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It is well-known that structural flexibility enhances the performance of flapping foil
propellers. There is, however, much less knowledge about the effect of deformability on
the flow energy extraction capacity of flapping fdis. Following our recent work on an
oscillating foil energy harvesting device with prescribed foil deformations we
investigate the fullycoupled dynamics of a flapping foil energy harvester with a
passively deformable foil. Towards this end, we computetnally study the dynamics of a
foil with realistic internal structure (containing a rigid leading edge and a flexible
trailing edge with a stiffener) in energy harvesting regime through a fluidstructure
interaction scheme. To examine the effect of diffent levels of flexibility, various
materials (ranging from metals such as copper to virtual materials with arbitrary
elasticity and density) for the stiffener have been tested. With the virtual materials, the
ef fects of Y ocoeffigightsand nderdty katios have been studied. Our
simulation results show that flexibility around the trailing edge could enhance the
overall energy extraction performance. For example, with a copper stiffener, an increase
of 32.2% in efficiency can be reached at high redied frequency. The performance
enhancement is achieved most | y coefficientasde s
density ratio. A possible underlying mechanism is that the specific foil deformatianin
these cases encourage the generation and shedding aftices from the foil leading edge,

which is known to be beneficial to flow energy extraction.
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Nomenclature

A =  sweep area (M

AR =  aspectratio

c =  chord length (m)

C.(t) = instantaneous lift coefficient

Cop =  power coefficient

Coit =  pitching centrgdm)

¢t = length of metal stiffener (m)

DR = density ratio

E = Youngds modulus (Pa)
Ec = Young®6s coeffidentl us

fo =  frequency of flapping wing (Hz)

foais = frequency of flapping winginderf*=0.18(Hz)
fa = naturalfrequency ofkelected materigHz)

FR = naturalfrequency ratiavhich defined a&/fo.1s
f* =  reduced frequency

g =  gravitationalacceleratiof{m/s?)

h(t) = instantaneous heaving position (m)

ho = amplitude of heaving motion (m)

L = lift force (N)

M = moment (Nm)

Mz (t) = instantaneoumoment coefficient

p = instantaneous power (W)

Re = Reynolds number

St = Strouhal number of foil oscillating

t = instant time (s)

T =  oscillating period (s)

T = thickness of metal stiffener (m)

Us = freestream velocity (m/s)

Bo = the instantaneousondimensionaltrailing edge bendinglistance normalize by chonglative to

local coordinate
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bo amp=  the amplitude ofnondimensionaltrailing edge bendinglistance normalize by chometlative to

local coordinate

q

do =  amplitude of pitching motion (deg)

energy extraction efficiency

d ( t5 instantaneous pitching angle (deg)

3 =  Poisson ratio

Y = effective stiffness

% = density of fluid (kg/ )

s = density of structure (kg/ #

. =  phase difference between heave and pitch motion (rad)

1. Introduction
Most of existing tidal current renewable energy devices can be classified into three groups, i.e., horizontal

axis turbine, vertical axis turbine and oscillating foil turbine. Theifspired tidal energy harvester, an
oscillating foil turbine imitating the $h fins or insect wings and utilizing their flapping motions to extract
energy from their surrounded fluid, is one of the most novel devices. Compared with the traditional rotating
turbine, oscillating foil turbines present several distinguishing chaistater such as its suitableness in shallow
water, mitigation of centrifugal force/stress and low noise during its opetafimte the initial development of
McKinney and DelLauriér in the past few years oscillating foil turbines have been extensiwelied because

of the growing interests in biomimetics and the improved knowledge about unsteady fluid dynamics involved in
flying and swimming motiorfs The studies about flapping foil energy harvester fall into three categories: fully
activated systemsith prescribed motions, sefatctivated systems with one deg@fefreedom activated and
another one induced by fluid dynamic loads, and fully passive systems in which the motions are completely
generated by flovinduced instability (i.e. flutter phenomenjoas stated in recent review paper by Xiao and

Zhi?. Among these, the fully activated systems are usually used as model systems. By assuming that the foil
undergoes certain prescribed motions (in reality these motions can be generated eitreatiwaynior
passively), these model systems are useful in examining the power extraction capacity of the system and the
underlying physics. Since the research about flapping foil energy harvesters is still at the beginning stage, most
of the existing studies use gscribed foil motiors In fact, in recent studies by Kinsey and Dut#d$ a
mechanical device has been designed which is capable of undergoing prescribed flapping motions and extract

flow energy. In this device the foil motion is driven by a motor,chhis activated over part of the period and
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act as a generator in the rest of the periblisvever, most existing investigations are limited to rigid oscillating
foils.

In nature, many animals deform their bodies or fins either actively or passively ieveadtigher thrust
efficiency or generate larger transient forces rfmaneuveringand stabilizing purposes. Insect wings, such as
butterfly or bee wings, can generate asymmetry forces by theiingvetd benthg motions to achieve high
time-averaged fore€. Combes and Danfel’” presented a thredgimensional investigation on the stiffness
distribution of insect wings in both chordwise and spanwise directions. They observed that the wing stiffness in
the spanwise direction is higher than that in the chima direction. A sharply decreasing flexural stiffness is
observed from wing base to the leading edge, when a large bending moment is applied. Investigatiohs by Zhu
indicated that the chordwise flexibility could enhance the propulsion efficiency ofitite 8hoele and ZKu
numerically studied propulsion by flexible ray fins. Similar to insect wings, ray fins have enhanced stiffness
around their leading edges, making it easier to control the local angle of attack (AOA) to mitigate leading edge
vortices (LEV) formation and shedding. With flexible fin motion, ray fins can significantly reduce the leading
edge AOA to enhance propulsion efficiency. On the other hand, when an insect wing is used for lift generation,
its strengthened leading edge helps stabijzand enhancing the LEV and imprevies forcegeneration
performanc®. In fact, it is generally accepted that LEV enhancement is the key mechanism to obtain higher lift
force for a flapping wing system Reup tgp 1

Associated with the flexibléeatures of flapping wings, the system inertia is also found to play a role on the
force-generation performance. Daniel and Combewestigated the inertia effect of flexible insect wings in air
(also sedref. 13, which is usually ignored by previoussearchers. Their results indicated that inertia played a
primary role in the wing deformation. Zhimvestigated the density ratio effect on flapping foil performance by
taking the inertia and structure dissipation into account. Two different densitmsarofinding media were
studied, i.e. air and water. It is found that the structure inertia determines the level of deformation when
surrounding media has low density, while the fluid load dominates the deformation when the surrounding media
has high dengjt The propulsion efficiency decreases with foil flexibility in a low density medium. However, it
increases with flexibility in higldensity fluid.

In contrast to the numerous investigations about the effects of structural deformability on the force
generéion performance of flapping foils, the energy harvesting capacity of flexible flapping foils has not been
well understood. In our previous stddg twodimensional oscillating foil &¥ 'Q p8t p Twas examined by

using a NavieiStokes solver under turtarit flow condition. In that study, the deformation of the foil was pre
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specified. According to that study, leading edge flexibility may lead to earlier shedding of LEV, resulting in
changes in phase of the instantaneous forces and moments. Subsequé&ri§%aincrement in energy
extraction efficiency is observed when the effective AOA of 10°. This, however, can only be achieved under
certain foil deformations that have to be created through active controlling.

In a recent work by Tian et.#, a fluid-structure interaction model with immersbedundary method was
used to study the flow energy extraction by a flexible plate. Four systems were investigated, i.e. rigid plate,
flexible plate, flexible leading segment with rigid trailing segment, and rigi@ pleth active control of leading
segment. Their results show an 11.3% enhancement of energy extraction efficiency by applying active control to
the leading edge segment. However, for a passively flexible plate, no performance enhancement was observed.

In the present study, we examine the energy extraction of a passively flexible flapping foil through a fully
coupled fluidstructure interaction study. Unlike the simplified plate model with zero thickhemssmore
realistic NACA0012 foil shape is used in tpeesent study. In addition, we take into account the internal
structure of the foil by using a stiffener to create the structural deformability. This makes our model closer to the
real design. In this study, a finite volume method is used, which fulbmes the boundary layer so that it has
better accuracy than the immerdaalindary method.

In the rest of the paper, descriptions of the physical problem and the corresponding numerical methods are
listed in Section 2. In Section 3, we first consider saséh metal stiffener to examine whether structural
flexibility has beneficial ef fect o ncoefficieatang densgyx t r act i

ratio are then studied separately. Finally, conclusions of these studies are listecbim &ecti

2. Problem Formulation and Numerical Methodology

2.1.Problem description

The present research considers a-tlivoensional oscillating energy harvesting system based on a
NACAO0012 foil whose deformability is determined by a realistic internal structurehdwrsin Fig. 1, the
incoming flow is uniform with speedUs. Similar to the study by Kinsey and Durfftaghe Reynolds number
based on the incoming flow speed and the chord lehgftthe foil in the current study is fixed as3dd that a
laminar flow assmption is used. In applications, there exists three types of desigstems with forced
pitching and heaving motions, systems with forced pitching and induced heaving motionadestéd
systems), and systems with selfstained pitching and heavingptions (seHsustained systems). In the current
study, we concentrate on the first tyge 1617 1819and examine the effects of structural flexibility upon the

energy harvesting performance.
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Kinematics

As demonstrated in Fig. 1, the kinematicshaf foil includes the pitch and heave motions specified as:

Q0 Qi D, (1)

—0 — " ., (2)
where" Q0 and—0 are the instantaneous heave and pitch motions with the amplitude ahd —,
respectively’Qis the oscillating frequency of the fotl., which has a fixed value of - during the current
research, is the phase difference between heave and pitch motions. The pitch axis locates at one quarter chord
length from the leading edge of the foil (ice. j ©=pj T).
Following the study of Kinsey and Duni§sthe heave amplitude is chosen to be one chord lefg@jttu(
p). Two pitching amplitudes, 6Gand 73, are examined.

The oscillating frequency is usually characterized by the reduced freqiiesefined as
Qo —. 3)

Energy extraction performance
The key parameters to quantify the energy extraction performance of an oscillating foil system are the non
dimensional instantaneous power coefficiély, and the total energy extraction efficienay. They are

determined by

. n p, , Q6 . Q-6
° Biwg Y2 @ °Tas (@)
C
and
ni 5 ®
T D e . 8 5
%11 'Yb O ()

wherep is the instantaneous poweith a time averaged value Qf” is the fluid density and is the sweep

area of the oscillating wingh 6 and®é 0 are the instantaneous lift and moment coefficient defined as

56 — (6)

0o — (7)
wherelL is the lift force andM is the moment of the foil.
Structural design of flexible foils
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To study the effect of structural deformability on the propulsion performance of a flapping wing, Heathcote
and GursuP and Heathcote et &l.developed chordwisely and spanwisely flexible wing models and performed
experimental tests. Subsequentiglevant numerical simulations have also been carried out by Shyylet al.
Gordnier et af? and Chimakurthi et &. In the present study, we adamilar internal designs from the above
papers and create a foil with chaide flexibility (Fig. 2 (a)).With a NACA0012 profile, the deformability of
this foil is determined by a stiffener with thickné¥s and lengthto . The surrounding matedi made of
polydi methylsiloxane rubber ( RPEM &ptribwteis titthe toYtlewowerpld s mo d L
structural dynamic properties (stiffness and inertia) of thé*féfl Thus, only the metal stiffener is considered to
evaluate the flexile effect. In the present studfie stiffener thicknes® and lengthl arefixed for all cases
asw p 1 cand 0.75c, respectively.

With the unsteady fluid loads acting on its surface, the flexible part of the foil deforms passively as shown in
Fig. 2 (b). The instantaneou®ndimensionalrailing edge bendingistancerelative to the local X coordinate
(a local coordinate that coincides with the instantaneous chord of the foil if there is no deforipatidimed as
I QQi i aoapaHase amplitude is definedlas

The Youn g oceefficient B.lahduhe density rati®R are the two key parameters to describe the

structural property. Herelthey aredefined as

YO (@)
(4 —_—
7 QW
o ®)
_0OY —
g

where” is the density of the stiffener. Current studyasused orthe flexible foil oscillating in water, thus the
fluid density” we are aiming to simulate is 1000 kd/m
We note that the stiffness of the structure is often characterized by the effifthessd!t. This parameter

describes the elastic bending forces relative to the fluid dynamic forces as:

aY o
pPep U " Y ® ®)

whereU is the Poisson ratio of the stiffener and c is the chord length of the foil. The effective stifiess
widely tested by the experiment keathcote & Gursé? and Heathcote et &.and numerical simulations from

Chimakurthi et af® and Gordnier et &t.
2.2.Mathematical formulations and numerical algorithm
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In this study we apply a fluidtructure intesiction model by coupling a Navi&tokes solver with a linear
structural model. High computational efficiency is achieved by the application of an impliciirdeahultigrid
method for the flow, as well as a modal analysis approach for the structurduitihstructure coupling is
achieved by sulterations. In the fluid part, a cedentred finitevolume method is used, with the numerical
stability enhanced by residual smoothing. The solution of the nonlinear flow equations is accelerated by using a
structured multigrid method and a parallel mulilock approach through MPI. A grideformation algorithm
(TFI) is developed to interpolate the deformation of the structural boundaries onto the flow grid. Although in the
current study we concentrate on a tdimensional laminar flow problem, the-house code we have is capable
of solving threedimensional fluidstructure interaction problems as well as flows in high Reynolds number
regimes (through turbulence models such as Baldwimax algebraic modeladdy t wo equati on mode
code is also capable of simulating inviscid flows with Euler equations. The detailed formulations and numerical
implementation for current study are listed in the following
Fluid dynamics

Ouir fluid solver is based on tfi@llowing governing equations of unsteady laminar flow

- 72 s B9 = (10)

where is the control volume anfis the boundary surfac@he vectoW contains the conservative variables.
5+ R & 8 dr O, 11)
where} is the fluid densityy, v, andw are the three Cartesian velocity components and the flow specific total
energyE is given by
o Q —, (12)
whereeis the internal energy.

The flux tensors and f: in Eqg. (10) represent the inviscid convective fluxes and the diffusive fluxes,

respectively. The convective fluxéslefined in terms of the relative velocity ¢4 is

o 6 o U U 0 0 0l
;1 00 0 n ov U ouv U o
l 1 " Vo O 00 U n "o U I (13)
" 906 o "0u U 00 0 no
11 1l
u O - 0o o O -uv v O -uv v ¥

whered¢y 6 W 1is the grid velocity vector. The diffusive fluxes due to the viscous stteasses,

thermal diffusion and turbulence diffusion can be written as
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o n m n Cl
1 T T t -
L t t T 2 (14)
1 t t + o
wt ot Ot n ot ot of n ot ot of nw
wheret with| B N ofuflx is the stress tensor expressed as
t ‘To 1o -7 10, (15)
and
n © Q (16)

In the above equations, represents the dynamic viscositl, the thermal conductivity, an@D the
temperature. The stress tengor is the general form of the shear stressds.in

The fluid governing equations can be discretized into the following-demiete form
— 4o =n (17)

By applying the duatime method with a secormtderimplicit scheme, Eq. (17) could be reformulated into

the following forms:

4% o T (18)
and
4% o — 4 o . (19)
The spatial di scretization in theapppobpveachgardtreds! |
based method is used to calculate gradients. -The di s

order Rdebsefénmaxe splitsSiogesclhgmations NaVher di scret
fl uxlesssdd onoradesrecaorntdi fi ci al or matrix dissipation sc
mesh cases, & lsotcrku cntewsrhé d smugletnier at ed

Structural dynamics

The structural elastic equations could be discretized in a-Bfét@ment mod| as follows:
4 oy Oy E.v 3, (20)
whereM denotes the mass matri@,represents the structural damping matkiis the stiffness matrix and is

the fluid dynamic force acting on the object surface.
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By finding the mode shape, arelationship equation could be defined as
[ ]

v 4 A (21)

whereq is the vector of the principal coordinates. Eq. (20) can be premultiplied by the transpose mode shape

as:
o laa o ma o Llaa o5, (22)

By assuming linear combination between damping matrix and mass and stiffness matrices, Eq. (22) and Eq.

(21) could be decoupled and ttile equations are shown below:
n ¢1n 1.1 —19, (23)

and

Yo, B 1 %o, (24)
where— is themodaldamping ratio, is the natural frequency, add is the mass matrix in thigh diagonal
element%o is thejth element omodeshapes defined as

L %o Do P60 FB 60 . (25)

Following Alonso and James®nthefirst-order differential equations are defined as

® n, (26)
0 0, (27)

and
w —3 -1 @ ] w. (28)

Thus, the model equation could be rewritten as

= ==L 3:h Q p8 (29)
where,
L+ 8 : (30)
¥ 1n CEW ' U
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and

Then, the model equation can be further discretized by the psieueld” as

» Z =|Zv p' T, (33)

and
=|zv '. b yr b =| v '.E ’ (34)

where
a

o4 o (35)

and
"1 - - pajy ——"0 (36)

In the current iFhouse code, Eq. (33) is coupled with Eq. (18). Specifically, the foil displacement data are
employedby the fluid residual calculation as the flow boundary condition and the fluid parameters employed by
the structure residual calculation as the hydrodynamic forcing. The detailegtfiuddure coupling algorithm is
provided in the following.

Fluid -structure coupling

Since the fluid domain and the structure domain are calculated independently during the iterations, it is
necessary to pass the fluid load from the fluid solver to the structure solver to calculate the structure
deformation, and pass the sture displacement from the structure solver to the fluid solver as the boundary
conditions to calculate the fluid forces. A linear transformation equation between the fluid domain and the
structure domain is used to exchange information between themisphecdmentp xof the fluid dynamic grid

is expressed in terms of the structural grid displacengpgissing a transformation matri&as

Vog Ve (37)
Since the motion of every node needs to meet the requirements of conservation of workiidatesh nodes
and structure mesh nodes have to obey the following equations:
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BYe, BYep (38)
Eq. (37) and Eq. (38) lead to

Y I (39)

In the transformation equations abol;,represents the force vector acting on the structure nodeknd
represents the force vector acting on the fluid nodes.

In order to find a proper transformation maEHi,xthe ConstartvVolume Tetrahedron (CVT) method is used.
Since the volume of each asgted tetrahedron should be a +remo value and kept as a constant during the
structural deformation, the CVT method can only be adopted to-dimensional FSI modelling. Therefore, all
two-dimensional cases in the present study are simulated byaiiimgedimensional model. The details of this
modelling strategy are described in the following.

Numerical issues

The computational domain and mesh for both the fluid and the structure are shown in Fig. 3. The model size
in the spanwise direction is orghord length. As suggested in the literatbiré”: 2 applying Symmetry
Boundary Condition (SBC) at the tips of the foil can effectively mitigate the -tireensional effects and
achieve twedimensional simulation. It is therefore used in the followting-dimensional simulations.

The structure nodes are applied as alin@ mesh along the foil centreline shown in the lower left corner of
Fig. 3 (a). An example of the CVT association between fluid node and structure nodes is displayed in the top
right corner of Fig. 3 (a). A uniform constant velocity in the x direction is applied as the incoming flow for far
field boundary condition for both inlet and outlet boundaries. The foil is set to be 50c (c is the foil chord length)
away from the incoming flow ahoutflow boundaries. The twdimensional view for both fluid mesh and
structure mesh are shown in Fig. 3 (b) and (c), respectiVelygrid resolutiontest (as shown in Fig. 4nd
time-step size verificatioest (as shown in Table 1) are carried out goesent study. Medium mesh and
Nnt=T/64 with 300iterationsper time step are selected for present study to achieve a good calculation accuracy

with an acceptable calculation time.

2.3.Validations

The numerical algorithms applied herein have been extensively validated in our previous publications (see
Ref. 1, 29and 30). In the current study, further investigations on a titiegensional plungingving propeller
have been conducted. The results predi by our numerical modelt Re of 20000 are compared with the
results by Heathcote et@landYoung® in Fig. 5, wherehe nondimensional Garrick frequenci§) is defined
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as K; =tf,c/U, . Both threedimensional and twdimensional Whose mesh have the same topological

structure as that in XY crosection of the thredimensional modglsimulations by using our ihouse code
have been compared with these results. Good agreement is shown in all cases.

In order to test the accuracy of our mbéh predicting flow energy harvesting, we examine the dynamics
and energy harvesting performance of a pitching and heaving wing. In that cgsentfieg amplitude is the
same as the chord length. The foil pitche4/atchordlength from its leading geland the pitch amplitude is
75i. The phase angle between heave and pitgh/i2. The time histories of drag coefficient, lift coefficient
and power coefficient at a reduced frequency of 0.14 are shown in Fig(d} émd the dependence of the time
averaged energy extraction efficiency upon the reduced frequency is shown in BigTBe{g compare very
well with the published results of Kinsey and Duffia8 It is not exactly the same for these instantaneous
results as well as the time averaged results at high flapping frequency region. It is becauseettieal
algorithms of thefluid solvers used in these two studies are differ&imsey and Duma$ 33 use commercial
software FLUENT and present study usénguse code). In addition, the turbulence model used in present study
is also different from them (& model was used biinsey and Duma8 while present study usew model)
which cause some different on the numerical resE®n though, theesultsfrom Kinsey and Dumdg 3 and
present calculatiofollow the same trend/hich shows the dependence of present solver.

To validate the capability of this code in solving fhattucture coupling problems, additional simulation is
performed for a thredimensional flapping wing witspanwiseflexibility and compared with the experimental
results by Heathcote et #l.and numerical results by Gordnier et #&1.24 Two different types of flexible
material, i.e.effective stiffness of 2.2410? and 4.07<10%, are studied and the instantaneous plots of some
predicted parameters and flow fields are compared Meththcote et & and Gordnier et af2 The problem
addressed is a thremensional NACA0012 rectangular wing with a heaving motion in watReat ¢ p TU
The chord length is 0.1 m and the span length is 0.3m. The plunging amplipevisp T m with the
oscillating frequency of 1.74 Hz. To construct the chordwise flexibility, a thin stiffener along the centreline of
foil is used, which is covered with a PDMS rubber. The thickness of the stiffepem ichord length. In the
foil with effective stiffness of 2.24(>, t he mater i al properties of the sti
modulus of 210GPa and density ratio of 7.8. The instantaneous thrust, foil tip displacement and lift coefficient
are shown in Fig. 7 (a)c). The vorticity contours at two instantaus time oft/T=0 andt/T=0.25 are compared
in Fig. 8 with the experimental results. In the wimigh effective stiffness of 4.0d10, t he Youngds mod
set as 70GPa and the density ratio a&*2Since pesent Fluid Structure Interaction code usinlinear structure
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solver with linear coupling strategy between fluid solver and structure solver, tHmeanstructure effect will
be ignored during the calculation. Blade tip effect of the tdieensionalflapping wing with spanwise
flexibility cas is also ignored during the calculati@orresponding results are presented in Fig. 9. All of the

above results prove the accuracy of our code to cope withdtuidture interaction problems.

3. Results
We start our investigation by using real metal mateffor the stiffener. Specifically, two types of material

are usedCopper (Cu)and Tungsten Carbide (WCYhis is because copper is a common metal with relatively

high flexibility. Tungsten Carbideon the otherhangh o s s es s es | ar geodfidienttandgdénsity. mod ul u s
The detailed parameters used in our study are listed in PaibNemericalsimulationsare carried out for the

above two stiffener materials and the results are comparedhoik with aigid foil. Two pitching amplitudes,

60 and B, are applied. These are close to the pitching amplitudes with high efficiency energy harvesting (see
e.g.Ref. 19. The effective stiffness are 5.250' and 2.62 1¢? for Copper and Tungsten Carbide stiffener,

respectively.

3.1. Energy harvesting performancewith stiffeners of real materials

As shown in Eq. (5), the key parameter to quantify the energy extraction performance of an oscillating foil
device is the efficiency. In Fig. 10 (a) we compare the energy extraction efficiency of the copper stifféiner fo
(hereafter referred to as Cu), the tungsten carbide stiffener foil (referred to as WC) and the rigid foil at different
reduced frequencies. Based on these results, flexible foils show certain level of improved performance as
compared to their rigid coterparts. For example, the peak efficiency of WC reaches 20% at the pitching angle
of 60 and 43% at the pitching angle ofi7%vhile the corresponding results for the rigid foil are 19% and 35%,
respectively.Cu also reaches 36% atigfitching angle. Th efficiency enhancement of Gcompared with the
rigid foil) is 17.4% at a reduced frequenafy/0.15and 32.2% withf*= 0.25. Since the structural model used
herein is linear, which is not accurate in simulating large deformation, it is not used tccasadywith low
stiffness at high pitching angle.

Within the large reduced frequency regidt=0.180.25), where rigid foils usually present a decayed
performance or even degrade to negative power extraction, both Cu and WC flexible foils still extiditiva p
energy extraction with the efficiency much higher than that of the rigid foil.

The trailing edge displacement amplitide  shows different magnitudes and variation trends for the
two flexible foils as displayed in Fig. 10 (b). Because & ths ma | | Y o ucogffitientfonGuj thd u s
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trailing edge displacement of Cu is larger thiaat of WC. For Cu, the maximum value of such displacement is
around0.063

Apart from the timeaveraged results, the instantaneous displacement and forcés rasw reduced
frequency of 0.18 are picked up for a detailed analysis.

The instantaneous trailing edge displacement for the two flexible foils and the rigid foil are plotted in Fig. 11
(). It is clear that the peak value@055is reached atT=3/8 for the Cu foil. Large trailing edge displacement
is achieved duringyT=2/8 and 3/8 for the WC foil.

Fig. 11 (b) shows the lift coefficient along with the foil heaving veloc@®XQ i It is observed that the
structural flexibility significantly increses the peak lift coefficient (as shown in the curve of Cu). In addition,
within the timeframe front/T=2/8 to 4/8, the flexible foils achieve high€r than the rigid foil. As concluded
by Xiao et af°, it has a positive contribution to the timeean efficiency over one cycle if the force or moment
has the same sign as the heaving or pitching velocity. Therefore, an incBearettie above mentioned time
frames contribute positively to the overalliei@ncy.

The variations of moment coefficiend @ and the pitch velocity@ #Q p are presented in Fig.11 (c). A
phase lag of 180for 0 dandQ FQ ds shown so that the pitching motion contributes negatively to the overall
energy extraction. Thflexibility of foil leads to a slightly decrease inaduring t/T=0/8 and 3/8, reduces the
power expenditure in pitching so that the overall energy harvesting performance is improved.

The instantaneous power coefficient is shown in Fig. 11 (d). lea@r ¢hat, with flexible foils, the positive
instantaneous power is enhanced while the negative power is reduced.

Fig. 12 shows the vorticity contour for Cu, WC, athe rigid foil at f*=0.18 and pitch amplitude of 60
within half an oscillating periodDue to the small trailing edge deformation of the flexible foil, it is difficult to
illustrate it in the original contour plot. Thus, schematic representations with five times scale of the deformation
have plotted to help the visualizatiofhe most pronoured characteristic of the flexible foils compared to the
rigid foil is the enhanced leading edge vortices. This is explained by the synchronization between the
development of LEV and the foil deformation. As demonstrated in Fig. 2=4 the centrelin®f the foil is
almost straight and the vorticity generated from the leading edge is attached to the upper surface of the foil. At
t/T=1/8 the hinder part of the foil starts bending downwards, making it hard for the leading edge vorticity to
remain attachedr his encourages the separation of the leading edge vorticity and the growth of the leading edge
vortex. As indicated in ZH4, the strength of leading edge vortices is closely associated with the energy

harvesting performance. Enhanced leading edge aigrarand wellformed leading edge vortices usually lead
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to high efficiency (see Figs. 7 and 8 Ref. 39. As can be observed from Fig. 11 (b) and (c), the phase
difference between the flexible blade and rigid blade in terms of lift and moment coefficientnot as
remarkable as that of the amplitude difference. It can also confirmed by the contour plot of Higud 2he
flexible effect has few influences on the timing of LE®¥ased on this, a possible mechanism of performance
improvement is the enhead leading edge separation due to the structural deformations of tfiéhéodptimal
f* is also increasd due tothis effect When studying the flexible wing or membrane problems, previous
researchefd > 20f t en used real materials with specific comb
modulus and density) as we did herein. On the other hand, several®stiigiggest that it is more interesting
to decoupl e t heoefiicientand Hesdensity dhtio landsexamine their effects independently.
Hereby, we will study the effects of these two parameters separately by constructing some virtual materials with
(a) a constant densi ty r aaefficdentdnd (b) avcanstina b IYo uYigd s g dreo d m
coefficientwith different density ratios. In these cases, the foil oscillation reduced frequency is fixed as 0.18 and
the pitching amplitude is set asi60
32.Youngods aoeffdientefiest

In this part, smiodulus daefficfergsramging from 8.16.0 ®a to 1.02x10° Pa are
i nvestigated (further r eceffigentieads to tarfge foil deformétmns rthgatbase mo d u |
beyond the capacity of the linear structural model). The density ratio is set as 8&ffethige stiffness for
these cases varies from 3.82k1®4.77x16, accordingly. The detailed parameterssammarizedn Table3.

Fig. 13 shows the variation of the eoeficierg Withéghet r act i o
increase off o ung 6 s coaffidiany thesefficiency decreases and eventually approaches the rigid foil

result. An empirical formulation is generated to quantify this curve and expressed as:

- ®O0 ®O why pnmd®d O p pmdQ (40)
where® o pm 0O ,® v PpT 0G and®d T @ ® Q.
The peak trailing edge di spl ac e moefficientiaghowd in Fi. 84 ent v a

(a). Similar to the efficiency plot in Fig. 13, the displacement reduces rapidly with the incredse wfn g 6 s
moduluscoefficient This is well reflected by the profoundly smallemwith largerE: in Fig. 14 (b), where the
instantaneous trailing displacement is shown within two oscillating periods.

The instantaneous littoefficient(C.), momentcoefficient(Mz) and power coefficientsg,) areanalyzedn

Fig. 15. Wi t h t he icoefficieata slrep oblift coéfficienhagdnsoomentocdetfidcientcan
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be seen in Fig. 15 (a) and (b). This leads to the drop of the instantaneous poér(E)glt agrees well with
the tendency of the timmean energy efficiency as seen in Fig. 13.
3.3.Density ratio effect

In this part, nine density ratios ranging from 7
coefficientof 1.12x1C Pa. The detailed parameters are listed in T4ble

Fig. 16 shows the energy harvesting efficiency at various density ratios in a logarithmic graph. With the
increase of the density ratio, the efficiency is dramatically decreased. As the density aatjerishan 700, the
foil switches from an energy extraction state (positiyéo an energy consumption state (negatiye

The variation of trailing edge displacement with density ratio is shown in Figa)l7The maximum
displacement occurs &R=700 wih the magnitude 09.239 which actually is quite large compared with the
pitching angle of 6Q

In Fig. 17 (b) and (c) the instantaneous trailing edge displacement with small densityDRt8sY and 30)
and largeDRs (DR=700, 1200 and rigid) are preged. Apart from the trend of peak beta variation iRs,
which is already shown in Fig. 1@), it is also noted that when the density ratio is near 700, the instantaneous
displacement profile presents a very regular sinusoid containing one domimpuenicg. It is determined from
our results that the phase difference between trailing edge displacement and corresponding heave for small
density ratios PR<700) is around 180 However, when the density ratio is increased to 700, the phase lag
becomes 90 For DR=1200, this angle changes tb. This phase variation is consistent with the response of an
oscillator around its natural frequendyis also found that dith foil inertia and fluid forces are influenced for
the foil deformation and the fluid forseplay a leading role on the foil deformation for present cases. This is
coinciding with Zhd which defined as fluid driven condition. When the foil natural frequency approach to the
foil oscillating frequency by varying thBR, the effect from foilinertia is observed increased significantly.
When the foil natural frequency far away from the oscillating frequency, it is found that the contribution from
the foil inertia to the deformation is limited.

Fig. 18 (&)1 (c) show the density ratio effect dhe instantaneous lift, moment and power coefficients
associated with lovdensity ratios PR=8.9 and 30). It is clear that the difference of various density ratios
mostly affects the peak lift coefficient, particularly within the time framegTef2/8 to7/16. In Fig. 19 (ajc),
the instantaneous plots are shown at large density rddiBs700 and 1200). A large fluctuation occurs at

DR=700, which is under a resonance condition.
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From the vorticity plots in Fig. 20, it is seen that cases with smallertdenagio are characterized by
enhanced development of LEV. An increased LEV generation, according to our discussion in Sec. 3.1, is
beneficial to energy extraction. Moreover, within the time slot betwder2/8 and 3/8, the LEV rattaches to
the upper sdace of the foil near the trailing edge, creating a couritmkwise moment. It coincides with the
pitching motion of the foil at that instant so that it provides additional contribution to the energy harvesting.
This beneficial effect is not achieveddases with higher density ratio. In contrast, at these case®R=g00
or 1200) during the count@tockwise pitching motion of the foil there is significant vorticity attached to the
lower surface of the foil near the trailing edge. The associategiessure induces a clockwise moment so that

there is negative contribution to energy harvesting.

4. Conclusions and Dscussions
Using a fullycoupled FluidStructurelnteraction (FSI) algorithm, we numerically investigated the effect of

structural flexibiliy upon the energy extraction capacity of an oscillating foil with realistic internal structure
characterized by a stiffener near the trailing edde= power generation predicted by our model is actually the
net energy flux from the flow field to the foiln a real system (such as the one by Kinsey and Ddnisit is
the extracted power minus the power inplabr the stiffener, two types of real material (i.e. Copper and
Tungsten Carbide) are tested with their different effective stiffness and dextigisy To distinguish the effects
of Yo un g 6cpefficemt@dnd Idansity ratio to the dynamic response and energy extraction efficiency, we
al so studied cases with stiffener made of virtual ma t
The smulation shows that the passive structural flexibility in the vicinity of trailing edge is capable of
enhancing the overall energy extraction performance. Up to 32.2% increase in the efficiency is achieved by
using a foil with copper stiffener. This igrbuted to the enhancement of leading edge vortices associated with
the synchronization between vorticity generation/shedding and foil deformation. Within the range of parameters
we consider, b o tobffici¥nbanchdgriyy ratiocaffeat therglitude as well as the phase lag
between the deformation (characterized by the instantaneous trailing edge displacement) and heave
displacements. At sufficiently large density ratios, such change causes the oscillating foil to switch from energy
extraction into energy consumption. A resonance phenomenon is also observed when the natural frequency of
the foil coincides with its heaving frequency.
The beneficial effect of structural flexibility in the energy extraction of a flapping foil is reminisceng of th
similar performance enhancement of flapping foils propellers using deformable structures (see for Beample

34, 35 and 36 There are, however, fundamental differences between these two phenomena. According to Katz
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and Weih®, the key mechanism of ¢hpropulsion efficiency increase in a chavisely flexible foil is that the

overall fluid dynamic force is redirected more towards the front (see FigRéfin35. Another mechanism is

that in flexible propellers the leading edge separationgpregse due to the reduction in the effective angle of
attack at the leading edge. In contrast, our current research indicates that structural flexibility in an energy
harvester actually encourages the development of LEV, leading to higher capacity in ermaipaxt

A leading edge flexibility study, where a flexible internal structure is installed in the leading edge area, has
also been performed. This structural design, however, leads to reduced efficiency according to our results (this is
similar to the coaolusion by Tian et al%, in which it is suggested that passive deformability at the leading edge
is not beneficial to energy harvesting). Specifically, the passively induced instantaneous leading edge
deformation is 90 ahead of the foil heave displacerhém phase. This leads to the decrease of the effective
angle of attack at the leading edge and thus weakens the strength of LEV.

Lastly, in the present study the flexible foil is modeled in two dimensions and thus only the bending motion
is considered. Imeality, a threedimensional flexible wing may present a combined bending and twist motion
under the external forces. Therefore, performing a fully tdieeensional fluidstructure interaction analysis to
account for foil passive torsion and bending vaé our next task in the near futute. addition, since the
investigation into this problem has just started and the-fitrigcture interaction problem is not well understood,
we believe that one needs to increase the complexity of the problem stegpbingbarticular, we notice that
includingsome more components and part form the real dé€sigeh aslectromechanical transducer which in
general requires a seipassive or a fully passive device) will introduce a large number of parameters so that it
is hard to come up with a clean physical problem as we have. It is our belief that these parameters should be

introduced in later studies when the physics of the basic system is well documented.
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Table 1 Time-step size verificationof present study for a oscillating foil at
f*=0.18 anddo =600

. Iterations Time
number of time
steps per period _for one averaged
time step Cop
128 400 0.433
64 300 0.432
32 200 0.406

Table 2 Case summary for real materials

. Y o u n godutus Density ratio  Effective Poisson Natural
Case Material 2 . : frequency
coefficient DR stiffnesst ratio .
ratioFR
1 Copper (Cu) 1.12¢10° 8.9 5.25x10 0.34 7.55
Tungsten
Carbide (WC) 5.61x10° 15.6 2.46x16 0.24 12.76
Table3Case summary for virtual mat er

effect. The Poisson ratioq) for all cases is 0.34

Case Youngo6s coeffidentl Effective stiffnesdd Natural fequency ratio

FR
1 8.15¢10/ 3.82x10 6.44
2 1.12x1¢° 5.25x10 7.55
3 2.565x10° 1.19x16 11.38
4 5.61x10° 2.62x16 16.88
5 7.65<10° 3.58x16G 19.71
6 1.02x10° 4.77x1G 22.75

Table 4 Case summary for virtual materials used to test density ratio effect.
The effective stiffness¥#) and Poisson ratio §) for all cases are 5.25x¥0and
0.34 respectively

Case Density RatioDR Natural fequency ratid-R
1 7.0 8.54
2 8.9 7.55
3 12.0 6.53
4 15.6 5.72
5 20.0 5.05
6 30.0 4.13
7 70.0 2.70
8 700.0 0.85
9 1000.0 0.72
10 1200.0 0.65
11 1500.0 0.58
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Figure 1 Schematic diagram for oscillating energy device

Pitch centre
Copper rods Metal stiffener with thickness of T

(a).

PDMS rubber
Rigid part —-+——— Flexible part
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[l

L]

fa(x)

Figure 2 (a) Inner structural design for trailing edge flexible foil and (b) flexible foil displacement
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X

Figure 3 Computational domain: (a) 3D view for fluid mesh (cyan, yellow, blue and green represent
different blocks) and structure mesh (red colour) and corresponding CVT mapping example; (b) Fluid
mesh in 2D view; (c) Structure mesh in 2D view
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Figure 4. Meshresolution testof present studyfor a oscillating foil at f*=0.18 anddo =60
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(a) Thrust coefficient (b) power coefficient

0.9 * Re=20000 Experiment Heathcote et al.
0.8 . Re=20000 NS Young
0.7 | = Present 2D CFD method at Re=20000
0.6
= =Present 3D CFD method at Re=20000
7 05
04
03 o
P > \\
0.2 + T '
e
.. " L3 _.. a .
0

(c) efficiency
Figure 4 Validation results of a 3D rigid flapping foil with AR=3.0 with Experiment results at Re=20006,
N-S numerical results at Re=2000G%, Present2D CFD method at Re=20000(achieved with a 3D method
using SBC boundary conditions at the tipsand present3D CFD methodat Re=20000
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(a) Drag coefficient (b) lift coefficient

(c) power coefficient (d) efficiency
Figure 5 Validation on a rigid oscillating foil as an energy extraction device withho/c=1.0; cpit/c=1/3;
do=75 and ¥ 2 comparison with Kinsey andDumas?8 33
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(a) Thrust coefficient (b) lift coefficient

(c) wing tip edge displacement

Figure 6 Validation on a flexible 3D plunging wing in water flow with Re= ; AR=3.0; ho= 8
m; fo=1.74 Hz; Y=2.14x16; E=210 GPa andDR=7.8 7 comparison with Heathcote et al' and
Gordnier et al.®
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(a) /T=0.00(Heathcote et &t experimental resylt (b) t/T=0.00(present numerical results)

(c) /T=0.25(Heathcote et &t experimental resylt (d) t/T=0.25(present numerical results)

Figure 7 Validation results on spanwise vorticity contour for a flexible 3Dwing in Re= water
flow; AR=3.0; ho= 8 m; fo=1.74 Hz;8=2.14x1G; E=210 GPa andDR=7.8 --Comparison with
Heathcote et aP! (a) and (c) Experimental results ofHeathcote et aP; (b) and (d) present numerical
results
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