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ABSTRACT

Effect of constrained flow is investigated experimentally for a flapping goivergenerator. The flow
structures around and in the near wake of a flat plate placed between two side walls are captured via PIV
technique with simultaneous direct force measurements in uniform flow at Re = 10 000. The rectangular flat
plate oscillatesvith periodic norsinusoidal pitching and plunging motions about its 0.44 chord position with
stroke reversal timedJ[r) of 0.1 (rapid reversal) to 0.5 (sinusoidal reversal), phase angfes 80° and 110°,

plunge amplitude of 1.05 chords and pitchptitnde of 73° at a constant reduced frequencl ©f0.8. The
nondimensionhdistances between the side walls and the oscillating flat platk ar@.1, 0.5 and 1.0. Afoil

rotation speed dictates the strength, evolution and timing of shedding of leading and trailing edge vortices; as
the stroke reversal time is decreased, earlier shedding of stronger vortices are observed. Increasing the phase
angle between the pitchirajd plunging motions decreases the power generation efficiency for all cases. The
highest power extraction coefficient is acquired for the-siansoidal case dPTr = 0.4 in free flow. Optimum

choice of sidewall distance improves power generation opflng foilscompared to free flow performance

up to 6.52% increase in efficiency is observed for the-sionsoidalcase OTr = 0.4 with dw = 0.5, with
remarkableenhancementsof the sinusoidal case; 27.85% increase is observeddwith 0.5 and 43.50%
increase wittdw = 1.0 where both cases outperform the highest power generation efficiency of the finite flat

plate with norsinusoidal flapping motian
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NOMENCLATURE

c chord length P

Cp power coefficient 0

ok time-averaged power coefficient Pa

Criotal  total power coefficient Re

Cry power coefficient due to plunging motion

Cpa power coefficient due to pitching motion S

d maximum total transverse distance swept St
the foil trailingedge t

dw minimum distance between the trailinged T
and the side wall inserts nor U
dimensionalized bg Vy

f flapping frequency

h non-dimensional plunge amplitude to cho Pk
ratio

hc plunge motion amplitude h

hw distance between the two side wall inse ¢
non-dimensionalized bg do
reduced frequency f

k
L transverse force on the foil
M moment about the foil pivot point

power developed
time-averaged power
maximum power available
Reynolds number based on free stre
velocity and foil chord
span length

Strouhal number

time

period of oscillation
free-stream velocity
translational velocity

stroke reversal time, as a fraction
the flapping period

efficiency of power extraction

pitch motion velocity

pitch motion anplitude

phase angle between pitching a
plunging motions

Study


http://www.jafmonline.net/
mailto:fenercio@itu.edu.tr

F. Karakas and I. FenerciogldAFM, Vol. 9, No.6, pp.27692779 2016.

1. INTRODUCTION results showed the beneficial aspects on efficiency
enhancement from nesinusoidaimotion profile.

Some of the many possible ways to exploit clean and ) o )
sustainable energy is by widese of wind and water In order to achieve sufficient power output using
resources. Power can be extracted from the flowingflaPping foil power generators, the plunge amplitude
fluids in different ways. Traditional power needsto be comparable to the chord length; it was
generation via surrounding fluids mainly depeod ~ Shown by Dumas and Kinsey (2006) that the power
turbines. However, turbines met criticism because of coefficient linearly increases with increasing plunge
their huge mass, danger to wiléliind requirement amplitude. However, the gfflClency does not always
of minimum flow velocity to be financially feasible follow the same trend; Kinsey and Dumas (2008)
(Westwood 2004)The use of flapping wings was pom.ted ou1for. a flapping wing power generator.thalt
proposed to be an alternative to conventional power90° is the optimum phase angle between the pitching
generators and the feasibility of energy extraction @nd the plunging motions for maximum energy
from the flow by a harmonically o#lating wing was ~ extraction. The pivot location has a s!mllar effect as
experimentally proved by McKinney and Delaurier ¢hanging the phase angle between pitch and plunge;

(1981) with comparable efficiency to that of a When the piet pointis justin front of the midhord
rotational windmill. position, the efficiency of power generation takes a

maximum value (Davids 19997 previous study

Leading edge vortex (LEV) generation and shedding (Fenercioglwet al 2015) also showed improvement
plays a significant role in power generation (Young In Performance when the pitch pivot location was
et al 2014). Thetiming of LEV shedding is changed from carter point Iocatlon.to mmt.hor.d. In
particularly critical in maximizing the power amthe_r study (Ashraét al 2009), it was indicated
extraction efficiency via varying the local surface that highest performance can be achieved for-0.44
pressure distribution (Kinsey and Dumas 2008; zhu 0-46 chord pivot location and optimum power
and Peng 2009). The LEV is also recognized in 9eneration was acquired when the pivot location was
biomimicking studies as core to lifgeneration  Positioned betweerd.33 to 0.5 chords from the
during hover and forwardight (Shyyet al 2010).  leading edge (Peng and Zhu 2009).

For a purely plunging foil, generation of thrust is o ) )
achieved by the strong leading edge suction. Due toTh€ Mmajority of ~experimental and numerical
the pressure gradients associated with high flowinvestigations irthe literature focuses primarily on
velocities, the flow can no longer reimeattached ~ two-dimensional wing geometries in free stream and
and separation occurs forming the LEV. The inherentProvides a great deal of insight into thenfation
rotation of the fluid in the LEV leads to low pressures @nd transition of theLEV. However, in realife

at the core of the vortex and this low pressure region@Pplications, the end effects due to fidiéegth
results in an enhancement of the force normal to theWingspan and solid side walls will have an effect on
oncoming flow. In power gemation applications, it ~ the performance of the oscillativgng power

is desired to have the lift force aligned with the generator. Three dimensionality effects of the-non

direction of the foil 6sSinusqdalyfappingflatgiae powengeneratar was g

essential for a power generator to have an angle ofPréviously investigated experimentally in free
attack large enough to create flow separation andgStream and overall efficiency reduction for all tested
LEV formation to assist iiantaneous enhancement Ccases were observed due to the tip vortex interactions

of lift. with the LEV and the near wake of the flatid
(Karakas and Fenercioglu 2015). Another concern to
Most investigations on oscillating wing power t@ke into account in the design of a flapping foil
generators are based on sinusoidal pitching and/oPOWer generator is the interactions with neighboring
plunging motions, which are the most fundamental f0ilS in energy harvesting farms and the interactions
harmonic profiles for flapping motiorfsladeriet al., when the flapping foil is placed under sag ships
2016) However, in naire, the high propulsion &S proposed by Platzeral (2014). When a flapping
efficiency of flying and swimming animals can be foil is positioned in close proximity to solid walls,
achieved by nosinusoidal locomotion trajectories the ground effect may affect the performance of the
(Licht et al 2010). Inspired by this biomimicking Power generator. Ground effect increases the
mechanism, nosinusoidal oscillatory motions draw  Pressure on the lower surface of the fsfien the
considerable attentiom irecent studies (Jones and distance between the foil and the wall is below a
Plazer 2010; Platzeet al 2014; Xiaoet al 2012).  critical value. Wu (2013) concluded from his
Platzer et al (2010) and Ashrafet al (2011) nymerlcal simulation that high _frequency and small
numerically investigated nesinusoidal motion of distance are helpful for generation of thrust force and
an oscillatingwing power generator with different 1arge lift force. Wu (2014) also indicatésat the net
pitch stroke reversal times and achieved up to 17%Power extraction efficiency is improved due to the
increase in power generation and up to 15% increasdfound effect. However, experimental research of
in efficiency for nomsinusoidal flapping empared ~ the ground effect to evaluate the performantea
to those of sinusoidal motions. Increase in both flapping foil power generator is limited ithe
power generation and efficiency were also observedliterature. Therefore, investigation on thésets of
for a flapping foil power generator using the same solid s!dewalls in three dimensional fr_ee and
motion parameters (Fenerciogkt al 2015) and constrained flows needs to be conducted in order to
good agreement was found between experimentalfu”y understand the physics of the flow around and
reallts and 2D NavieStokes simulations. Their N the near wake of oscillating wings.
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In this study, a experimentalinvestigation was illumination planes of hal§pan (1/2 span), quarter
perfamed toaid the designand developmenof a span (1/4 span) and 2mm above the tip. PIV image
catamarartype sailing ship based renewable power acquisition to investigate the effect of sidells on
generator with underwater operating flappimiggs. power generation was performed at fajghn
The hull was modeled as sigalls in each side of a illumination plane. The experimental argament
finite flat plate flapping with norsinusoidal periodic ~ with sidewalls is shown in Figl.

pitch and combined plunge motions. The effect of

sidewall distances from the flapping flat plate, pitch 400 instantaneous images were acquired for 25
stroke reversal rates and variations in phase angleycles of motion for each experimental data set and
between the pitching and plunging motions are phase averaged so that one period of the airfoil
investigated via detailed quantitative evaluation of motion is represented with 16 imag@&te acquired
flow structures and simultaneous direct force PIV imageswere interrogated using a double frame,
measurements with the objective to provide further crosscorrelation technique with a window size of
insight into the optimum operation parameters of a 64x64 pixels and 50% overlapping in each direction.

potential flapping foil power generato The final grid resolution of velocity vectors is 5.8
mm x 5.8 mm in the plane of the flow which
2. EXPERIMENTAL SETUP corresponds to asolution of 0.058x 0.05&. The

resulting measurement plane is represented with
approximately 3400 velocity vectors. The total

large scale water channel located in the Trisonicvelocity uncertainty in the PIV experiments is less

Laboratories at the Facult i than 2%.

y of Aeronautics and
Astronautics of Istanbul Technical University. Ithas _ Plunge motor
a main test section of 790 mm depth and 1010 mm Side View Pitch motor [y
width. Detailed description of the flow facility can g Force/Torque Sensor
be found in Fenercioglu and Cetin@012, 2014) upper end-plate N
Son and Cetiner (2016)A non-profiled flat plate I i ‘
with rectangular cross section is used in this study Huminatplane &
considering low manufacturing costs and power
extraction enhancement results as demonstrated by side-wall insert
Usohet. al. (2012). The transparent Plexiglas flat
plate with chord length af = 10 cm and span af=
30 cm is mounted in a vertical cantilevered
arrangement in the water channel. Considering the
abovementioned studieBlétzeret al 2014; Ashraf
et al. 200), the pitch pivot location is positioned at
0.44 chord distance from the leading edge. The |a$erD
rectangular flat plate model is connected to a servo Top View
motor which provides the pitching motion via a
coupling system which itself is connected to a linear
table whth provides the plunging motion. An end
plate with 30° outward bevel is suspended from the
top of the channel to eliminate free surface effects.
This study considers the oscillatifigil power
generator close to its proposed operating conditions;
i.e. fully submerged finite flapping wing with an illumination planel| channel wall
upper end plate which represents the symmetry plan€ Fig. L. Top and bottom views of experimental
as customary irthe literature (Joneset al 2011; setup
Visbalet al 2013; Son and Cetiner 2015)

The experiments are performed in the clesiedlit,

channel wall

came rasian

upper end-plate n channel wall

side-wall insert

side-wall insert

. . . . . The forces and moments acting on the flapping foil
The digital particle imaging velocimetry (PIV) \yere measured using a sismponent ATI Nano17
system with DynamicStudio software (Dantec |pgg Force/Torque sensor (ATl  Industrial
Dynamics A/S) is used to record the quantitative a,tomation, Inc.). The sensor was attached to the
evolution of flow structures around and in the near ertica| cantilevered arrangement between the flat
wake of t_he flat plate. The flow is illuminated by a plate model anthe pitch servo motor, oriented with
dual cavity Nd:Yag laser (max. 120 mJ/pulse) jis cylindrical zaxis normal to the piteplunge
oriented horlzonta_llly at the fl_ap I_ at epan m Ia(ﬁe. Dynamic force and moment data was
plane. The water is seeded with silver coated glassyg|iected for 30 periods with_a sampling rate of 10
spheres of 10&m nbiteamerasi Ffhepzethe dalaMihs Btk averaged within a

with 1600x1200 pixels resolution are positioned \\;nqow of 100 data points whichesulted in an
underneath the water channel and the two deuble effective 100 Hz sampling rate and then phase

frame images from the two cameras weliclsed  5yeraged to downscale data to one period. A
before interrogation with an4ihouse code using two parabolic low pass FFT filter was applied to reduce

marker points to allow for a larger field of view in  {he high frequency noise and to omit the effect of
the illumination plane. Three dimensionality effects 51 ral frequency of the system. Since the

were investigated by recording the flow structures Fore/Torque sensor rotates with the model
along the span of the flat plate atdaé different undergoing pitching and plunging motions, the lift
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force was computed by transforming the measured

forces dynamically for the motion kinematics for 1 G Ty,
each test case, following the calculationgegi by 05p
Fenercioglwet al (2015. £ o0
The nondimensional instantaneous  power 05 \\ //
coefficientCpis defined as: A O ]
. 0 02 0.4 06 08 1
. v
0 — = 1) . ; ! ;
™ Y | E— —
_ 05 3 :
andP is the developed power: £ 0
0 0o b — 2) 05
- . i
where the transverse force on the foils L, 0 0.2 0.4 0.6 0.8 1
translational velocity is given witky, the moment T
about the foil pivot point i#f andthe pitch motion Fig. 2. Variation of plunge and pitch motions
velocity isd. (Plazter et al 2009)

The total power coefficienCp total is the sum of
power coefficient due to plunging motia®ry and

Herey (t) represents the plunging motion i
power coefficient due to pitching moti@p & rey (1) represents pUadnd lon a(@ is

the pitching motion. In this study, the plunge motion

Cptotal = Cpy+ Cp a (3) amplitude of the flat plate ih = 1.05 non
dimensionalized by chord anthe pitch motion

Cey=LVy/ 0.5 W&°sc (4)  amplitudeis do = 73°, as consistent with previous

CraeMd/ 0.5 lg8sc ) studies on an oscillatinging powergenerator

(Ashrafet al 2011; Fenercioglet al 2015).
Efficiency of power extracted, wherd is the
maximum total transverse distarsigept by the foil
trailing edgeis given as:

The reduced frequencl)(is defined as:

Q — )
h=60rQ (6)
and set constaat k = 0.8 throughout this studyhe
Whereér is the mean power coefficient. free stream velocity of the water channdlis= 0.1
) ) m/s corresponding to Reynolds number of R&0=
The pitch and plunge motions of the flat plate test ggo. The flat plate profile undergoes combined non
model were accomplished with  sinusoidal pitching and plunging oscillationsth
Kollmorgen/Danaher ~ Motion AKM33E  and equal flapping frequencies df= 0.125 Hz. The
AKM54K  servo motors respectively. The servo jnvestigated cases consider fitease differences of

motors were c_opnected to a computer vi_a Servor = 90° and 110°, where pitch leads the plunge
STAR S300 digital servo amplifiers for pitching  maiion.
motions and ServoSTAR S700 for plunging
motions, and motor motion profiles were generated In order to investigate the effect of side walls, two
by a signal generator Labview VI (Virtual transparent Plexiglas plates witlt Ength, 0.08
Instrument) for the given amplitude and frequency. thickness and 30° outward bevel are suspended from
The same VI triggered the PIV system and the top of the water channel on both sides of the
synchronization was achieved ing a National  flapping flat plate. The distance between Hige
Instruments PGB601 timer device. walls and the oscillating flat platd.) is set such that

) the minimum nordimensional distance between the
Kaya and Tuncer (2007) emphasized that the thruslyis and the flat plate at its minimum and maximum
and/o_r propulsw_e efflmency are optlmlzed_ by using positions for the case @Tr= 0.1 andf = 110° i
non_smusmdal pitching a_nd plunging motions. For _ 0.1, 0.5 and 1.0, nedimensionalized by chord
maximum th_rust generation, they showed that theIength. After the sidevalls are positioned for the
flapping airfoil should stay at about a constant angle raniq reversal case, data acquisition was carried on

of qttack during the upstro_ke and the _d_ownstroke for all OTr and phase angle cases before moving the
motions and reverse direction at the minimum and sidewalls to the next position.

maximum plunge positions. Platzet al (2009)
characterized the motion kinematics of a flapping
wing powergenerator by a variable of reversal times 3. RESULTS

as a fraction of the total cycl&lr, ranging fromOTr o ) .

= 0.1 for rapid reversal t&Tr = 0.5 for purely ~ The vorticity concentrations arod and in the near
sinusoidal motion. The variation of periodic motion Wake of the finite flat plate undergoing non
of the flat plate is given in Fig, with a period of  Sinusoidal flapping with rapid stroke reversal time
corstant translational velocity combined with a (OTr=0.1) with phase angle between the pitching
constant pitch angle, followed by a reversal of and plunging motionss / = 90° in free flow is
direction and pitch angle. given in Fig 3. The vorticalstructures are shown at
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the three laser illumination planes along the span.

During the experiments, 16 images were acquired

for one period of the flat platéor a total of 25

periods of oscillatory motion. The flow is from left

to right in the figures. 8ice the flapping motion of

the flat plate is symmetrical, the formation and

shedding of positive and negative vortices are also

symmetrical throughout the motion cycle; thus half

period of flat pl at-wbs moti on from the start
position is given herein. Thérst image in each

figure shows the flat plate at its mpdunge

position where it starts its motion with high angle

of attack ofdo= 73° ¢ = 0). The flat plate first

moves upward, the first image in the second row (

= 4T/16) corresponds tothe flatppt e s maxi mum

plunge position where it continues its downward

motion after rapid noinusoidal reversalQlr =

0.1) of direction and pitch angle, and the last image

shows the test model approaching its 4pidnge

position as its downstroke motion cont@su In

order to perform a direct comparison of all cases, Fig. 3. Vorticity patterns at three laser planes
the vorticity contour levels are set constant to along the span of the flat plate forDTr = 0.1, f =

minimum nondimensionalized vorticity level of 90~

[¥ ¢Ua]min = £ 0.0025 and incremental non

dimensionalized vorticity level ofd[¥ ¢U=] =  The mean power coefficient values obtained by
0.0025 for allcases. direct force measurements are given in. Bigpr all

test cases. It can be noticed that none of the rapid
Inspecting the PIV results at 1/2 span laser pitch reversal cases{r = 0.1) can attain a positive
illumination plane, the negative vortex formation mean power coefficient regardless of free or
from the leading edge on the upper surface can beconstrained flow. Fig4 also shows that increasing
noticed at -plungetposiidnaldriegd sthe PHask angle between the pitching and plunging
upstroke { = 0). The rollup radius of this  motions from# = 90° tof = 110° results in lower
continues the upstroke motion while a positive consistent with the previous study (Fenerciagial
vortex starts to form from the trailing edge. After 2015) Since the pitching motion leads the plunging
flat plate reaches its maximum plunge amplitude motion, the flat plate begins its pitch reversal earlier
position and changes ditean to continue its  \hen the phase angle between the pitching and
dovv_nstroke motion, the negative and positive plunging motions is increased frofi= 90° to 110°,
vortices are eventually shed into the wake 6T which in turn results inearlier detachment and
/16). This process is reversed during downstroke sheqdingf thevortices from the leading edge with
motion, where the positive vortex rotating the consequence of lower power production.
counterclockwise forms mubnd the LBV ddachneht afrdighdut the® We
surface and is shed after pitch reversal. It can befapning cycle is essential to high power generation
seen from the 1/4 span and tip planes in Bithat (Kinsey and Dumas, 2008)nd a jetlike reverse
the clockwise rotating vorticity formation on the karman vortex street indates thrust generation of

upper surface of the flat plate e_xperienqes a-pull 5, oscillating airfoil (Jonest al 1998).
down effect along the span. This negative vortex

stays closer to the upper surface at the quagean

illumination plane and stretches out at the tip of the

model. The formation trend of flow structures

along the span is alike for all the sinusoidal and

non-sinusoidal pitch reversal cases investigated

this study; the negative LEV tend to shrink and

stays closer to the upper surface of the flat plate at

the 1/4span plane. The vortical structures move

along the span towards the tip where they stretch

out into the wake and lift off the surface at tige t

plane rather than detach and dissipate2[/16).

Similar vortex formations were identified by Kruyt

et al (2015) where an attached LEV along the Fig. 4. Mean power coefficients for all cases
upper surface of their finite model smea@d and

detached outboard at high angle of attack values400 instantaneous images acquired by the PIV
andby Joneset al. (2011) where they reported that system are averaged to examine the effect of phase
the shed vortices tend to lift off the wing surface angle on the time averaged vorticitgd free stream
near the wing tip, but remain close to the surface value subtracted timaveraged velocity patterns for
further inboard. the nonsinusoidal case with pitch stroke reversal
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