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Hydroelastic modelling of flapping foils

operating as flow and wave energy devices

Dimitra E. Anevlavi, Evangelos S. Filippas, Angeliki E. Karperaki and Kostas A. Belibassakis

Abstract— The performance of oscillating hydrofoils in
the presence of waves and currents is studied for the
exploitation of combined renewable marine energy sources
in nearshore and coastal regions. In the present work, a
hydro-elastic model is proposed for the investigation of the
effects of chord-wise flexibility on the performance of
flapping foils, whose structural response is actuated by an
unsteady pressure field generated by the prescribed
harmonic motion of the hydro-mechanical system. A fluid-
structure interaction solver has been developed to simulate
the time-dependent structural response of the oscillating
hydrofoil. The solver couples a low-order boundary element
method (BEM) for the unsteady hydrodynamics with an
finite element method (FEM) for the cylindrical bending of
thin elastic plates, based on the classical Kirchhoff-Love
theory. The proposed scheme is validated with
experimental data and numerical results concerning the
performance of the system over a range of design
parameters, including Strouhal number, heaving and
pitching amplitudes, are presented. The results show that
incorporating flexural rigidity profile variations and
allowing chord-wise deformations to occur, enhances the
performance of these systems. Finally, the present model
after enhancement could serve as a useful tool in the design,
assessment and control of biomimetic
renewable energy extraction.

systems for

Keywords—Fluid-structure interaction, flapping foils,
flexibility effects, Boundary Element Methods, Finite
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L INTRODUCTION

T HE mutual existence of waves with strong following,

oblique or opposing currents at various nearshore
locations, which are otherwise characterized by quite low
wave potential, offers motivation for the development of
hybrid technological devices based on oscillating flapping
foils, see, e.g., the review by Xiao & Zhu [1] and the recent
work of Belibassakis & Filippas [2], Belibassakis et al. [3],
for the extraction and exploitation of this kind of marine
renewable resources. Considerable efforts towards the
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development of biomimetic devices with superior
performance have also been made with flexible flapping
foils, operating as the main propulsion devices. Such
devices show advantages over conventional propellers
and have been the subject of several studies over the years,
see, e.g., Triantafyllou et al. [4], Shyy et al. [5] and the work
of Politis & Tsarsitalides [6]. Prempraneerach &
Triantafyllou [7] performed experiments with chord-wise
flexible flapping foils in towing tanks, demonstrating their
superiority over rigid foils with propulsive efficiencies as
high as 87%. Barranyk et al. [8] studied the effects of chord-
wise flexibility of flat plates experimentally, reporting that
the more flexible plates showed enhanced propulsion
characteristics. Paraz et al. in [9], [10] worked towards the
theoretical and experimental investigation of the structural
response of flexible flat plates under heaving motions,
with experiments revealing that the thrust displayed peaks
in motion frequency values coinciding with the resonance
frequencies of the system comprised of the foil and the
surrounding fluid. These experimental results were also
used for validating the fully-coupled model for the fluid-
structure interaction of chord-wise flexible plates
presented in the work of Priovolos et al [11].

Motivated by this aspect of performance enhancement
Jeanmonod & Olivier [12] recently performed systematic
studies with chord-wise flexible flapping foil energy
extraction devices in an effort to tackle this complex fluid-
structure interaction problem, revealing that flexible plates
can extract up to more than twice the power of the
corresponding rigid ones. However, the investigation of
this performance enhancement due to the chord-wise
flexibility of oscillating foils remains incomplete. Flapping
foils have also been studied as wave extraction devices in
augmenting the overall ship propulsion by directly
converting kinetic energy from ship motions to thrust, see,
e.g., De Silva & Yamaguchi [13], Belibassakis & Politis [14],
Filippas & Belibassakis [15], Beckmann & Steen [16].

The present work is focused on the investigation of
chord-wise flexible oscillating hydrofoils, examined as
biomimetic systems for the extraction of marine renewable
energy. The system performs prescribed oscillatory
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motions and is free to deform under inertial and reactive
forces caused by its motion and hydrodynamic pressure.
The hydro-elastic analysis is based on a time domain
Boundary Element Method (BEM) for the unsteady lifting
flow problem and a high-order Finite Element Method
(FEM) for the prediction of the deformed body geometry
using the Kirchhoff-Love thin plate theory for cylindrical
bending under plane strain conditions. The foil is
considered clamped at its leading edge, while its trailing
edge acts as a free end. The structural and hydrodynamic
aspects of the problem are coupled in an implicit manner,
encapsulating forms of non-linearity. Particularly the fluid
forcing to the structure that is dependent on the shape of
the body boundary, acts as external forcing to the
structural equations of motion. To treat the implicit non-
linearity we have developed a coupled BEM-FEM
numerical scheme.

In this work we focus on the investigation of elasticity
effects on the performance of an unsteady flapping-foil
thruster. Numerical results are shown and compared
against other models and experimental data, validating the
present method and illustrating that chord-wise flexibility
and flexural rigidity profile variations can significantly
improve the propulsive efficiency of the biomimetic
thruster. The present method could also serve as a useful
tool for the preliminary design and optimum control of
flexible biomimetic systems for tidal and wave energy
extraction.

II. FORMULATION OF THE HYDRODYNAMIC PROBLEM

In the present work we consider a symmetric foil of
infinite span as fully submerged into the surrounding
fluid. The 2-D fluid motion is modelled with the
assumption of potential flow.

The flow region is an open domain D c R® with time-
dependent boundaries assumed to be smooth everywhere
except the trailing edge, OD(t) =D, (t) WD, (t). The first
component 0D, (t) refers to the foil's deformable exterior
surface and the latter 0D, (t) to the evolution of trailing

vortex sheet, with respect to an earth-fixed reference
frame, see Figure 1.

A curvilinear body-fixed coordinate system located on
0D; (t) and fixed at the foil’s centre of rotation along chord

length with no inclination is also used to describe the
geometry of the foil, in a non-inertial reference frame.

In this formulation the foil is actuated at the centre of
rotation and is subjected to a combination of harmonic
heaving and pitching motions.

The governing equation for the potential field, i.e.
Laplace equation,

Vio(x,y;t)=0, (x,y)eD ey

supplemented by the no-entry boundary condition is,

avq;(nx,y;t) =(V,-U,)n,, (xy)edD, )

where ng denotes the unit normal vector on the body, U

the free stream velocity and V; the instantaneous velocity
of the body (due to the oscillatory motions and
deformations).

We treat the above as an initial value problem and the
disturbance potential ® and velocity V@ vanish at large
distance from the body. On the trailing vortex sheet the
following kinematic and dynamic conditions hold,

oDy, (x,y;t) 0Dy, (X, Y;t)
on on

. (xy)edby ®)

Py (YD) =Py (L yit), () €D, (4)

with superscripts {+ —} denoting the upper and lower side
of the wake respectively, stating that the pressure p, and

normal velocity 0,®,, are continuous through the wake
oD, . Using (3) and (4) in conjunction with Bernoulli’s

theorem we obtain

W:o, (x.y) €D, ©)

where y, =®;, —®,, denotes the potential jump on the
wake and D/Dt=0/0t+V, -V the material derivative
based on the mean total velocity V, = O.5(V<I>; +Vo; ) on

the trailing vortex sheet.
Under this approach, dD,, evolves in time as a material

curve, whose motion is part of the solution. However, in
the present study the simplified wake model is used, based
on the assumption that the generated vortex curve
emanates parallel to the bisector of the trailing edge.
Similar wake models have also been described and used in
by La Mantia and Dabnichki [17], [18], [19]. This
linearization provides satisfactory predictions in cases of
low to moderate unsteadiness. Modelling the free wake
dynamics as well as its effects on the overall
hydrodynamic performance of the deformable foil is left as
a subject for future work.

The study of lifting flows around hydrofoils with
potential theory requires another condition to be enforced
on the trailing edge. In the present work we implement a
non-linear, pressure-type Kutta condition that requires the
pressure difference at the trailing edge (TE) to be zero,

(o -
((3t)+;(vq>; ~Vo;)(Vo; +va;)=0  ©)
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Fig. 1. Biomimetic energy harvesting device based on prescribed kinematics.

Applying the representation theorem, see e.g. Kress [20],
to (1)-(4), for every point X, € 9D the following boundary

integral equation (BIE) is obtained.
SPoi)+ [ Bo(x09,606 008500 =

9Dg (t)

@)
= f Vg - ng G(X, | X)ds(x) — D, (X1)9,G(X, | x)ds(x)
BB
aDg(t) b x;t Dy (t)

1

G (%, %) ===Inr(x,|X) ®
2z

Oy =By — By =y ©)

where G(X,|X) the fundamental solution of the Laplace
equation, 0,G(X,|X) the directional derivative and f, the

potential jump or dipole intensity on the wake, ie. a
quantity that changes over time and thus representing the
history of circulation and r(x, | X) ={(X, —X), (Y, — ¥)}-

A.  Performance parameters

Energy harvesting systems with forced pitching ¢(t)
and heaving motions h(t) as shown in Figure 1, are
characterized by the cycle-averaged power coefficient, see
e.g. [1],

P
C =— 10
®1/2pU%cs (10)

where p is the fluid density, c¢ the chord length of the

foil, s is the span length, and P is the cycle-averaged
power given as

f [LOR®) +M ©))]dt (11)

t

p-l
=

where M (t) is the instantaneous pitching moment and

L(t) the instantaneous lift. The efficiency of energy

harvesting device is defined as the ratio of the cycle-
averaged power to the incoming flow energy flux,

P

n=————
12007V s

(12)

where Y, is the difference between the highest and lowest

points reached by the foil. Moreover, the difference
coefficient along the chord length is defined as,

AC, = (13)
2
Pl
The non-dimensional pressure coefficient along the body
boundary is calculated using Bernoulli’s theorem in
conjunction with equation (13).
The forces and moments are given below in the form of
non-dimensional coefficients for the instantaneous lift,

thrust and moment respectively, where r(S|S*;t) denotes

the reference vector for moment calculation.

CL:ﬂzl J’ (AC, -n)- yds

%Puic ¢, =
__TO 1 )%
C, _lpuic_ Ca'lg(ACp n)- Xds (15)
2
_ M@y 1 .
C, = == [ (ac, -n)-r(s|s";t)ds (16)

1 2.2
= I Dg
ZWw

B. Discretization scheme for BEM

Following a low-order discretization scheme the boundary
0D is decomposed into piecewise linear segments, i.e. the
boundary elements. We assume piecewise constant
intensity distributions of the fundamental solution
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(sources) and its derivative (dipoles) on the boundary. The
discretized BIE in equation (7) is as follows,

A-®,=S-b+W-p, +W, 14, 7

where A:{%+Bij}, S={A}, ie{l,.Ng}, je{L..N}

W={-B,}, W, ={-B,}, ie{l...N}, ke{2..N,(1)}. Tn
the above equations, 5 is the delta,
D, ={®, }, b={oD,,/on}, n, ={u,} In the sequel, we

will denote with bold, quantities containing the values of
piecewise constant hydrodynamic functions on the panels,
at various parts of the boundary. Also for the induced
factors it holds,

Kronecker

A= [ G.0qIx)ds, By= [ 0,G,(x[x)dS (g

panel j panel j

In the case of straight-line panels, the integrals in (18) have
analytic solutions, see e.g. Moran [21] as well as Katz &

Plotkin [22]. Multiplying (18) with A we obtain

D, =D-b+P-n, +Zy,, (19a)

D=A"S (19b)

where P(u,)=A"(W-p, ), Z=A"W, and D denotes the

Dirichlet-to-Neumann (DtN) operator, that sets a mapping
between the boundary values of the potential and their
normal derivatives. For more details refer to [23].

In the present work we consider u,, as the dynamic

variable of the problem and thus approaching the solution
of an Initial Value Problem (IVP). In order to express the
pressure-type Kutta condition as a function of p,, we
substitute equation (19) into (6) and then use the Leibniz
rule. In this way we obtain the following non-linear first
order differential equation as follows,

d—U=f(U), u(,)=U,, (20)
dt
(7]
fU)=[——5 1V
(21)
-1d(D b+ P) s (U)+Z(V)
+[— 1+1 1
V4 dt V4
where U=, f(U) denotes a vector function,

(1)~ (14, ) are linear and non-linear terms from

the discretized version of the pressure-type Kutta

[

condition, D :[[{D}ij}]:NE is a vector and P = P '

Z = Z ::NB are scalars. Notice that ¥ symbolizes the

1

difference of a function ¥ at the trailing edge.

C. Time integration

For the numerical solution of the IVP in equations (20)
and (21) we implement a higher-order Adams-Bashford-
Moulton (A.B.M.) scheme, that provides accuracy, stability
and efficiency. The following scheme requires the
calculation of only two derivative equations at each time
step, and has error of order (At®), where At is the time

step. More details about the use of this numerical scheme
can be found in [23].

I1I. HYDROELASTIC COUPLING

The foil, as a structural member, is assumed to be a
perfectly elastic, homogeneous and isotropic thin elastic
plate. The dynamic structural response of the plate is
modelled using the classical plate theory (CPT) based on
the Kirchhoff-Love hypothesis, see [24] for more details.
For the case of cylindrical bending under plane strain
assumptions the 2D elasticity problem reduces to an 1D
problem.

We consider a body-fixed coordinate system positioned
at the leading edge of the foil, such that the x-plane
coincides with the geometric mid-plane of the plate and z-
axis is pointing upwards. The domain in this formulation
is Q<R and the plate’s fabrication is assumed to be
symmetric about the mid-surface.

The governing equation of the initial boundary value
problem (IBVP) with respect to the transverse
displacement on the mid-plane w, in (0,L)x(0,T) is

m(x’%wztomw(x;m=q(x;t) (223)
1
q(x;t) = EPU“’AC" (22b)
B Eh(X)3
DX)= 121-v?) @3

where AC, denotes the non-dimensional chord-wise
pressure difference supplemented by the unsteady
hydrodynamic problem described in (13), v denotes
Poisson’s ratio, p is the material density, m(x) the mass
distribution and D(x) the flexural rigidity.

The foil is assumed to be clamped at the pivot point with
the leading and trailing edges remaining free from
loading. To account for these boundary conditions we
consider two thin cantilever plates that share the pivot
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point at X=a. This point in the structure is assumed to be
clamped with zero deflection and slope.

w, (X;t)

=0, (X;1)

a=0 (24a)

X=a

Additionally, at the free moving edges, conditions of
vanishing moment and shear force are applied, thus
assuming the required regularity D(x) it holds that

D)W, (xt)| =, [D()aw,(x:t)]] =0

(24b)
D(x)aiw, (x;t)| | =8,[D(x)5w, ()] =0
supplemented by the following initial conditions
suggesting quiescence for the structure,
w, (1), =2, (x;t)],_, =0 (25)

The equivalent weak formulation of the IBVP can be
derived by multiplying (22a) and (25) by the test functions
v(x;t) e H*(Q) and performing integration by parts using
the appropriate boundary conditions (24), see [25] for more
details. The variational problem is to find w, so that

Vv eH(Q),
IOL—D(X)axxwoaxxudx + jOL m(X)[0,w, Jodx = joLq(x;t)udx (26)

and (w, (x,0),0)

oW, (x,0),0)

2o =( , =0 with the L*(Q)
2(Q) L°(Q)

inner product notation.
D . Discretization scheme for FEM

Out of the standard techniques for partial differential
equation solution approximation, we have chosen a finite
element approach with 5" order Hermite polynomials
Hence, approximate solutions are taken as,

w' = iV\/ih (OH (%) @)

where W'(t) denotes the time-dependent nodal unknowns
and H,(x) the interpolating Hermite shape functions.

A second order system of ODEs is derived when the
approximate solutions (27) are substituted into a
discretized equation (26) and the resulting formula is
tested only with the shape functions. Using Gaussian
quadrature for the numerical integration of quantities
appearing in the system of equations we have,

M, U+K_ U=F (28)

glob glob

where M, e RY™ | K . eR" ™ stand for the global

, € R" is the

glol glol

mass and stiffness matrices respectively, F,,

global load vector, U e R is the vector containing the

nodal unknowns for the partitioned domain Q" and N,
refers to the total degrees of freedom (DOFS). Details
concerning the numerical implementation of the FEM
scheme can be found in Hughes [26]. The addition of the
proportional damping terms yields an extended global
equation

M, U+CU+K_ U=F (29)

glob glob

C=aMy,, + Ky, for a,a, e R (30)

glob ”

where ¢,a, denote the proportional (or Rayleigh)

damping coefficients. these
coefficients are approximated using the procedure

described in [27].

In the present work,

E . Discretization scheme for FEM

The fluid-structure interaction problem contains an
implicit non-linearity that is inherent to the passive
deformation problem. The forcing term on the RHS of
(22a) is dependent on the mid-plane deformation w,(x;t),

which coincides with the foil’s camber line, and vice versa.
Thus the pressure forcing term (22b) should be formally
written as q(X,t;w,). In the present work, we introduce the

following coupling mechanisms between the BEM and the
FEM solvers through adjustments in the no-entry
boundary condition.

The no-entry boundary condition must include the
normal to the un-deformed camber line deformation
velocity. This velocity term that is added to the velocities
on the boundary of the rigid foil equals tod,w, -n The

unit normal vector n, =[-siné(t), cosd(t)]" depends

rigid *
only on the pitching motion. For a similar approach see the
recent work by Priovolos et al. [11]. We proceed with
implementing order reduction in (30) and deriving the

following system of non-linear first order differential
equations,

AQ=BQ+F, Q=[U U] (31)

0OM K C F
whereA:{I Smb}, B=—{ S'Ub I} F:{ “E';b } and the

identity matrix denoted as | For numerical time
integration of (31) we use the Crank-Nicolson time
integration scheme,

Qt,..) =[A-BU/I* ([A+BUIQ,) +F(t,..)dt) (32)

concluding to the following form of equation (32),
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(33a)
~2AUF(,) + F)1=0
The above equation can be put in the following form,
G(Q)=0 (33b)

For the solution of (33b) we use the Newton-Raphson
method. After we have determined an initial guess Qg we

recursively approximate the unknown vector with the
formula below:

=Qr-37(QY)-6(QF),  g=12.. (39)

where J is the Jacobian of the function G. The calculation
of the Jacobian matrix requires knowledge of the partial
derivatives of the scalar components G, (Q), i=1..,N; of
the function G(Q). For the numerical approximation of

the partial derivatives we implement a central differences
scheme,

%NGi(QJ+hi)_Gi(QJ_hJ)
Q, 2h.

]

(3%)

where h; is sufficiently small and in practice it is selected

as a small percentage of |QJ-|. Therefore, by defining a
perturbation vector h; = [hf, hy ..., hj\ ]T we have

G(Q; +hi)-G(Qi -hi)

o (36)

I(Q)=

IV. NUMERICAL RESULTS

Regarding the BEM presented in Section II for the
hydrodynamic analysis of rigid flapping foils, extensive
validation against experimental data as well as numerical
calculations concerning the solver’s performance over a
range of motion parameters, can be found in the work of
Filippas & Belibassakis [23]. For the validation of the FEM
solver, we performed various comparisons between
analytic solutions found in literature and the proposed
scheme.

Free vibration analysis of linearly double-tapered
cantilever beams with the same taper ratio a, i.e. in terms
of horizontal and vertical dimensions, in both axis is
presented in the work of Mabie & Rogers [28]. The relative
error found for the first five fundamental frequencies,
calculated by the present FEM for a mesh of N, =15, is

elem

compared against the results in [28] as shown in Table I.
The results were in good agreement and they can be
further enhanced with refined discretization.

The static behaviour of non-prismatic cantilever beams
of length L=10m and maximum thickness H =0.25m
under tip load forcing F =-100kN is studied by Beltempo
et al. [29]. In Figure 2 we compare the transversal-
displacement distributions taken from the literature with
the obtained numerical results, confirming once again that
they are in good agreement.

TABLE I
MODAL ANALYSIS FOR DOUBLE TAPERED CANTILEVER BEAMS

Relati ith
Mabie et al. [24] elative error wit

FEM (% x10%)
Taper ratio a=>5.0 a=100 a=50 a=10.0
(@} 30.9820 72.0487  0.1451 0.0231
(0] 91.9273 186.802  0.0410 0.2007
(@] 199.1682  371.238  0.0197 0.1413
(o) 356.2088  635.049  0.0198 0.1609
Qs 564.1394  981.657  0.0835 0.5628
) 210° Case 1: linear non-prismatic beam

——— Present Method
O Ref.[24]

displacement (m)

8 I I I I I I I I I )
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x/L

4103 Case 2: curvilinear non-prismatic beam

Present Method
O Ref.[24]

displacement (m)
EN
T

&
T

&

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x/IL

Fig. 2. Static response for non-prismatic beams and comparison with
[29]. The transverse displacement is presented as a function of the
non-dimensional beam length.

tip load F (N)

displacement (m)

0.2 L L L

L L L L I L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time

Fig. 3. Dynamic response of the tip of a cantilever beam under
P#int load for one period of motion. Comparison against the data
published in Warburton [30].
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Finally, the FEM solver was validated against a dynamic
test case of a cantilever beam of a constant thickness
profile, under transverse dynamic tip loading. The beam’s
response in terms of tip transverse displacement profile is
compared in Figure 3 against the analytic solution found
in Warburton [30].

F. Comparison of results with experiments in the case of a
heaving flexible flapping foil

The most crucial aspect however, is to illustrate the
ability of the proposed coupled BEM-FEM to capture the
main hydro-elastic effects in the case of chord-wise flexible
flapping foils. More specifically we present numerical
results simulating an experimental case studied in the
work of Paraz et al. [9], for which also analytical
predictions were made in [10].

In these series of experiments, the structural response of
flexible plates immersed in a uniform flow is studied. The
plates are subjected to harmonic heaving motions actuated
at their leading edge. As the forcing frequency is gradually
increased, resonance peaks are evident in the plates
response. We also performed simulations to predict the
structural response of the TE when the heaving amplitude
is ho=0.004m, D=0018Nm and U_=0.05m/s. It is

important to note that the proportional damping terms
used in the simulations were calculated based on the
natural frequencies for flat plates immersed in fluid as
described in [10]. The mesh used consisted of N, =120

panel elements for the BEM solver, N, =30 Hermite

elements for the FEM solver and dt/T =0.005 for the time
discretization, with T referring to the period of the
enforced motion.

The numerical results concerning the trailing
edge/leading edge response ratios as a function of the
normalized forcing frequency are compared against the
experimental data in Figure 4. Satisfactory agreement is
found between the proposed method and the experimental
data, regarding the appearance of the peak and the overall
shape of the curve. The small differences, could be
attributed to the non-linear damping effects that are not
modelled in this work.

Moreover, in the work of Paraz et al. [10] it is
highlighted that the structural response of the heaving
chord-wise flexible flat plate can be predicted using a
linearize d Euler-Bernoulli beam equation that includes
non-linear damping terms with emphasis on the
transverse drag terms. However, the proposed coupled
BEM-FEM numerical scheme is able to predict reasonably
well the structural response of the TE using only
proportional damping terms.

The deflection envelopes presented Figure 5 are in good
agreement with the theoretical results presented in [10].
These deflection envelopes are slightly different from the
ones observed experimentally in the work of Paraz et al.

[9].

26 o,
+ +  Parazetal [9]
+ O BEM-FEM
24| o
"
N
22
+ o 4
Nl
n
u +
< +
SRE
< +
+
16 [ o +
o]
R +
AR N
14
+
12
. . ! s . . . |

0 0.5 1 1.5 2 25 3 3.5
forcing frequency ratio f/fo

Fig. 4. Trailing edge to leading edge motion amplitude ratio as a
function of the normalized forcing frequency for the flexible plate and
comparison with experimental data from Paraz et al. [9].

forcing fi fifo=1

Non-dimensional displacement

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Non-dimensional chord length x/c

forcing fifo=3

Non-dimensional displacement

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Non-dimensional chord length x/c

Fig. 5. Deflection envelopes during the last period of motion, with f
denoting the frequency of the enforced heaving motion, fo the first

resonance of the system, see. also [9], and C as chord length.

As it has been suggested, fluid-structure interaction
models that account for large deformations produce better
approximations regarding the structural response of such
systems. Motivated by this, extension of the current FEM
for large deformation modelling is proposed for future
work.

G. Comparison between the rigid and chord-wise flexible
flapping device

In this section we present results concerning the fully
coupled dynamics of an oscillating foil energy harvesting
device, that comes with prescribed kinematics, to illustrate
the capabilities of the proposed BEM-FEM numerical
scheme. Unlike the simplified plate models with zero
thickness, the proposed method can simulate more
realistic airfoil shapes, such as the NACA 0012. The
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kinematics of the foil in this section are described by
harmonic heaving and pitching motions,

h(t) = h, cos(2r ft) (38a)

o(t) =, cos(2r Tt + ) (39b)

where h(t),0(t) are the instantaneous amplitudes, f isthe
oscillating frequency; and ¢ is the phase difference, see
Figure 1. The pitch axis is located at 1/3c along chord
length.

Following recent work of Liu et al [31] we performed
simulations concerning an energy harvesting device with
similar to that of
polydimethylsiloxane rubbers (PDMS) with material
density ,»=1200 kg/m®, v=0.35 as Poisson’s ratio and

the structural characteristics

Young’s modulus E=0.036x10" Pa. In Figures 6-8 we
present numerical results for the structural response of the
hydro-mechanical system with non-dimensional heaving
amplitude ho/c=0.75 pitch amplitude g, =15°, free

U, =0.4m/s, Strouhal
St=2h,f /U =0.4 and phase difference ¢=-90°. The

numerical results were obtained with a mesh of N, =120

stream  velocity number

panel elements, N.,, =30 Hermite elements and time

discretization of dt/T =0.005.

Particularly, in Figure 6 we present the time history of
camber line deflections on the body-fixed reference frame
over the last period of motion. The response amplitude of
the trailing edge at x/L=1 is larger compared to that of
the leading edge at x/L =0. In this graph we also confirm
the correct placement of the pivot point at 1/3c along
chord length, as the point with zero deflection.

In Figure 7 we present the corresponding time history of
pressure difference along chord length that serves as the
distributed load for the FEM solver over one period of
motion. At the trailing edge positioned at x/L=1, the
pressure-type Kutta condition is enforced and therefore
pressure difference is zero. Also the highest loading values
are observed near the leading edge.

Another interesting aspect of studying the effects of
chord-wise flexibility and rigidity profile variations in the
analysis of the instantaneous lift, thrust and moment
coefficients, is to compare them with the rigid case. Results
concerning the performance of rigid hydrofoils can be
obtained using only the BEM solver, presented in Section
I. In Figure 8, we present such results and we observe
reduction of the instantaneous thrust and lift coefficients
due to flexibility, whereas the moment coefficient is
enhanced. Furthermore, in order to study the effects of
chord-wise flexibility and flexural rigidity profile variation
on the performance of energy harvesting devices we also
performed simulations over a range of design parameters,
including Strouhal number and the amplitude of the
pitching motion.

%10 L —

displacement (m)

Fig. 6. Camber line deformation time history for the chord-wise
flexible foil in flapping motion with ho/c=0.75, 6, =15°,

U_ =0.4 m/s, St =0.4over one period of motion.

pressure difference DCp (N/m2)

Fig. 7. Chord-wise pressure difference time history for study case
ho/c=0.75, 9, =15°, U_ =0.4 m/s, St =0.4 over one period of

motion.

1 1.1 1.2 13 14 1.5 16 1.7 1.8 1.9 2
vt

1 1.1 1.2 13 14 1.5 16 1.7 1.8 1.9 2
vT

0.5

cM(t)

05 1 1 1 1 1 1 1 1 1 J
1 1.1 1.2 1.3 1.4 15 16 1.7 1.8 1.9 2
vT

Fig. 8. Instantaneous thrust, lift and moment coefficients (top to
bottom) for the flexible (dotted line) and the rigid hydrofoil (solid
line) over one period of motion.
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In Figures 9-10 we present numerical results concerning
the power coefficient and the efficiency of the energy
harvesting device respectively as a function of the pitching
amplitude for St=0.3,0.35. In these simulations the foil
has chord length ¢=0.1, material density p=1200 kg/m®,
v=0.35
E=0.1x10" Pa. The normalized heaving amplitude is

Poisson’s  ratio and Young's modulus

ho/c=1, the phase difference ¢=-90°, and the free
stream velocity U_=1m/s. The mesh used consisted of
Ngew =80,Nip, =15 elements and a time discretization of

dt/T =0.004. In both figures we observe enhancement of
the performance parameters due to the effects of flexibility.
This enhancement is more evident for large Strouhal
numbers. Moreover, an increase of the pitching amplitude
leads to evident decrease of both the power coefficient and
the efficiency. Finally, in future work the proposed
numerical scheme will be extended to treat the more
realistic case of a semi-activated chord-wise flexible energy
harvesting device with induced heave motions, see
Filippas et al. [3].

A A BEM-FEM
N O rigid

op

power coefficient C

25 30 35 40 45
pitch amplitude 0, (deg)

Fig. 9. Power coefficient for the rigid hydrofoil (solid line) compared
against the chord-wise flexible foil (dashed line).

0.7

A O rigid

0.6

0.5

=3
~
I,

efficiency 7

o
w

0.2

0.1

25 30 35 40 45
pitch amplitude Hc (deg)

Fig. 10. Efficiency for the rigid hydrofoil (solid line) compared against
the chord-wise flexible foil (dashed line).

V. CONCLUSIONS

In this work a model based on potential theory for
unsteady hydrodynamics, in conjunction with Kirchhoff-
Love plate theory, is developed to study the chord-wise
flexibility effects on the performance of biomimetic
systems and energy harvesting devices. Numerical results
are compared against experimental data for the case of
flexible flat plates, in enforced heaving motions, in order
to validate the proposed numerical scheme.

Numerical results for a case of flapping foils, with
prescribed kinematics, are also presented to highlight the
capabilities of the developed BEM-FEM solver. The
present model serves as the first step towards the
development of a numerical scheme suitable for the
prediction of the structural response of a semi-activated
energy harvesting device with chord-wise flexibility.

Future work is the detailed
investigation and systematic examination of the structural
response of the chord-wise flexible foil over a range of
design and operation parameters, including reduced
frequency, heaving and pitching amplitudes and effective
angle of attack, and various flexural rigidity profiles
inspired by nature. Also, special attention will be paid to
further validate and examine the applicability range of the
proposed through comparison with other
numerical methods and experiments found in literature.

planned towards

scheme

Direct extensions include the introduction and modelling
of various nonlinearities associated with the evolution of
the trailing vortex sheet and large deflections in the
structural response. Future research also includes the
treatment of the 3dimensional deformable flapping wing,
including also span-wise flexibility effects.
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