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ABSTRACT

Structural instabilitycausedby self exciting aerodynamic forse(flutter) can ke used as an effective input
source for small scale energy harvesters. The self exciting aerodynamic force exextEdlmapecantilever
causeseriodic vibration, whiclcan beconverted into electric power through an electromagnetic transducer.
Due to the complexities inherent in the fluglructure interactiombetween the cantilever harvester and wind
flow, analyzing the structural responsfthe cantilever andstimating the power outpéiom the flutter based
energy harvestarechallengingVXflow, a CFD code based on the vortex particle metlimemployedn this
studyto simulate thevind induced responses ofTashapecantileverbeamand to estimate the power output
extracted from the flutter vibrationThe estimated aerodynamic damping parametegether with the
mechanical and electromagnetic damping parametethe harvestearethenusedto find the flutter critical
wind speedwvhere flutter startand the proper load resistance
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INTRODUCTION

Energy harvesting has been an active research area as demands for renewable energy sources increase. Energy
harvesting systems refer to devices that capture and transform energy from the envirotomeleciricity.

Unlike conventional, largscale renewable energy generating systems such as wind turbines, thermal generators,
and solar panels, energy harvesting devices mostly target on powering small electronic devices. For example,
many researcherare investigating how to supply power to wireless sensor modules ersangy harvesters
(RoundyandWright 2004).1f such sensors can be operated solely on power generatedrirenergy harvester,

the needor regularly chanipg batteries can be elimirgtand the maintenance cost of wireless sensor network

can thus be reduced.

Wind energy has | ong been used to generate power moSs!/
drag forces to rotate an electromagnetic generator. This converppraach for generating power is, however,
difficult to apply to small scale energy harvesters, because small size generators are difficult to make and have
low efficiency. Wind induced vibrations have bemmggesteds an alternate input source for dnsahle energy
harvesters. Wind induced vibrations have been used to mechanically strain piezoelectric transducers to generate
power Allen and Smit2001;Sunet al.2011) and to generate inductance power in electromagnetic transducers
(Junget al. 2011).Aero-elastic instability phenomenon, which is referred to as flutter, has also been suggested
as an input source for energy harvesters because of its potapability for generating electrical power.

Flutter induced vibration ofT-shapecantilever bem and plate have been used to mechanically strain
piezoelectric patches to generate powdfwon 2010;Bryantet al. 2011). A leaflike structure has also been
proposed to convert crefisw flutter into electricity using Poly Vinylidene Fluoride (et d4.2011).

Flutter is a phenomenon thagngineers hae strived to prevensinceflutters on air plane wings andridge
girders can leado destructive structural failureln bridge engineering, particularly, researchers havewiad
myriad wind tunnel tets to understand fluttehpnomenon using scaled structuraddels. With advancements
in computing power, computational fluid dynamics (CFD) has also been useguaged important rolesin



designingaerodynamically stable bige sections (Larseri998. In this paperon the contrarywe seek to

design aerodynamically unstatdbapedo invoke the flutter induced vibration and to use it as an input source
for the electromagnetic energy harvestee &hploy VXflow, a CFD code based on Vortex particle method
(Morgenthal2007), to analyze the vibrational responses and the power output from the energy harvester under
different wind speeslandelectrical load resistances.

THEORETICAL BACKGROUNDS
Electromagnetic (EM)transducer

Electromagnetidased energy Ingesters can be built usira inertial frame configuration, in which the relative
movement between the magnets and the coils are induced by the vibration of the inertial frame. The vibration
system can be describedaafrced vibratiorequationas follows (Beeby 2007):
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wherem, ¢, and k are, respectively, the magstal damping and tiffness of the vibration framey and z

represent the inertial frame displacemant the relative displacement betwetbie magnet and theoil,
respectively The total damping coefficient includes both the mechanical damping and the elatttamping

(¢ =¢p+¢.) . The mechanical damping, (c,, =2mz, 1) IS expressed in terms of damping ratigand the
natural frequencyy,, and the electrical damping, is expressed g&l-hamiet al.2001)
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where N, | andp are, espectivelythe number of coil turnghe coil length exposed to the magnetic féund the
average flu density. Eirthermore,R_, R-and L are, respectively, the load resistayihe coil resistance and

the coil inductance,and w is the angular frequency in the motion between the magnet and théllueil.
generated energy éxjuivalent tahe energyextractedoy the electrial damping from the system as:

P=c# (3)

where #is the relative speed between the magnet and the Nwig¢ that#is itself a function of electrial
damping ¢, sincethe totaldampingc; includes ¢, to suppresshe displacement. That is, power generation
depend on boththe electricabnd structurabarameters

Analytic descriptions for flutter

In wind engineering,ie motion of aridge girder respnding to the self excited foreby wind is described by
the equationsorresponding tbending and torsionahodes agMorgenthal 200):

i+ 2mz,up A+ mugh = F (1) (4)
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wheremand | are, respectively, the mass and the moment of inerfjand z,, are, respectivelythe damping
ratios in bending antbrsionalmodes,h and a are, respectively, the deflection and the rotatiopand w, are,
respectively, the natural circular frequersdfor thebending and torsionahodes. Tie aerodynamic forc&, (t)
and aerodynamic momei, (t) are giveras(Larsen 1997)
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where r , U, and B are respectively, the air density, the free stream wind speedttendection length.
H,,H,,Hsand H,are the flutter derivates inthe bading mode, andA; , A,, A;andA; are the flutter
derivatives in the torsional modeurthermore K is the nordimensional reduced frequency defined as:

k=18 ®)

o

The self exciting forces are dependent on the deflection and the rotation of the aadtiirese forces are
strongly affected by the section shafabstiuting Eq. 7 into Eqg. 5 and neglecting the bending mode letiebto
following second order differential equatiogpresenting a simple ROF, free vibration problem
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The terms2lz,w, and 1/2rU,B3kAy(K) are, respectively, the mechanical and the aerodynamic daritping

torsional modeThe systemdampingand stiffness araffected bythe flutter derivatives whose values are highly
depending on the geometry of the cantilesexstionand the wind speedhe analytical flutter derivatives for the
oscillating thin plateshave beenderived by Scanlan and Tomkol97J). In general, bwever, the fltter
derivatives of asection whosgeometrydeviatesfrom asimple thin plate & difficult to estimate analytically
Wind tunnel tests or CFBimulationsareused to find the flutter derivativésr sectionswith complex geometry

Aerodynamic instabilityanalysis based on CFD

Computational fluid dynamic$CFD) has beenemployedto evaluate theaerodynamic instability of bridge
sections.For example, te computer code DVMFLOW wassed for evaluatingaerodynamicstability of
different bridge sectiond_érsenand Waltherl998) VXflow, the CFD codeemployedin this study, has been
used to comparéhe critical wind speed and frequency for various bridge secttrdiedin the literature
(Morgenthal ®02). The instability is conventionallgvaluated based on the flutter derivativegiich are
closely related tahe system dampind@.he flutter deriatives carbe estimated byorced vibration simulation.
Assumingthatthe periodicdeflectionand rotationwith frequencyw cause the motion induced fosomith the
same frequency but with phase shift angfe, Eqs 4 and 5can becombined withthe forcing termgEgs 6 and

7) andrearranged a®llows (Larsenand Walther 1998
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whereC_ andCy are, respectivelythe lift and moment coefficients representing the ratios of the lift force and
moment to the wind flow force acting on the sectibime flutter derivates can be found based on theasured
amplitudeof the coefficientsC_ andCy and the phase differencebetweenthe imposed periodic motioand

the force coefficients ais Eqgs. 10 and 11lnsertingthe force terms (Eqs6 and 7) expressdd terms of the
flutter derivatives ito the motion equations (Egé and 5) leads tosystem dynamic equation.

The eigenvalug of the derivedsystem dynamic equation depittte characteristics oftructural responses
corresponding tavind induced forces. That is, whéime real part of theonplex eigenvalugof the systems
negative, the systetmecomesunstablewith excessive vibrational respongddorgenthal2000. In this paper,
we only consider the torsional mode of thehapecantilever energy harvestby treatingthe cantilever beam
asa rigid body(1-DOF in rotation) In this casgthe stdility of the cantilever sectionan be evaluated by only
considering the sign of the coefficiedt(angular velocityjn Eq. 9, which representthe system dampintgrm
The negtive system dampingvould indicateinputting energy into the system, whitdads toexponentially
increasingesponses



FLUTTER SIMULATION USING VXflow

The flutter critical wind speed where the flutter startshe oscillating frequency and the maximutip
displacement of theantilever in thdlutter basedenergy harvester are essential information for esitigahe
power output frormthe harvesterDue to the complexities inherent in the fluidusture interactions, it ialmost
impossibleto analytcally estimate this information. Irhis study, we useVXflow to simulate the vibratital
response®f the T-shape cantilever ithe flutter based energy harvestém addition, the flutter derivatives at
different wind speeslare estimated to find theutter critical wnd speedFor the VXflow simulation, we only
considered the structural intrinsic damping. The influences of theatwgnetic transducer, which imposas
additional electrial damping to the system, on the responses will be considetieel later part of this paper.

Descriptions forthe energy harvester model

The configurationsstructuraland electrial parameterdor the flutter based energy harvesaee depicted in
Figure 1. Thél-shapecantilever isusedto inducethe large vorte induced force and, therefotte,initiate flutter
atlow wind speed. The magnets are attached to the tip of the cantivose interaction with the coiteduces
the inductive voltage in the energy harvesitédre coils are attached to the inertialnfiea VXflow support2-D
sectionanalysisand assumes the sectiisrrigid. Therefore, it is necessary to approximtése deflection of the
cantileverin terms of the rotational motion of an equivalent rigid. Bar this end, the sprirgupported rigid
bodyis derived by seeking the equivalent rotational stiffness, rotational mass and reduce@destytivn in
Figure 1
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Figure 1 Energy harveter model and the equivalent rigid body model

The vertical deflection and the rotation under at doice F exerting on thecantilevertip are calculated
respectivelyas w= FL3/3El andr = FL?/2EI . Thelength L, of the rigid body sectiomwith the same rotation
can beapproximated usinghe linear relationship,r =w, which results i, =2/3L, whereL is the length of
the cantilever beanThe correspondi rotational stiffnessithen giveras K, =FL, /r =4EI/3L . Furthermore,
the rotational masgthe moment of inertiajs computedas M, =ml2 =4mi2/9. The parameters fothe original
cantilever, the equivalent rigid frame ath@ electromagnetic transducer are sumneatiin Table 1.

Table 1 Parameters for the enerbwrvester

Model dimensions Rotational mode Electromagnetic parameters
W, (width) = 0.05 m L, (reduced length) = 03B3m R (Coil resistance) 220K
L (length) =0.08 m M, (rotational mass) 2.62004 Kg N (Coil turns) 2800
h (tip height) = 0.02n K, (torsional stiffness) = B62Nm b (Magnetic flux density)
t (thickness) =.01620 *m W, (rotational frequency) 81.7rad/sec | (height of magnet) = 0.01 m

m (mass) = 0M6Kg
E (Elastic modulus) £8CGPa

| (moment of inetia) = 4.37AQ0 °m*
K (stiffness) 4.6089N/m

w (natural frequency) =31.7 rad/sec
Z, (damping ratio) = 0@B5




Forced vibration

Thechangein signof A, derivativecan be used to identifjne stability of the section and torsional flutter of the
SDOF systenfLarsenand Walther 1998 We estimatéhe A, flutter derivativeusingthe forced vbration mode

in VXflow atdifferent wind speesl The results are summarized in Fig@rdhe A, flutter derivative generally
increases with the free stream wind speadaning thathe system becomeéscreasinglyunstable at higher
wind speedFor the cantilever energy harvester model described in Tablee 2, flutter derivative transits

from the negative value into the positive value arougd 3.6 ~ 3.7m/s, which representbe flutter critical
wind speedseparatinghe stable and unstable regiaf the system response.
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Figure2: Flutter A", derivatives

Fluid structure interaction analysis usiny/Xflow

The responses of the flutterdeal energy harvestare simulated by the fluid structure interaction mode in
VXflow. Figure 3 shows snapshot of theT-shapecantilever vibrationshowing the equivalent rigid frame
model Figure 4 showshie cantilever tip displacement time series c@uoasing tothe wind speesifor 3 m/s
and 4 m/s, respectively, which dmaver and higher thathe critical windspeed (3.6- 3.7m/s) leading to the
onset of the flutterAs shown in Figure 4b, kenthe wind speed is above the flutter critical wind spebé,
amplitude of the tip displacement increases until reaching its maxiamghis maintained then in an almost
constant levelwhose responseesembls periodic forced vibrationThe exponentially growing trend in the
displacement is due to the negativarging in the systermduced by theself exciting aerodynamic forse
After reaching itsmaximumamplitude the oscillation is boundedue to thenonlinear effects at the wetarge
oscillation amplitudesnd the geometric constrésn
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Figure3: Fluid-structure interaction simulation
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Figure4: Tip displacement of the cantilever corresponding to different wind speeds






