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1. Introduction

Flutter instability of airplane wings, the dynamic instability generating self-sustained oscillations of great violence
above a critical speed, is a well studied problem since the early days of flight (Fung, 1969). Actually, one of the earliest
and most cited works on unsteady aerodynamic forces on an oscillating airfoil was in fact an analysis of the onset of the
flutter instability to mitigate its effect in aeronautics (Theodorsen, 1935).

Interest in coupled-mode (pitch-plunge) flutter instability has been recently renewed because of its relevance in the
field of energy harvesting through hydrokinetic turbines based on fluid-structure instabilities of an elastically supported
foil immersed in a fluid current (Peng and Zhu, 2009; Zhu, 2012; Boragno et al., 2012; Veilleux and Dumas, 2017; Wang
et al,, 2017; Boudreau et al., 2018; Duarte et al., 2019). Despite their more intricate mechanism, most of the studies
of flapping-foil turbines have focused on investigating the energy harvesting performance of rigid flapping-foil turbines
with fully prescribed kinematics or with semipassive systems because of their alleged better efficiencies (Kinsey and
Dumas, 2008; Shimizu et al., 2008; Zhu et al., 2009; Zhu and Peng, 2009; Abiru and Yoshitake, 2011; Xiao and Zhu,
2014; Young et al.,, 2014; Su and Breuer, 2019; Boudreau et al., 2019b,a; Ma et al., 2021). But recent studies have shown
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Fig. 1. Schematic of the fully-passive flexible flapping-foil (all quantities are dimensionless, except the velocity U). The blue dot (x = Xg) is the
centre of mass and the red one (x = a) the pitch axis. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

that the mechanically simpler fully-passive concept, with both rigid-foil degrees of freedom elastically supported, and
therefore triggered by flutter instabilities, may achieve comparable, or even larger, efficiencies than most fully-constrained
or semipassive systems (Boudreau et al., 2020).

Although the study of the large-amplitude motions that can result from the coupled-mode flutter instability, as well as
the stall flutter and other non-linear aeroelastic instabilities, are of utmost importance for analysing the performance of
these fully-passive flapping-foil turbines (Dowell, 2015; Amandolese et al., 2013; Poirel and Mendes, 2014; Pigolotti et al.,
2017; Boudreau et al., 2019b,a; Zhu et al., 2020), the determination of the instability onset from small perturbations is also
very relevant in the field, because it easily provides a good estimation of the full parametric ranges for energy harvesting
without the use of costly numerical simulations or experiments, which necessarily have to be made within very limited
parametric ranges.

For pitch-plunge oscillations of a rigid foil the determination of the flutter instability has been widely studied because
of its importance in aeronautics and because, as a consequence of this relevance, simple analytical expressions for the force
and moment on small-amplitude pitching and plunging airfoils were derived in the early days of flight (Theodorsen, 1935;
Sears, 1941; Fung, 1969; Bisplinghoff and Ashley, 1975). For a flexible foil undergoing flexural deflection, also of small
amplitude, simple analytical expressions for the force, pitching moment and flexural moment about an arbitrary pivot axis
were very recently derived (Alaminos-Quesada and Fernandez-Feria, 2020) using a linearized vortex impulse theory (von
Karman and Sears, 1938; Fernandez-Feria, 2016). These expressions are employed in the present work in combination
with the linearized fluid-structure interaction through the first three moments of the Euler-Bernoulli beam equation for
a quartic polynomial deflection (Fernandez-Feria and Alaminos-Quesada, 2021a,b) to derive analytical expressions for the
onset of the “pitch-plunge-flexural” oscillations arising from the flutter instability of an elastically supported flexible
foil. Then, some results, both for rigid and flexible foils, are presented and discussed in relation to the energy harvesting
problem by a fully-passive flexible flapping-foil turbine. Some of the present theoretical results for rigid foils are compared
satisfactorily with recent results obtained from numerical simulations (Boudreau et al., 2020). Semi-actuated flexible
flapping-foil turbines have also been considered, but with prescribed wing deformation and therefore without considering
the fluid-structure interaction (Liu et al., 2013), so that a direct comparison in terms of the structural parameters of the
elastically supported system is not possible.

The related problem of flutter instability of clamped flexible plates in a two-dimensional flow has also been thoroughly
analysed by solving numerically the resulting nonlinear eigenvalue problem, uncovering a broad and intricate spectrum
of unstable modes as the stiffness of the foil decreases (e.g., Guo and Paidoussis, 2000; Tang and Paidoussis, 2007; Alben,
2008; Floryan and Rowley, 2018), including its application to energy harvesting (Tang et al., 2009). Though these results
are not for the elastically supported foils considered here, some of them are used to characterize the stiffness range of
validity of the present analytical results.

2. Formulation of the problem

A flexible foil of chord length ¢ immersed in a uniform current with velocity U along the x-axis of an inviscid and
incompressible fluid with density p is considered. Except otherwise specified, all the parameters and variables used from
this point onwards are dimensionless, scaled with the flow speed U, the half-chord length c/2 and the density p. Thus, for
instance, the foil at rest is located along the x-axis between x = —1 and x = 1 and time is scaled with c/(2U). Due to the
fluid-structure interaction (FSI), the foil may be displaced along the z-axis with a motion characterized by the position of
its centreline z;(x, t), which is obtained here assuming small amplitude, i.e., |z;| < 1, so that it always liesin —1 < x < 1,
approximately (see Fig. 1).

The foil is attached to translational and torsional springs and dampers at the pitch axis, located at x = a, which does
not necessarily coincide with its centre of mass x = xo. Thus, at this point x = a, the foil just undergoes a passive (and,
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therefore, unknown) heaving and pitching motion characterized by the translational and angular displacements h(t) and

«(t), respectively; i.e.,

0z

Ts = —aft). (1)
X X=a

If the chordwise flexural deformation of the foil is also small, z; may be approximated by a quartic polynomial (Fernandez-

Feria and Alaminos-Quesada, 2021a)

z(a, t) = h(t),

2d(t) L, do)
30—a T ¥V ea g

which, in addition to (1), satisfies the boundary conditions 3%z;/dx*> = 83z,/9x> = 0 at x = 1, corresponding to a free
trailing edge. The function d(t) characterizes the chordwise flexural deflection. In particular, the flexural deflection at the
trailing edge relative to an identical rigid foil with the same heaving and pitching motion is d;(t) = (1 — a)?d(t)/2.

If k, and k, are the (dimensionless) stiffnesses of the translational and torsional springs, respectively, and b, and
b, the respective constants of the translational and torsional dampers used to extract energy from the current, the
nondimensional output force and torque (per unit chord-length) that the foil exerts at x = a can be written as

z(x, £) = h(t) — (x — a)a(t) + (x — a)’d(t) — (x — a)’ (2)

L .
Cl, = ——— = ksh + bsh, 3)
E,OUZC
M, .
Cvo = W = —kqo — by, (4)

where a dot denotes differentiation with respect to time. Note that the moment is defined positive when counterclockwise,
while « increases clockwise to follow the usual convention in aerodynamics (see Fig. 1).

If one substitutes the foil deflection (2) into the Euler-Bernoulli beam equation that includes (3) and (4) as punctual
force and torque, respectively, at x = a, the first three moments of that equation, i.e., that equation integrated along the
chord-length as well as the integration of that equation previously multiplied by x — a and by (x — a)?, can be written
as (Fernandez-Feria and Alaminos-Quesada, 2021a,b)

.. . 16 .
h — Xo)d¥ d+ ——5d=C, — kyh — byh, 5
m[h+ (a—x0)d] +Ja M L — knh — by, (5)
. 16a .
m(xo —a)h — I, + Jgd — ——— Sd = 2 (Cy + kya + byct) (6)
3(1 —a)?

1

. . ‘12+§
Ioh — 1o + Kgd + — Sd=Cr. 7
a da+d+3(1_a)2 F (7)

In these equations, C;, Cy and Cr are the lift, moment and flexural coefficients, respectively, related to the pressure that
the fluid exerts on the foil as

1 1 1

1

Ci(t) :/ AGy(x, t)dx, Cy(t) = 5/ (x —a)AGy(x, t)dx, Cr :/ (x — a)zACp(x, t)dx, (8)
-1 -1 -1

where AG,(x,t) = (p~ — pT)/(pU?) is the nondimensional pressure difference between the lower (superscript ~) and

upper (superscript 1) sides of the foil. The nondimensional stiffness of the foil S and its mass ratio R are defined as

E(x)’(x) ps(X)e(x)

S(x) = , Rx)= ———, 9

0=+ R0=" 9)
where E its elastic modulus of the foil, p; its density, and ¢ its thickness. These quantities may vary along the chord, but
S has been assumed constant in deriving Eqs. (5)—(7). However, the mass ratio R may change with x in the remaining
coefficients appearing in (5)—(7) to allow for different values of the centre of mass, moment of inertia and the rest of

coefficients, which are defined in terms of R(x) as

1 1 9 1
m= 2/ Rdx, m(xo—a)= 2/ (x — a)Rdx, Xo = E_/ XRdx , (10)
-1 -1 -1

1
Ia:2/ (x — a)*Rdx (11)
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1 2(x—a)® (x—a)*
_ A
Ja—ZL [(x -3, +6(l—a)2]RdX’ (12)
1
Id:2/ (x — a)*Rdx, (13)
-1
1 2(x—a*  (x—ay
p— —_ 3_7
J@l—z/_1 [(x 0’ - 35— +6(1_G)Z}Rdx, (14)
1 2(x—aP® (x—a)
— J— 4_7
1<d_21] |:(x a) 31 4 —|—6(1_a)2}Rdx. (15)

For a rigid foil (d = 0), only three of these parameters remain: the nondimensional mass of the foil m, the nondimensional
static moment m(xo — a), where x; is the foil’s centre of mass, and the nondimensional moment of inertia about the pitch
axis I,. The rest of parameters are associated to the flexural deflection d(t), characterizing its mechanical coupling with
the heaving and pitching motions in the present approach. Thus, J, relates the flexural acceleration to the vertical force, J;
to the pitching moment and Kj to the flexural moment, while I; relates the pitching acceleration to the flexural moment.
In Appendix A are listed the values of all these parameters in two relevant situations: for a constant mass ratio R, in which
case, for instance, the centre of mass lies at the centre of the foil (xo = 0) and I, = 4R(a® + 1/3), and for a distribution
R(x) such that m, xo and I, can be selected arbitrarily and independent of each other.

In the limit of a rigid foil (S — oo), the flexural Eq. (7) correctly yields the vanishing deflection as |d| ~ S~!. However,
this means that the terms containing S in Egs. (5) and (6) do not vanish in this limit, so that the rigid-foil equations
for the vertical force and for the moment about the pivot axis are not correctly recovered. But this is an artefact of the
present approximation, where the displacement (2) is truncated as a quartic polynomial. This situation can be fixed by
using higher polynomial approximations for z; and selecting the new coefficients so that these two terms vanish, while
retaining the corresponding term in (7). However, this would complicate unnecessarily the present approximation which
minimally accounts for the stiffness effect within the Euler-Bernoulli beam equation, because the resulting expressions for
Ci, Gy, Cr would become cumbersome. Thus, the simplest approach with Egs. (5) and (6) without the S-terms, and Eq. (7)
with that term from the present quartic approximation, is adopted here as a lowest order, or minimal, model that takes
into account the flexibility of the foil, valid for sufficiently large stiffness S and for frequencies below the second natural
frequency of the system. As shown below, this approach reproduces accurately the frequency of the first unstable mode
for sufficiently large stiffness (Alben, 2008), and previous numerical results for the energy harvesting of a fully-passive
flapping-foil turbine (Boudreau et al., 2020). These comparisons will thus constitute a validation of the present lowest
order formulation.

3. Flutter instability

Once the force and moment coefficients (8) are written in terms of the foil deflection (2), Egs. (5)-(7) constitute a
system of three linear differential equations for h(t), «(t) and d(t) for given initial conditions. Of particular interest for
energy harvesting devices is the study of the flutter instability, through which any small disturbance of the airfoil can
serve as a trigger to initiate an oscillation of great violence (Fung, 1969). Thus, to analyse the onset of this instability, and
therefore the parametric range in which energy is transferred from the flow to the structure so that the foil may work as
an energy harvester, as well as obtain the frequency w of the subsequent oscillations, we consider solutions of the form

h(t) =Re[Hoe""], «(t)=Re[Ace”"]. d(t)=Re[Doe""], (16)
where Re means real part and y, Hy, Ap and Dy are in general complex quantities, with
c
=k+ioc, k=—, 17
y =k+io U (17)

being k the nondimensional (or reduced) frequency and —o the nondimensional growth rate. The absolute values of Hy,
Ao and Dg are the amplitudes of the heaving, pitching and flexural components of the foil motion, respectively, while their
angles correspond to their relative phase shifts. For this harmonic motion the coefficients (8) can be expressed in a closed
analytical form (see Appendix B), so that Egs. (5)-(7) are transformed into a linear system of three algebraic, complex
equations for Hy, Ag and Dg:

A A A Ho

Aly)-X=0 with A=Ay Axn Axs]|, X=[A], (18)
Az1 A3y Ass

where the different coefficients A; are given in Appendix C.
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For a given set of values of the different nondimensional parameters, the system has nontrivial solutions for specific
(eigen-)values of y satisfying

det[A(y)] =0, (19)

fixing the frequency of the subsequent oscillations of the system k if it is unstable, i.e., if o < 0. On the contrary, if
o > 0, any small perturbation in z; will be damped. Thus, of particular relevance for the energy harvesting problem
is the characterization of the neutral hyper-surface in the parameter space at which ¢ = 0 and the corresponding
natural frequencies, k = k, say. Within the region of the parameter space where ¢ < 0, a passive motion of the foil
is allowed according to the present linear theory, which may be used to extract energy from the current. This region and
the corresponding frequencies will be explored below for several particular cases. However, the present linear (stability)
theory does not provide the final amplitudes of the ensuing oscillating motion of the flexible foil. Therefore, one cannot
obtain from the present analysis the output power nor the efficiency of the resulting fully-passive energy harvesting
system.

Eq. (19) for the complex eigenvalue y is solved numerically using the Matlab function fsolve, starting from the leading
neutral frequency corresponding to a rigid foil when the FSI is neglected, whose analytical expression is given in the next
section. As explained below, this neutral frequency is the first resonant frequency of the rigid-foil system in vacuo, so that
only the leading eigenvalue associated to this first natural mode as S — oo is considered here. This is consistent with the
present approximation valid for small deflection and, consequently, for sufficiently large stiffnesses, capturing only the
lowest frequency mode. To check the validity of the present results for a flexible foil, they are compared in Section 5.1
below with previous ones obtained numerically by Alben (2008) for a flexible foil clamped at the leading edge. Therefore,
the comparison is made by setting very large stiffnesses of the linear and torsional springs in the present configuration.
As we shall see, the present results recover the leading eigenvalue for S > 1, but higher instability modes appearing as S
decreases below unity are not correctly recovered from the present approximation.

4. Rigid foil

Considering first the case of a rigid foil (S — 00), so that the flexural deflection amplitude vanishes, Dy = 0, a nontrivial
solution exists if det(Ag) = 0, with

A An
Ay = . 20
0 (AZI Apn (20)
If one neglects the FSI (i.e., neglecting the contributions Afj to the coefficients given in Appendix C), the expressions for
the different A; are particularly simple. If, in addition, k, — oo, so that there is no heaving motion (Ho = 0), a nontrivial
pitching solutions exists if A;; = 0, yielding

_ 2iby + \/8lik, — 4b2

N 21,

so that o > 0 and the system is always stable. The neutral stability case (6 = 0, y = k = k;) occurs for b, = 0 with the
natural frequency (only the positive frequency is written)

2 , (21)

2kq

L (22)

kn = krq =

which is the nondimensional first resonant frequency of a plate attached to a torsional spring in vacuum. (Note that for
b, > /2I,k,, one gets k = 0 and o > 0, so that all perturbations are straightforwardly damped.)

Alternatively, if k, — 00, so that the pitching motion is inhibited (A; = 0), heaving motion may exist if A;; = 0; i.e,, if

ibh :i:,/4 mkh — bﬁ
= . 23
v 2m (23)

Again, the system is always stable (o > 0), with the neutrally stable case for b, = 0, corresponding to the natural
frequency

k
ko= =/ 2 (24)

which is the nondimensional first resonant frequency of a plate attached to a linear spring in vacuum. Again, for
by > 2/mky, the system is strongly damped (o > 0, k = 0).
In general, when the FSI is neglected, det(Ag) = 0 can be written as

(—=my? + kn + bniy Xlay* — 2k — 2bgiy) + m*y*(a —x0)* = 0. (25)
5
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Table 1

Equivalence between the present nondimensional parameters for a rigid foil and those used in Boudreau et al. (2020).
Present k m m(xo — a) kn bn I Ky by Kro Kin
Boudreau et al. (2020) f* 4my 85* ki 2D}, 1615 2k 4D 7fe fin

45 (a)lz k

0.01

0.005

0.64

1
05 1 15 2 25 05 1 15 2 25
by by

Fig. 2. Contours of k (a) and —o (b) in the b, —k;, plane for b, =0, m=8, a=—1/2, xo = —0.1, I, = 32, k, = 6.32. Red thick lines correspond to
k = ko in () and to o = 0 in (b). The white line in (b) is the contour for 10% of the maximum power coefficient in figure 2(e) of Boudreau et al.
(2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

For neutral stability, the imaginary part of this expression vanishes if

2(bokn + brka)

Ky = kno = )
n o 2 mb, + I, by

(26)
Note that this frequency coincides with k., when b, = 0 and with k,, if b, = 0, but we shall not consider this last
situation in what follows (only the cases in which the energy is totally, or mainly, harvested by the heave damper will
be considered). It turns out that, again, o > 0, so that the system is stable, no flutter instability exists and no energy can
be harvested, which was to be expected since the FSI has been neglected.

4.1. Comparison with recent numerical results

To analyse the effect of the fluid-structure interaction on a rigid foil, we consider first one of the two set of cases
studied by Boudreau et al. (2020), who integrated numerically the full Navier-Stokes equations for this problem. Thus,
in addition to b, = 0, we select m = 8, xp = —0.1, I, = 32, a = —1/2, k, = 6.32, and varying b, and k; (using
the equivalence between the respective parameters summarized in Table 1, the corresponding values of these authors’
parameters are D = 0, mj = 2, S* = 0.4, I; = 2, pitch axis at the quarter-chord point, kj = 3.16, 0.25 < Dy < 1.25
and 1 < kj; < 4.5, respectively). Fig. 2 shows the values of k and o corresponding to det(A) = 0 in the by — kj; plane. It
is observed that the system is unstable within an almost “parabolic” region of that plane for b, < 1.16. Additionally, the
frequency k [Fig. 2(a)] remains always very close to the resonant frequency k,, given by (22), also marked in that figure
(kre ~ 0.6284 in the present case). Both these results are in agreement with Boudreau et al. (2020): the frequency is not
shown in their Fig. 2 because it remains very close to the resonant frequency, and the “parabolic” region with ¢ < 0 in
Fig. 2(b) is quite similar to that in their Fig. 2(e) for which there is a significant power output. Fig. 2(b) also shows with a
white line the contour corresponding to 10% of the maximum power coefficient obtained numerically by these authors,
thus enclosing the region with significant power output due to the flutter instability. The irregularity of this contour line
is due to the finite number of pairs of values (by, ki) for which numerical simulations are performed.

Incidentally, if the instability region in Fig. 2(b) is written as b, < by(k; a, Xo, Is, .. .), where b}, is the function of kj
for given a, xo, I, etc., corresponding to the neutral curve with ¢ = 0 in Fig. 2(a), the so-called flutter velocity U* for
the present set of parameters can be obtained by just writing the above condition in terms of dimensional magnitudes
(marked with a “~ " whenever the symbol is the same):

by ﬁsb;;, U>U*= el .
pc by(ky; a, xo, I, - . .)

Uc > (27)
The minimum flutter velocity corresponds to the maximum value of b}, which for the present case is approximately 1.16.

To further corroborate this agreement, we also consider here results by Boudreau et al. (2020) when the spring constant
kr and the mass ratio m are simultaneously varied, but maintaining constant the nondimensional static moment S*
(see Table 1 for the relation between S* and m, X, and a). These authors found that the narrow range of values of kj

6
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Fig. 3. o (a) and k (b) vs. A} given by Eq. (28) when k; is varied from zero onwards for different values of m and xo, as indicated (see main text).
a=-1/2, by =15, mxg =47, 1, =32, by =0, k, = 6.32. The red line in (b) is k... (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

where energy harvesting is possible, which depends strongly on m (see their Fig. 6), collapse into a common range when
represented in terms of the parameter they called the effective heave stiffness A} (see their figure 7(e)), which in the
present notation can be written as

Ap =k — mk? = m(k3, — K*). (28)

Boudreau et al. (2020) found that the energy harvesting range is roughly between —3 and —1, with the best performance
about A ~ 2, when Dy = 0.75, $* = 0.65, I; = 2, Dj = 0 and ky =* 3.16 (i.e., by = 1.5, mxo = 4.7, I, = 32, b, = 0 and
ko, = 6.32 according to Table 1). Fig. 3(a) plots o vs. A, when k;, > 0 for four values of m (and xo) corresponding to the
four values of m; used by Boudreau et al. (2020) in their §3.2 with constant S*: namely, m = 4 (and X, = 0.8), m = 8
(xo = 0.15), m = 16 (xo = —0.175), and m = 32 (xo = —0.3375) in the present notation. It is observed that, according
to the present linear theory, the flapping-foil works as an energy harvester in roughly the same range of —3 < A < —1
predicted by Boudreau et al. (2020), where the fluid-foil system is unstable (¢ < 0), and that in this region all the curves
collapse when different values of m and xo are used. The maximum growth rate is also found at A} ~ 2. For these values
of A}, between —3 and —1 the corresponding frequencies plotted in Fig. 3(b) also collapse for the different cases. One may
thus conclude that according to the present theory A} is indeed an excellent unifying parameter to predict the narrow
range of values of the different dimensionless parameters for which the rigid-foil can be used as a fully-passive energy
harvester, which will operate at about the pitching resonant frequency k ~ k;, [also shown in Fig. 3(b)]. Incidentally, that
the operating and optimal values of A} are negative implies, according to the second equality in (28), that the operating
frequency is always larger than the heave resonant frequency in vacuum k4, as noted by Boudreau et al. (2020).

4.2. Effect of pivot point and spring stiffness

To reduce the number of varying parameters we consider only airfoils with constant mass ratio R, i.e., X, = 0 and
I, = m(a® + 1/3) (see Appendix A), and explore the instability region in the b, — k; plane for several values of the
torsional spring stiffness k, and the pivot point location a. For given m = 4R and a we find that no instability exists for
ky larger than a maximum value that for m = 8 is about 1.75. Fig. 4 shows the contours of the growth rate —o in the
bp — ky, plane for the pivot point at the quarter-chord length (a = —1/2) and two values of k,, 0.5 and 1. As k, increases,
the region of flutter instability is displaced towards smaller values of the linear damper constant by, until it disappears
for k, ~ 1.75 for these values of m and a. On the contrary, as k, decreases, the range of values of k;, for which the system
is unstable decreases, becoming 0 < k; < 2 for k, = 0.25 (not shown). Thus, there exists an optimal value of k., which
for the present values of a and m is roughly 0.5, plotted in Fig. 4(a).

To see the effect of the pivot point location, Fig. 5 shows the instability regions for this last mentioned case with
ky = 0.5, but with a = —3/4 and a = —1/4; i.e, pivoting closer to the leading edge and closer to the mid-chord,
respectively, than the case plotted in Fig. 4(a). As the pivot point approaches the leading edge, the region of instability is
reduced to smaller values of b, and, specially, smaller values of k. Thus, for the case a = —3/4 plotted in Fig. 5(a) this
region is reduced to k; < 1.25, and practically disappears when pivoting at the leading edge (a = —1, not shown). On the
other hand, as the pivot approaches the mid-chord point, the flutter instability region increases towards larger values of
by, but for diminishing values of ky, practically disappearing when pivoting at the mid-chord (a = 0, not shown). Fig. 5(b)
shows the case with a = —1/4, with an instability region somewhat larger than for a = —1/2, but with smaller growth
rates.

Overall, one may conclude that for a rigid and uniform foil with m = 8 (R = 2) the best performance in terms of a
wider flutter instability region and higher growth rates is, according to the present linear theory, for a foil pivoting about
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Fig. 6. k = Re(y) given by (29) vs. R, = 25/3 (continuous lines) for two values of R; = 2R, as indicated, to compare with numerical results from

figures (4d) and (4f) in Alben (2008) (symbols; squares for Ry =

109.7 and circles for Ry = 818.8; only the two first modes are plotted, with

red symbols for the leading eigenvalues and blue for the following one). The dashed lines correspond to the limit R, — oo given by (31). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

its quarter-chord, with spring stiffness k, between 0.5 and 1, and a damper constant b, smaller than about 2, the smaller
the larger the growth rate. The corresponding frequency is always very close to the resonant frequency k;,. As the mass
ratio decreases, the system becomes more stable, with the instability region displacing towards smaller values of b, until
disappearing. Thus, the most unstable case just mentioned for m = 8 becomes stable in all the b, — k; plane for m < 4.
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Finally, it is worth mentioning that if k, — oo or k, — oo no flutter instability is found, so that coupled pitch-plunge
motion is always generated when the elastically supported rigid foil becomes unstable according to linear theory (Dowell,
2015).

5. Effect of flexibility
5.1. Clamped foil. Comparison with previous results

Before analysing the effect of flexibility on the unstable modes described in the previous section for a rigid foil, it is
of interest to check the validity of the present approximation as rigidity is reduced. To that end we depart in this section
from the elastically supported foil at x = q, of interest in energy harvesting devices, and consider a clamped foil for
which previous results are available for the nonlinear eigenvalue problem. In particular, we consider a clamped foil at
the leading edge (a = —1), analysed by Alben (2008) within the present inviscid and linear framework, but considering
a full expansion of the deflection z; in Chebyshev polynomials instead of the present quartic polynomial approximation
(2). Thus, this author can obtain numerically all the wave number modes, not just the lowest frequency captured by the
present minimal approximation, as shown below.

A clamped foil at x = a can be simulated in the present formulation by assuming very large spring stiffnesses,
i.e., kn — oo and k, — oo. Thus, the pitching and heaving motions are inhibited (Ao = Hy = 0), and a flexural deflection
motion may exist if A3z = 0, yielding the following eigenvalue equation for y:

1
16+ 3
—Ka(a)y* + Saap’ +Af(y)=0. (29)

Neglecting the FSI (i.e., neglecting the contribution from A§3) one obtains the neutrally stable mode

4 [ (143a2)s
y:krd::t*

3V (1 —a)*Ky(a) (30)

For a foil with constant R and for a = —1, this frequency can be written as (only positive values are considered)

S R
kg ~ 0.4965,/ > ~ 0.860,/ — , (31)
R R

very close to the leading eigenvalue obtained numerically by Alben (2008), 0.8790+/R, /R, where Alben’s nondimensional
parameters R; and R, are related to R and S by Ry = 2R and R, = 2S/3, respectively. Thus, as expected for an
approximation valid for sufficiently large stiffnesses S, the present model captures only the first, lowest frequency mode,
but not the higher ones. This is further corroborated as the rigidity of the foil is decreased in Fig. 6, which plots the real
part of this first eigenvalue when the FSI term A§3 is taken into account. It is obtained by solving Eq. (29) starting from
(31) for given values of R as S is decreased. In the figure, k is plotted vs. R, for Ry = 109.7 and 818.8 to compare with
the numerical results for the real part of the different eigenvalues given in figures (4d) and (4f) of Alben (2008), which
are represented with symbols in Fig. 6. It is observed that the present k practically coincides with the lowest frequency
in figures (4d) and (4f) in Alben (2008) for decreasing R, up to R, ~ 1, below which the other higher modes show up.
Therefore the present approximation for large S is valid even for S ~ 1. Below this value higher modes with more complex
deflections arise, which are not covered by the present theory. The grow rate 0 = —3J(y) is not plotted because it is too
small for this range of S and these values of R, so that they cannot be distinguished in figures (4c) and (4e) in Alben (2008)
to compare with.

5.2. Effect of decreasing rigidity on the unstable rigid modes described in Section 4

The effect of flexibility on the rigid-foil unstable modes described in the preceding section for a foil with uniform mass
ratio [Figs. 4 and 5] turns out to be practically negligible when the stiffness S is larger than about 10. This can be neatly
observed in Fig. 7, where the frequency and the growth rate are plotted in the b, — S plane for the case with k; = 0.5
considered in Fig. 4(a). Remember that this was roughly the case with the largest instability region in the parameter space.
As S decreases further below 10, the critical value of the damper constant by, for flutter instability diminishes rapidly, and
consequently the flutter velocity increases according to (27). The frequency remains very close to k., in all the unstable
region.

The results plotted in Fig. 7 are for a = —1/2, which roughly corresponds to the pivot point location with the largest
growth rate for the rigid foil with constant mass ratio. Similar behaviour is found for other values of a close to the quarter-
chord point, for which the rigid foil is unstable below a critical value of by, as discussed in Section 4.2. However, as S
decreases some new flutter instability modes may arise for certain ranges of the pivot point location. To appreciate this
effect, Fig. 8(a) shows contours of the growth rate (—o’) in the pivot point — stiffness plane for one of the most unstable
cases described in Section 4 for a rigid foil with constant mass ratio R = 2: k, = 0.75, b, = 0.5 and k, = 0.5. As discussed
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Fig. 7. Contours of frequency k (a) and growth rate —o (b) in the b, —S plane for a constant mass ratio foil with b, =0, m =8, k, = 0.5, k, = 0.5,
a = —1/2. The red thick line in (a) is k.. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 8. Contours in the pivot — stiffness plane of the growth rate —o (a), frequency k (b), relative pitching amplitude |Ao/Hp| (c) and relative flexural
deflection amplitude |Dg/Ho| (d) for a uniform foil with m =8 (R =2), b, =0, k; = 0.75, b, = 0.5 and k, = 0.5.

in Section 4.2, for sufficiently large stiffness S the flutter stability occurs for pivots around the quarter-chord, in a band
between slightly downstream of the leading edge and slightly upstream of the mid-chord. Particularly, —0.9 < a < —0.1
for the case plotted in Fig. 7. As S decreases, the extent of this band decreases slowly because its downstream limit moves
towards the leading edge. For each value of a the corresponding frequency remains practically constant [see Fig. 8(b)] and
approximately equal to the pitching resonant value, which for a foil with uniform mass is k., = {2k, /[m(a® + 1/3)]}1/2.
As shown in Fig. 8(c) and (d), this “rigid” unstable mode is basically associated to the coupled pitch-plunge motion of
the foil, with practically no passive flexural deflection: the largest values of the growth rate are roughly associated to the
largest values of the relative pitch amplitude |Ag/Hp|, with negligible flexural deflection amplitude |Dg/Hp|.

As S approaches unity, different instability modes arise which are different from the “rigid” mode just described
because they are mainly associated to the flexural deflection amplitude |Dy|. These “soft” unstable modes continue as S
decreases below unity, becoming the most unstable ones. They are similar to the different “flag” modes obtained by Alben
(2008) for a clamped foil at the leading edge when S < 1. But, as just discussed in Section 5.1, they are beyond the validity
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Fig. 10. Contours in the pivot — stiffness plane of the frequency k (a) and growth rate —o (b) for b, =0, m =8, I, = 32, k, = 6.32, b, = 0.5,
ky =2.5 and xo =a+ 0.4.

range of the present approximation. A similar behaviour is found for other values of the mass ratio R provided that it is
large enough for the existence of rigid-foil unstable modes (R > 1).

As a final example we consider the effect of finite stiffness on the onset of instability for the case plotted in Fig. 2,
which is one of the foil configurations considered numerically by Boudreau et al. (2020). In particular, Fig. 9 shows the
results for the value k; = 2.5 in Fig. 2 as the stiffness S decreases. Remember that this case is for a foil pivoting at the
quarter-chord (a = —1/2). Contrary to the foil with uniform mass ratio plotted in Fig. 7, now the instability region first
increases slowly as S decreases from infinity, and then decreases rapidly until it disappears for S below approximately six.
The most unstable case (i.e., with the largest critical value of by, or the lowest flutter velocity) is found now for S ~ 40,
well within the validity range of the present model. The corresponding frequency decreases slightly with S, but always
close to the resonant frequency K.

As S decreases for other pivot axis locations, the instability pattern may be quite different. This can be observed in
Fig. 10, where the growth rate and the frequency is plotted in the a — S plane for same spring stiffness k, = 2.5 and
b, = 0.5, well within the unstable regions plotted in Figs. 2 and 9. It must be noted that now one has to modify the
centre of mass xo as the pivot point location a is varied, because in this configuration considered by Boudreau et al.
(2020) the static moment S* = m(xo — a)/8 (see Table 1) is constant and equal to 0.4. Thus, xo = 0.4 + a, and we plot
the interval —1 < a < 0.6. It is observed that, as S decreases, the foil becomes more unstable when the pivot point
displaces towards the leading edge, with maximum growth rate for a &~ —0.85, when S &~ 15. The rigid-foil instability of
the quarter-chord point disappears as S approaches unity, as already observed in Fig. 9.

6. Concluding remarks

A simple analytical tool for determining the onset of flutter instability of an elastically supported flexible, two-
dimensional foil in an incompressible and inviscid flow has been developed. The formulation may be used to derive a
first estimation of the operating and near optimal conditions of fully-passive flapping-foil turbines, covering without
much effort the complete set of nondimensional parameters that may affect to the performance of these energy
harvesting devices: mass, centre of mass, characteristics of the translational and torsional springs and dampers, pivot axis
location, stiffness, moment of inertia and all the other dimensionless parameters characterizing the coupling between the
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chordwise flexural deflection with the pitch and plunge motions, which are determined from the chordwise mass ratio
distribution of the foil. The analysis also provides the corresponding leading frequency of the oscillations originated from
the flutter instability, valid for stiffness ratios larger than about unity. Thus, given the velocity of the fluid current and other
structural requirements of the elastically supported foil one may select appropriate values of the remaining parameters to
start searching for the optimal configuration for energy harvesting. This last task that has to be done either numerically or
experimentally, because the subsequent non-linear evolution of the system after the onset of instability, and therefore the
power output and the efficiency, cannot be obtained from the present formulation for a fully-passive system. Other non-
linear phenomena such as stall flutter, hysteresis, three-dimensional effects, subcritical transitions, decoupling between
the different components of the oscillations, etc., which may also affect the energy harvesting performance, are obviously
not considered here either. But the coupling of the foil’s flexural deflection with the pitch and plunge motions of a foil
elastically mounted to translational and torsional springs and dampers at arbitrary pivot axis locations has not been
considered before, to our knowledge, in previous studies on the onset of flutter instability.
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Appendix A. Coefficients in Eqs. (5)-(7)

A.1. For constant mass ratio R

When the nondimensional mass ratio R is constant, the coefficients (10)-(15) are:

m=4R, m(xo —a)= —4aR, X =0, (A.1)
1 2

I, = 4R 3+¢). (A.2)

Jo=2R|d? %a 1+L (A.3)

e 37 3 15(1—ap? |’ ‘

Ig=—4Ra(1+4d*) , (A-4)

—12 — 93a + 60a® — 110a® + 120a* — 45a°

Ja= 2R 45(1 — a)?

. (A5)

141 + 168a + 1281a% — 1120a® + 1015a* — 84005 + 3150°
K, = 2r 221+ 108a+ 1251a @+ 10a @ +3ba (A6)
315(1 — ay?
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A.2. For given m, xo and I,

One can select the foil's density distribution ps(x), and hence R(x), to obtain particular values of the coefficients. It is
physically relevant, for instance, to fix m, xo and I, independently for a given pivot a. This can be achieved in a simple
way by selecting a uniform distribution with two localized masses; i.e.,

R(x) = Ro + B8(x — b) + D8(x — d), (A7)

where § is Dirac’s delta function and Rg, B, D, b and d are unknown constants, with —1 < b, d < 1. From the definitions
(10)-(11), one gets a system of three linear equations for Ry, B and D,

1
m=4Ry + 2B+ 2D, xo=2bB+2dD, I, =4R, ((12 + §> +2(b—a)’B+2(d — a)’D, (A8)
which can be solved for given m, xq, I, and a, and selecting b and d that yield positive values of m, xo and I,. Then,
the remaining coefficients J,, I, J; and Ky are easily obtained from their definitions because the integrals involving delta
functions are straightforward, and the remaining terms containing Ry are given by (A.3)-(A.6) replacing R by Rg.

Appendix B. Lift, moment and flexural coefficients

The coefficients corresponding to the quartic foil’s deflection (2) are derived in Fernandez-Feria and Alaminos-Quesada

(2021a,b) for a harmonic motion with reduced frequency k, i.e, when y = k. Thus, k is replaced in the following
expressions by the complex quantity y = k + io:
Cu(t) = 7 [~h — ad + & + Ap(a)d + An(a)d] + C(y)To(t), (B.1)
[ . , 1\. (1 . - ) 1/1
Cu(t) = 7 ah+|a° + g)étlg—afa + Amz(a)d + Ami(a)d + Amo(a)d | — slzta Cly)o(t), (B.2)

Gt)=n [— (az i %) i a (az ; %) & + ala — 1) + Any(a)i + A (a)d + Afo(aw}

1
n (5 fay aZ) O, (63)
where
. 1 .

Iy(t) = —2x [h + (a — 5) @ — o+ Agi(a)d +Ag0(a)d] (B.4)

is the quasi-steady circulation, being

HP(y) .

V)= e = Fy) +id(y) (B5)

iHP(y) + HP(y)

Theodorsen’s function (Theodorsen, 1935), and H,(lz)(z) = Ju(z) — iYy(z), n = 0, 1, Hankel's function of the second kind
and order n, related to the Bessel functions of the first and second kind J,(z) and Y;(z) (Olver et al., 2010), and where the
following functions of the pivot point location a have been defined:

13 + 48a? — 64a® + 24a* 34 12a — 12a? + 4a®
Ap = — > . An= > ; (B.6)
48(1 — a) 6(1 —a)
2 4+ 25a — 12a® + 52a° — 64a* + 24a° —9 + 12a — 72a?* + 56a® — 16a*
AmZ = > ) Aml = 2 ) (B-7)
48(1 —a) 24(1—a)
3 35 4+ 32a + 392a% — 320a® + 496a* — 512a° + 1924°
Amp=—7—+, Ap=-— > , (B.8)
4(1—a) 384(1—a)
1+ 8a — 18a® + 48a® — 32a* + 8a® 7 + 18a
A = > . A= o (B.9)
12(1 —a) 12(1 — a)
15 — 48a + 96a® — 80a® + 24a* 3 — 24a + 24a* — 8a®
Agl = > , g0 = > . (B.]O)
48(1 —a) 12(1 —a)
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Appendix C. Coefficients in Eq. (18)

These coefficients are

Ay = —my? + ky + byiy + A%, (C1)
A = —my?(a—xo) + Al ., (C2)
_ 2, aF 2 F
Az =—Joy? + AL, An =my*(a—xo)+ 45, (€3)
Ay = loy? — 2k, — 2byiy + AL, , (C4)
Ay = —Jay® + A%, Asi =Ly  + AL, Ap =1ly® +AS,, (C5)
1
6 @+
Asz = —Kd)/2 4+ — 3 S +Al3:3 s (C6)
3 (1—a)?

where the superscript F refers to the contributions to these coefficients from the fluid-structure interaction (i.e., from C,
Cum and Cr). Using the expressions of C;, Cyy and Cr in Appendix B, these contributions can be written as

Ay =myl—y +2ic(y)]. (€7)
AL = {ay2+iy+2(,’(y)[1—iy <a— %)]} (C.8)
Afy = 7 [Apy? — Aniy + 2C(y Agiiy + Ago)] , (C9)
Asy =m[ay® —cly)Qa+ 1iy], (C.10)
AL, =7 {— <a2 + é) v’ + (% - a) iy +C(y)2a+1) |:iy (a — %) - 1“ : (C.11)
ALy = =7 [~Am2y? + Amiiy + Amo + C(¥)(2a + 1) (Agiiy + Ago)] (C.12)
AL =m [— (02 + %) y2 +cly)2a® + 2a + 1):4 , (C.13)
AL =7 {<a2 + %) ay? + a(a — iy +c(y)(2a* +2a + 1) [1 — iy (a - ;)“ , (C.14)
ALy = [Any? — Antiy — Ao + C(¥ )20 + 2a + 1) (Agriy + Ag) ] - (C.15)
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