the new coefficient
matrix depending on the complex Laplace variable s.

Finding a non-trivial solution of Eq. (4) amounts to
solving for the eigenvalues of the matrix M. According
to the classic control theory stability condition, if one of
these eigenvalues has a positive real part the system may
have an unstable behaviour. In such a scenario, growing
amplitude heaving and pitching motions should emerge out
of a slight perturbation in the stable initial conditions.

The main objective of this linear stability analysis is
to identify the conditions on the pitching axis location I}
and the pitching stiffness £} leading to the desired unstable
behaviour of the system. To this end, a numerical routine
has been implemented to track the eigenvalues of M in the
parameter space [ € [0,1] and kj € [0,0.67]. The stability
transition boundary delimiting the stable zone — where all
eigenvalues of M have negative real part — to the unstable
zone — where there is at least one eigenvalue of M, with
positive real part — is drawn. First, a baseline simplified
case (CZ = 0.75, my, ky,my, Iy, cy = 0) corresponding to a
similar study performed by Peng and Zhu (2009) is con-
sidered. Second, the effects of adding inertial properties,
pitching damping and heaving stiffness to the system are
investigated. The results are illustrated in Figure 2.

Starting with the baseline case, the findings reported
by Peng and Zhu (2009) are verified: there is a positive
real part eigenvalue of M, for [ > 0.25 and kj sufficiently
small. Adding a small quantity of heaving mass to the
system does not affect its stability, the transition boundary
for my, < 1.0 remaining unchanged. If my, > 1.0, however,
the unstable zone may become larger, as shown in Figure
2.a.

By introducing a non-zero heaving stiffness to a zero
mass system, it becomes considerably more unstable: the
pitching stiffness needed to stabilise the system for a given
ly > 0.25 is increased by a factor of 10. The transition
boundary discontinuously jumps to a much higher slope for
any k; > 0, as can be seen in Figure 2.b. This discontinuity
can be explained by the fact that introducing kj > 0
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Figure 2: Stability transition boundary of the baseline system (CZ = 0.75,my, ky,mg, I, cy = 0) in the parameter space ly X kj depending on

(a) the heaving mass m;, and (b) the heaving stiffness ky.

causes drastic changes in the matrix My, adding a non-
zero independent term to its characteristic polynomial. In
this case, the system is no more sensitive to the heaving
mass. The results did not show any dependency of the
stability transition boundary on the moment of inertia Iy
or the pitching damper coefficient ¢y either.

It is important to remember that the stability analysis
carried out is applicable only in the vicinity of the equilib-
rium position. Once the system diverges from it, non-linear
events that were not considered in the linear model take
place. Particularly, a growing pitching angle can lead to
dynamic stall, which may prevent the system from having
a chaotic response and make way for limit-cycle oscilla-
tions instead. To experimentally investigate the dynamic
behaviour of the system from this point, the fully passive
flapping foil prototype is presented in next section.

3. Experimental setup

3.1. The technical apparatus

Designed to be tested in a free-surface water channel
0.60 m wide, the flapping foil prototype includes a sym-
metric NACAO0015 profile with a chord length ¢ = 0.12m.
Figure 3 provides (a) a schematic front view diagram of
the technical apparatus and (b) a picture of the prototype.

With an effective span length b = 0.50 m, the foil itself
(D is the only part of the prototype that is submerged. It is
mounted on a pitching shaft by means of a sliding box (2),
allowing for a pitching axis location /j ranging from 0.20
to 0.60. The pitching shaft is supported by tapered roller
bearings inside a shaft casing (3), which is then mounted
on the heaving rail through a linear bearing carriage (4).
Extension springs (5) are used for the heaving stiffness.

The heaving translational motion is converted through
a rigid linkage (6) into alternative rotational motion of a
transmission belt system (7), which is linked to an electric

servo motor EM,,. The pitching motion is linked to an elec-
tric servo motor EMy through a transmission belt system
as well. Heaving position y and velocity § are moni-
tored by means of a digital incremental encoder IE,, while
acceleration §j is measured with an accelerometer ACC,,.
Pitching position 6 and velocity 6 are also tracked by a digi-
tal incremental encoder IEg. All these sensors are linked to
an I/O FPGA device (9), which feeds a closed-loop system
controlling the electric currents ¢, and ig provided to the
servo motors. The processing rate is set to 200 Hz, which
is about 100 times the flapping foil oscillation frequencies,
thus satisfying the Nyquist—Shannon sampling theorem.
It is worth reiterating that this study is focused on
investigating the dynamic behaviours of a fully passive
flapping foil, i.e. neither heaving nor pitching motions are
forced or constrained. The purpose of coupling electric
motors to the prototype is to be able to fine-tune the
structural parameters of the system. With this setup, one
can virtually change the mass, viscous damping, stiffness
and dry friction related to the heaving system of certain
amounts Am,, Acy, Ak, and AFk, respectively. This is
done by providing an electric current ¢, so that the force
Fy applied by the motor EM,, over the heaving system
can be written, at an instant ¢:

Fy(t) = Amy ij(t) + Acy y(t) + Aky y(t) + AFk sgn[y(t)]
(5)

Analogously, a torque Mj; can be provided by the
motor EMy in order to introduce changes in the viscous
damper, stiffness and dry friction related to the pitching

system:

M (t) = Acy O(t) + Akg 0(t) + AMg sgulf(t)]  (6)

Indeed, adding F; and My, to the right-hand side of
the equations of motion (Egs. (1)) produces the desired
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Figure 3: Experimental setup: (a) a schematic front view diagram of the technical apparatus and (b) a picture of the prototype .

effect of virtually changing the structural parameters of
the system.

This tuning functionality of the structural parameters
is clearly a practical tool for experimentally studying the
fully passive flapping foil prototype. A similar force feed-
back strategy has been developed in the past by Lee et al.
(2011) to replace the mechanical damper and springs of the
VIVACE harvester (Bernitsas (2008)). In the present study,
such technology will be particularly helpful in varying the
rotational stiffness k9 — which will be entirely provided by
the servo motor EMy — and in compensating the inherent
dry friction on both heaving and pitching motions.

3.2. Characterisation of the structural parameters

The structural parameters of the fully passive flapping
foil prototype must be characterised in terms of the model
described by Egs. (1). Among them, the pitching axis
location [y is directly measured. Stiffness coefficient of the
heaving extension springs k, is characterised in a straight-
forward manner. Pitching stiffness kg is provided by the
servo motor EMy. Finally, the procedures for determining
the inertial and friction properties are described in what
follows.

3.2.1. Viscous and dry friction

Starting with the pitching system, a constant torque
Myjs is applied using the servo motor EMy so that the
pitching components, without any stiffness, accelerate from
rest. A viscous friction coefficient ¢y and a dry friction
torque Mk are considered. Newton’s second law of motion
leads to a first order linear differential equation for the

pitching velocity (t), whose analytical solution can be
written:

0(t) = My — Mk (1 _ e*%t) (7)
Co

with Iy the moment of inertia with respect to the pitching

axis. The system will asymptotically reach a constant

angular velocity which is linearly related to the torque Mj,

applied by the motor:

oo = 0y — M€ (8)
Co Co

Thus, the viscous friction coefficient ¢y and the dry fric-
tion torque Mg are determined by fitting a linear relation
to a number of scattered points (M, o).

With respect to the heaving components, a constant
force F); is analogously applied using the servo motor
EM,,. The heaving system will accelerate from rest while
it crosses the heaving rail. Considering a viscous friction
coeflicient ¢, and dry friction force F, the heaving velocity
y(t) exponentially grows in the same way as in Eq. (7) for
the pitching components. It can be written:

(9)

with m, the heaving mass, whose evaluation is described
in next subsection. The viscous friction coefficient ¢, and
the dry friction force Fi are determined by fitting the
measured heaving velocity ¢(t) to its transient analytical
solution stated by Eq. (9).

gty = De =L ( e t)

l1—e ™
Cy



8.2.2. Inertial properties

The heaving mass m, is determined by weighing the
heaving parts and adding to it the inertial contribution of
the rotating components related to the heaving motion.

The moment of inertia Iy is evaluated by subjecting
the pitching system to an acceleration from rest, just as
described in the previous subsection. Supposing ¢y and Mg
to be known, Iy is identified by finding the best fit for the
measured pitching velocity 6(t) to its transient analytical
solution given by Eq. (7).

Finally, the static imbalance A is evaluated by comput-
ing the product of the pitching mass my and the distance
Ag, which depends on the pitching axis location lg. Let
mgg be the mass of the pitching components downward
from the sliding box, and xg4 its centre of gravity with
respect to the leading edge of the foil. It follows that a
linear relationship between the static imbalance A and the
pitching axis location [y can be deduced:

A =mgg =mgq(roq — lp) (10)

The mass of the pitching components my and my, are
determined by means of a CAD tool, as well as the centre
of gravity zg,.

4. Results and discussion

4.1. Ezxperimental protocol

All the experiments have been conducted at a chord
Reynolds number of 6 x 10%, which is achieved by setting
the freestream velocity to Uss = 0.5 ms™!. A pulse-pair ve-
locity measurement technique (as in Dellinger et al. (2018))
is used to this end.

The characterisation tests revealed that the kinetic dry
friction force Fix and moment Mg inherently present in the
system are in the same order of magnitude as the fluid forces
over the foil. For convenience, those will be henceforth
fully counteracted by the electrical motors, allowing for
an ideal system without any kinetic dry friction in both
degrees of freedom. The pitching viscous friction ¢y is also
virtually set to zero. The structural parameters of the
experimental prototype baseline case are provided in Table
2 in its nondimensionalised form.

The parameter space of the experimental study consists
of varying the pitching axis location [j in the range of
[0.25,0.50] by increments as fine as 0.015. Values outside
that range are of no interest, since the foil remains uncondi-
tionally static for I; < 0.25 — following preliminary results
presented in Section 2 — and it is reversed for {; > 0.50.
For each value of [, the pitching stiffness kj is increased by
increments of 0.011 until a stationary response is reached.
All the other parameters of the system are held constant,
unless stated otherwise.

For each test case (I}, k;), the foil is released from the
equilibrium position at ¢ < 0. A slightly perturbation is
applied if needed. Heaving position y(t) and pitching angle
0(t) are then recorded from ¢ = 0 during 20 periods of

Table 2: Baseline nondimensionalised structural parameters of the
experimental prototype.

I3 [0.250, 0.500] = 0.003
m;  0.50+0.01

Cy 0.16 = 0.03
kY 1.53£0.04

F  0.00+0.02
I;  [0.0187,0.0217] + 0.0016
¢; 0.000 +0.001

k;  [0.000,0.670] + 0.008
Mj;  0.000 +0.001

A" [=0.023,0.026] + 0.001

Figure 4: Front picture of the fully passive flapping foil prototype
from inside the channel during the tests, highlighting the heaving
position y and the pitching angle 6.

oscillation. Figure 4 provides a picture of the foil from
inside de channel during the tests, highlighting y and 6.

4.2. Foil response types

Overall, the same four conceptually different responses
found in the numerical study performed by Peng and Zhu
(2009) have been observed inside the parameter space stud-
ied. Time trace samples of these four different behaviours
is provided in Figure 5. A video with the corresponding
time traces is provided as well with the online version of
this paper.

With the pitching axis located at [;; = 0.46 and a pitch-
ing stiffness of kj > 0.46, it is observed a first stationary
behaviour where very low-amplitude oscillations are quickly
damped and the foil rests close to the equilibrium position
(response I), as shown in Figure 5.a. A second behaviour is
identified when reducing the pitching stiffness to kj = 0.12:
the system is no longer static and the foil undergoes high-
amplitude periodic pitching and heaving motions around
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Figure 5: Samples of heaving position y/c and pitching angle 6 representing the four different behaviours of the prototype baseline case with
l; = 0.46: (a) response I with kj = 0.46, (b) response IT with kj = 0.12, (c) response III with kj = 0.06 and (d) response IV with k; = 0.

zero (response II), as pictured in Figure 5.b. This is the
most attractive behaviour for energy extraction purposes
since the heaving amplitude is maximised. Third, reducing
further the pitching stiffness to kj = 0.06 leads to a com-
petition between two stable equilibrium positions disposed
symmetrically with respect to zero (response I1I), just as
in Figure 5.c. Finally, setting k; = O keeps the system
oscillating about a non-zero pitching angle with no more
changing sides (response IV), as can be seen in Figure 5.d.
It was also noted that the transitions from the most stable
state (response I) to the most unstable one (response IV)
are accompanied by an increase in the oscillation frequency
of the foil.

The different responses presented in Figure 5 can be
qualitatively classified in a straightforward manner. How-
ever, a quantitative map would be useful to precisely define
the response type even for transitional behaviours, as this
would make the classifying process more strict, automatic
and robust.

4.8. Classifying map

It is desired to define a classifying quantitative map
for the dynamic behaviour of the system in terms of its
response type inside the parameter space I x kj. This
can be done through a scalar function R : I x kj — [0,1]
relying upon the time trace of the pitching angle 6. It is
conveniently defined:

R(1j. k) =1 - 10
Orms

(11)
with # the mean value of the pitching angle and frys its

effective value over the recording time 7, for a given test
case (I3, kp):

(12)

_ 1 (T
- ¢
o= 7 /O o(t)d

(13)

_ Indeed, in response I the foil remains static with
|| ~ Orms, which leads to approximate zero values of
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Figure 6: Histogram providing the relative frequency of R by response type of the prototype observed in the parameter space I X k.

R. Response II is characterised by a nearly zero mean |0
and a high effective value Orns, R taking values close to
1. The transition between response II and III comes with
a slight reduction of the effective pitching angle 6rms and
potentially a decentralisation of the mean value 0|, leading
to slightly smaller values of R. Finally, in the transition
from response III to response IV, the mean angle |0| jumps
to a considerably higher value, slightly below fgng, which
leads to small but nonzero values of R.

In order to verify if the response types can be deduced
through the function R without any overlapping, the values
of R for all test cases inside the parameter space I x k;
have been computed. The results were then regrouped

by response type under a qualitative classifying process.

An histogram of the distribution of R by response type is
provided in Figure 6.
An injection between the values of R and the response

types is observed, without any overlapping. It can be
stated:
0 <R < 0.03 = response |
0.03 <R < 0.37 = response IV 14
0.37 <R < 0.87 = response III

087 <R< 1 = response 11

4.4. Response chart

By means of the classifying map R defined in Eq. (11)
and the threshold values stated in Egs. (14), it is now
possible to draw the response chart of the fully passive
flapping foil prototype. The contours of R for all test cases
inside the parameter space [ x kj are given in Figure 7,

delimiting the boundaries between the different responses.

It has been found that the pitching axis must be placed
at a distance of at least [ = 0.29 from the leading edge
in order for the foil to present a moving response. In
addition, for any lj > 0.29 there is a critical value of

pitching stiffness for which the foil is stationary, delim-
iting response I. Response II is observed at k; = 0 for
0.31 < I3 < 0.39. Moving the pitching axis further back
requires some pitching stiffness in order to keep inside the
response II zone, otherwise responses III and IV may arise.

Another interesting finding is that low-amplitude re-
sponses III and IV are observed in the transition from
response II to I. These transitory responses have not been
reported in the numerical simulations of a simplified system
by Peng and Zhu (2009).

The experimental results corroborate the previous find-
ings issued from the preliminary linear stability analysis.
As shown in Figure 7, the non-stationary behaviour area
(responses II, IIT and IV) is significantly larger than that of
a simplified system without any heaving mass or stiffness.

Figure 2.b suggests that, for a pitching axis location of

5 = 0.36, a simplified system should present a stationary
behaviour unless k; < 0.08. At the same pitching axis
location, it is experimentally observed a quite larger critical
pitching stiffness of about kj = 0.28, but not as large as the
predicted value of k) > 0.67. This is probably due to the
fact that stabilising terms present in the experiments have
been neglected in the simplified model. One can cite, in
particular, the static dry friction, the outer boundary effects
or even the fluid viscosity, which is not fully accounted in
Theodorsen’s linear model.

4.5. Sensitivity tests

In order to experimentally assess the dependency of the
transition boundaries on the heaving mass and stiffness,
sensitivity tests were conducted. They consisted of com-
paring the evolution of R over vertical trajectories on the
parameter space l; x kj for different values of m; and kj.
The pitching axis locations I; = 0.36 and l; = 0.46 are
considered. The results are presented in Figure 8.

According to these results, the stability transition bound-
ary from response I to IV does not show any dependence
on the heaving mass or stiffness. The critical value of &} for
which R < 0.03 is barely unchanged for a given pitching
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Figure 7: Response chart of the prototype with respect to the pitching axis location I and the pitching stiffness kj, defined by means of the

quantity R = 1 — |0]/6rms-

axis location. However, the other transition boundaries
seem to be slightly dependent on m; and k.

As a general trend it can be stated that decreasing the
heaving mass or increasing the heaving stiffness delays the
transitions from response II to response III while crossing
the parameter space from k; = 0 to k; = 0.67. The
opposite is also true, the transitions occurring early when
increasing the heaving mass or decreasing the heaving
stiffness. This suggests that increasing the heaving natural
frequency of the prototype may be advantageous for energy
harvesting purposes. Indeed, it may keep the system in the
response II region for a wider range of pitching stiffness at
a given pitching axis location.

5. Conclusion

The dynamic behaviour of a fully passive flapping foil
hydrokinetic turbine with respect to the pitching axis loca-
tion /; and the pitching stiffness kj has been experimentally
investigated at a Reynolds number of 6 x 10%.

Prior to the experimental investigations, a linear sta-
bility analysis relying upon Theodorsen’s reduced model
is performed. The preliminary findings helped defining
the parameter space for the experimental study I; x k; =
[0.25,0.50] x [0.0,0.67]. They also provided meaningful in-
sights into the sensitivity of the stability transition bound-
ary to the heaving mass and stiffness.

A fully-passive flapping foil prototype has been designed
and tested in a confined channel. Thanks to an original
tuning functionality by means of external actuators, the
structural parameters of the system could be precisely
varied inside the parameter space of the study.

Four conceptually different responses have been exper-
imentally observed. If [j < 0.29, the foil remains static
(response I). Without any pitching stiffness, large ampli-
tude oscillations about the equilibrium position (response
IT) emerge for 0.31 < I} < 0.39. Moving the pitching axis
further towards the trailing edge can make the foil oscillate
alternatively around two symmetric non-zero angles (re-
sponse III), or even oscillate about a single non-zero angle
(response IV).

The most suitable behaviour for energy extraction pur-
poses (response II) can be achieved for a wide range of
pitching axis location as long as the pitching stiffness is
adequate. High values of pitching stiffness tends to sta-
bilise the system. Low-amplitude responses III and IV are
observed in the transition from responses II to I.

As a main result, it is provided a nondimensionalised
chart with the boundaries between the different responses,
which are quantitatively evaluated by means of a scalar
function relying on the time traces of the pitching angle.
This chart can be useful for knowing the adequate pitching
stiffness depending on the pitching axis location in the
design of a fully passive flapping foil hydrokinetic turbine.

Finally, the sensitivity of the transition boundaries with
respect to the heaving mass and stiffness has been assessed.
The tests revealed that increasing the heaving natural
frequency of the prototype can enhance its capability of
responding in the desired way (response II) for an energy
extraction scenario.

Future work must be done in order to evaluate the har-
vesting performances of the prototype for different pitching
axis locations inside response II zone. Moreover, the ro-
bustness of the system should be fully assessed in terms of
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Figure 8: Sensitivity of the transition boundaries between the different responses of the prototype with respect to the heaving mass mj and
stiffness k;; for a pitching axis location of (a) I; = 0.36 and (b) lj = 0.46.

its capability of keeping the desired behaviour under small
variations in the flow and structural parameters, including
the Reynolds number and the foil geometry.
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