https://doi.org/10.1016/j.jimecsci.2020.105587 This is the Pre-Published Version.

Fluid-structure Interaction of a Fully Passive Flapping
Foil for Flow Energy Extraction

M. N. Mumtaz Qadri*2# F. W. Zhao' # H. Tang" "

'Research Center for Fluid-Structure Interactions, Department of Mechanical Engineering, The Hong Kong
Polytechnic University, Kowloon, Hong Kong, China
2Department of Aerospace Engineering, College of Aeronautical Engineering, National University of Sciences
and Technology, Risalpur, Pakistan

#These authors contributed equally to this work
“Corresponding author: h.tang@polyu.edu.hk

ABSTRACT

We experimentally investigated the fluid-structure interaction (FSI) and energy extraction
performance of a novel flapping-foil based flow-energy harvester. Different from most of
existing concepts, this device can extract energy from flows through a foil’s fully passive
flapping motion, i.e., the foil’s heaving and pitching motions are induced by the flow without
using any actuator. The foil’s dynamics and energy extraction performance were studied under
various flow and operating conditions. It was found that, when operating at the Reynolds
number near 10°, the device has a cut-in speed of U, = 0.45 m/s and can generate a mean power
of about 1 W in a water flow of U, = 0.55 m/s, leading to a power conversion efficiency of
32.5%. Detailed FSI studies revealed that both the heaving and pitching motions can make
positive contributions to energy harvesting. The heaving velocity reaches its extremes at the
end of each pure heaving phase, whereas the heaving force reaches its extremes at around the
end of each stroke reversal, leading a phase difference of nearly 90°. As such, the heaving
power is positive in the pure heaving phases but negative in the stroke reversal phases. Both
the pitching velocity and pitching moment peak at the end of stroke reversals, hence generating
a significant peak in the pitching power. It was also found that, compared to the foil’s effective
angle of attack, the leading-edge vortices produced during flapping have a very limited impact
on the foil’s dynamics. A parametric study revealed that, as the foil’s pivot axis is moved
towards the trailing edge, both the mean heaving power and the mean pitching power increase.
As aresult, the total power increases significantly. The same trend was also observed when the
foil’s pitching amplitude increases from 30° to 60°. On the contrary, it seems that there exists
an optimal water speed between 0.46 and 0.69 m/s, at which the power conversion efficiency

IS maximum.
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1. INTRODUCTION

The ever-increasing energy demands and growing environmental concerns on fossil fuel
encourage the development and implementation of technologies to extract energy from
renewable resources, such as air flow, water flow and sunlight. Among various technologies,
rotary turbines have been widely used in winds or tides due to their high energy conversion
efficiencies. Besides this classical, mature technology, some novel technologies were also
proposed, e.g. wind energy harvesting using coupled vortex induced vibration and galloping
phenomena (Sun et al., 2019). Another type of concepts that extract air/water flow energy using
flapping foils was also proposed, earliest by McKinney & DelLaurier (1981). Compared with
conventional rotary turbines, these energy converters are centrifugal stress free and hence are
structurally more robust. Also, due to the relatively low tip speeds, they are environmentally
friendly, thus reducing the impact on flying/aquatic animals. Furthermore, they can be
deployed in wide and shallow water flows due to their rectangular sweep area (Xiao & Zhu,
2014). Through theoretical and experimental studies, McKinney & DelLaurier (1981) found
that the energy conversion efficiency of these concepts can be comparable to that of rotary

turbines.

The flapping-foil based flow energy extraction has three different driving modes: the fully
active mode where both the heaving and pitching motions are prescribed, the semi-active mode
where one of the motions is prescribed while the other is flow induced, and the fully passive
mode where both the motions are flow induced. Extensive studies have been carried out for
harvesters operating in the fully active and semi-active modes. By imposing prescribed
sinusoidal pitching and heaving motions on a NACAOQ015 foil in a flow at the Reynolds number
1100, Dumas & Kinsey (2006) and Kinsey & Dumas (2012) realized a maximum energy
conversion efficiency of 34% when the foil is operated with the reduced frequency in the range
of 0.75 ~ 1.13, the pivot axis located at 1/3 chord from the leading edge, the pitching amplitude
in the range of 70° ~ 80°, the heaving amplitude of one chord and the heaving-pitch phase
difference of 90°. In this optimum case, the foil’s maximum heaving velocity is close to the
freestream velocity, and the effective angle of attack is as high as 35°. They also observed that
shedding of leading-edge vortices (LEVS) right before the completion of stroke reversal helped
improve the power generation (Kinsey & Dumas, 2008). Xiao et al. (2012) numerically
investigated a NACAOQ0012 foil based fully active flow energy harvester and explored the

improvement of power generation through tuning the pitch motion. It was found that under



certain conditions pitching in trapezoid profiles can convert more energy than that in sinusoidal

profiles.

The semi-active mode was usually realized by prescribing the foil’s pitching motion and letting
the flow drive the foil’s heaving motion. Shimizu et al. (2008) designed and numerically
studied a NACAOQ012 foil based semi-active flow energy harvester, where a sinusoidal pitching
motion was employed, and the heaving motion was flow induced through a spring-damper
system. They found that flapping foils could have a comparative performance over
conventional rotary turbines with typical efficiencies up to about 30% but at lower tip speed
ratios. Studies have also been conducted to investigate the performance of multi-foil-based
flow energy harvesters operating in the semi-active mode, such as Abiru & Yoshitake (2012)
and Isogai & Abiru (2012), and confirmed that the multi-foil configuration can help enhance
the overall energy extraction performance if an appropriate distance is chosen between foils.
Boudreau et al. (2019) numerically investigated a different type of semi-passive flapping foil,
i.e., prescribed sinusoidal heaving and passive pitching motions. By varying the system’s
moments of inertia, pitch stiffness, and location of pivot axis, they obtained energy extraction
efficiencies higher than 40% at the Reynolds number of 3.9x10°.

In the fully passive mode, both the heaving and pitching motions are induced by the flow, and
no actuators are used. This motion mode is common in a classic aeroelastic phenomenon, i.e.,
wing flutter, and hence has been studied intensively in the aeroelasticity community. However,
most of the existing studies were focused on how to mitigate the flutter instability, and only a
few looked at the energy extraction by utilizing this instability, e.g., Peng & Zhu (2009), Zhu
et al. (2011), Young et al. (2013), Veilleux & Dumas (2017), Picard-Deland et al. (2019) and
Jiang et al. (2020). In these studies, the foil was usually mounted on a supporting structure
consisting of a torsion spring, a linear spring and a linear damper, oscillating in two degrees of
freedom. Recently, Boudreau et al. (2018) conducted an experimental investigation on this
concept in a water channel at the Reynolds number of 21,000 and found that the energy
harvesting efficiency and power coefficient can be up to 31% and 0.86, respectively.
Furthermore, this good performance can be attained over a wide range of flow and structural
parameters, which is important in practical applications. They further investigated the
performance of this system using numerical simulations, where a maximum efficiency of
53.8% was achieved (Boudreau et al., 2020). Duarte et al. (2019) also studied this concept with
a NACAO0015 foil at the Reynold number of 60,000. It was found that the pivot axis must be



located after 29% chord length from the leading edge in order to make the device work.
Moreover, their results indicate that increasing the heaving natural frequency can be beneficial

for the system performance.

Different from the classical wing-flutter configuration, Platzer and colleagues (Platzer &
Sarigul-Klijn, 2009; Platzer & Bradley, 2009) proposed a novel design. Instead of utilizing the
flutter instability, they used aerodynamic force/moment to drive the foil along a guide rail and
implemented two sets of limiters to constrain its linear and angular motions. In this way the
foil can undergo sustainable flapping motion without using any spring. Although promising,
they only demonstrated the working principle of this novel design, predicted its power
extraction performance, and proposed potential applications. The detailed fluid-structure
interaction (FSI) and the influence of key parameters on the resulting power extraction

performance have yet been explored.

Aiming at revealing more underlying FSI physics of Platzer and colleagues’ design, in this
study we first developed a fully passive flapping-foil-based flow energy harvester with
necessary alterations, which, along with the dedicated test methods and performance indicators,
are introduced in Section 2. Then, through a series of water-tunnel experiments we studied this
test model’s dynamics and energy extraction performance under various flow and operation
conditions. The analyses and discussions of the test results are presented in Section 3. Last, the
major conclusions from this study are drawn in Section 4. With a profound understanding being

obtained, the system can be improved in the near future to achieve better performance.

2. EXPERIMENTAL SETUP
2.1 TEST MODEL

Our test model was built based on the concept proposed by Platzer and colleagues (Platzer &
Sarigul-Klijn, 2009; Platzer & Bradley, 2009) as well as the geometric and test conditions of
our water tunnel. As shown in Fig. 1(a), it consists of a rigid foil (i.e., a rectangular flat plate)
of 140 mm (chord) x 200 mm (span) x 5 mm (thickness) and 0.25 kg that is vertically installed
on a purely translating platform of 0.9 kg through a long shaft and bearings. The foil is
immersed in the water flow, undergoing both heaving and pitching motions when subject to
hydrodynamic forces. Driven by the foil through the long shaft, the upper platform undergoes

translating motions along two linear guides that were fixed on the water tunnel.
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Figure 1 (a) Schematic of the experimental setup that is able to achieve fully passive heaving and pitching motions
with the help of two sets of motion limiters; (b) Close-up view of the top part of the setup showing a set of heaving

limiters (in green) and a set of pitching limiters (in red). (not to scale, all dimensions in mm)

To enable sustainable heaving and pitching motions, two pairs of motion limiters are employed.
As shown in Fig. 1(a), a pair of limiters are installed underneath one of the linear guides, each
consisting of an aluminum bar extruding towards the upstream. During the operation of the
foil, these limiters periodically contact with a long arm fixed on the vertical shaft of the foil,
forcing the foil to rotate and reverse its stroke. In this way they refrain the foil’s heaving
amplitude, hence are termed “heaving limiters”. The other pair of limiters are installed near
the shaft on the top of the upper translating platform, as shown in Fig. 1(b). They periodically
make contacts with a short arm installed on the shaft to refrain the foil’s pitching amplitude,
hence termed “pitching limiters”. Both the heaving and pitching limiter pairs are designed in
such a way that their locations are adjustable, so that the performance of the test model can be

studied with pre-defined heaving and pitching ranges.

Note that, our test model does not contain any actuator, which means it is designed to undergo
fully passive heaving and pitching motions in water flows. In addition, there is no mechanical
linkage to connect the foil’s heaving and pitching motions, which makes our model essentially
different from most existing fully passive, non-flutter type devices, such as in McKinney &
DeLaurier (1981), Jones et al. (1999) and Xu et al. (2017).



2.2 MEASUREMENTS

The model was tested in our closed-circuit water tunnel, which has a test section of 2.0 m x (L)
0.3 m (W) x 0.6 m (H) and can generate a uniform water flow of speed up to 1 m/s. To eliminate
the three-dimensional effect in the flow near the foil tips, a set of acrylic end plates were
deployed along the upper and lower edges of the foil with a small clearance of approximately
3.5 mm, as shown in Fig. 1(a). The bottom end plates are transparent to allow optical
measurement, whereas the top end plates are made of black acrylic sheets to provide a black

background for optical measurements.

To study the interactions between the flapping foil and its surrounding water flow, as well as
to evaluate the energy harvesting performance of the test model, a set of measurement
techniques were employed to measure the foil’s kinematics and the forces/toques it experienced.
First, a high-speed camera (Photron Mini UX100) operating at 125 fps was used underneath
the water tunnel to capture the foil’s heaving and pitching motions. To facilitate this
measurement, the bottom edge of the foil was marked with two white dots: one close to the
leading edge and the other close to the trailing edge. The images obtained from the camera
were then processed to determine the foil’s linear and angular displacements, velocities and
accelerations. Second, a six-component load cell (ATl Mini-40) was used to measure the
forces/torques experienced by the foil with a sampling rate of 2000 Hz, which was installed on
the vertical shaft and located between the foil and the upper translating platform, as shown in
Fig.1(a). The camera and the load cell were synchronized using a LabView virtual instrument
through a DAQ chassis (NI cDAQ 9174). The generated data were then collected by a computer
through the same DAQ chassis. To remove high-frequency noises, the force/torque data
obtained from the load cell were processed by a low-pass filter with a cut-off frequency of 10
Hz.

The surrounding flow filed was measured using a time-resolved particle image velocimetry
(TR-PIV) system. As depicted in Fig. 2, a laser sheet of about 1 mm thickness is produced from
a 10 W continuous-wave laser generator (CNI PSU-W-LED), aligned with the foil’s mid-span
plane. The water flow was seeded with polyamide particles of 50 um diameter (Dantec
Dynamics PSP-50). The lights reflected from these particles in a field of view of 1.7c
(streamwise) x 1.8c (spanwise), where c is the chord, were collected by the high-speed camera
(Photron Mini UX100) with a Nikon 105 mm lens from the bottom side through a mirror placed

at 45° with the horizontal plane. The camera was operated at 1000 fps, high enough to resolve



the foil’s flapping cycles. Images from about 50 flapping cycles were acquired for each case
studied herein. These images were processed using Dantec’s DynamicStudio to produce
velocity vectors. The adaptive PIV technique was adopted with the minimum and maximum

interrogation areas 16 x 16 pixels and 32 x 32 pixels, respectively.
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Figure 2: Schematic of the TR-PIV measurements. A laser sheet of about 1 mm thickness is produced through a

set of optic lenses from a laser generator. The instantaneous foil motion and lights reflected from tracer particles
are recorded using a high-speed camera operating at 1000 fps through a mirror placed underneath the water tunnel.

(not to scale, all dimensions in mm)

The uncertainty in the image-based motion measurements was estimated as 0.5%. The
force/torque measurements were calibrated using a dead weight and the uncertainties are about
1.5% and 1.25%, respectively. As the PIV measurements, the major uncertainty source came
from the root-mean-square fluctuation of the particle displacement in PIV images, which was
estimated to be about 0.08 pixel (Willert & Gharib 1991). As a result, the measurement
uncertainties induced by the recursive image integration procedure are 2% ~ 5%. The vorticity
was calculated in the velocity field using a standard central difference scheme. Its uncertainty
e, was estimated from the uncertainty in velocity ey using the formula e, = (Umax:€u/AX)/@max,
where AX is the grid size, umax the maximum velocity, and wmax the maximum vorticity. With
this formula, the uncertainty for the resulting vorticity is estimated to be about 4% ~ 10% of

the maximum vorticity in the field.



23 PERFORMANCE ASSESSMENT

Note that, our test model only converts the flow kinetic energy into the model’s mechanical
energy and does not further convert the latter to electric energy by utilizing any power take-off
system. Hence in this study the model’s energy harvesting performance was analyzed and
evaluated based on the energy transfer from the flow kinetic energy to the model’s mechanical

energy, through investigating the associate fluid-structure interactions (FSI).

To facilitate the analysis, a Cartesian coordinate system is defined, with its origin located at
the intersection point of the foil’s mid-span plane, the long shaft’s sweeping plane and the
water tunnel’s plane of symmetry, its X axis along the streamwise direction, y axis along the
transverse direction, and z axis along the vertical direction, as depicted in Fig. 1(a). In addition,
a body-fixed coordinate system is defined in such a way that its X" and y’ axes are in the foil’s

min-span plane, along and normal to the chord, respectively.

Since the load cell rotates together with the folil, it reads forcess/moments along the body-fixed
axes, i.e., Fy,, F,r, M. Their transverse and vertical components, i.e., Fy and M, can then be

evaluated by applying coordinate transformations

F,=F,cos0+F,.sing (1)

M, =M, @)

z z

where 6 is the foil’s pitching angle read from the synchronized high-speed camera. Note that,
the above force and moment include two components: the hydrodynamic force exerted on the
foil and the inertial force of the moving foil. By subtracting the inertial force in y direction, the

transverse hydrodynamic force, Fn, can be obtained as
F,=F,-mh 3)

where m is the total mass of the foil and the portion of the long shaft underneath the load cell
(0.20 kg), and 7 is the foil’s heaving acceleration in y direction. Note Fy is the lift force
experienced by the foil. Similarly, by subtracting the inertial moment in z direction, the
hydrodynamic pitching moment, My, can be evaluated as

M,=M,—1,6 (4)

where I, is the mass moment of inertia of the foil and the portion of the long shaft underneath

the load cell about z axis, which is dependent on the location of the long shaft, and &'is the



foil’s pitching acceleration. By non-dimensionalizing Fn and My using the foil and freestream

properties, we get the coefficients for heaving force and pitching moment
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where p is the fluid density, U is the freestream velocity, and b and ¢ are the foil’s span and

chord, respectively.

Once the foil’s motions and hydrodynamic force/moment are obtained, the system’s power
extraction can be evaluated as

P=P +P,=F,h+M,@ (7
where P is the total power, the summation of Py, the power conversion by the heaving motion,
and Py, the power conversion by the pitching motion. / and &'is the foil’s heaving velocity and
pitching velocity, respectively. Nondimensionalizing these powers using the foil and
freestream properties gives the corresponding power coefficients
il M. C, 14_(39@ (8)
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where C, is the total power coefficient, the summation of Cpn, the power coefficient of the

heaving motion, and C,s, the power coefficient of the pitching motion.

Note that, the force, power and their coefficients introduced above are all time dependent
quantities, which were evaluated using phase-averaged forces and displacements measured by
the load cell and high-speed camera over 50 flapping cycles. To assess the overall performance

of the system, the time averaged power coefficient, Cp, can be evaluated as

t+T
1

Epz? j C,dt=Cpm+Cps 9)
t

where T is the foil’s flapping period. Cph and Cpp are the time averaged power coefficients due
to the heaving motion and the pitching motion, respectively. The overall efficiency of the
energy harvesting, #, is defined as the ratio of the mean power to the power carried in the flow

through the frontal area of the foil
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where P is the time averaged power, and ho is the foil’s heaving amplitude defined as a half of
the sweep distance of the foil’s pivot axis. Since in the present study both ¢ is a constant and
ho varies very little in different cases, Cp and # are generally equivalent and hence we only use

Cp to indicate the overall performance of the system.

24  CASE SUMMARY

The test conditions in the present study are summarized in Table 1. The general dynamics and
resulting power extraction of the test model will firstly be introduced in a baseline case, in
which the foil’s pivot axis is located at Xp = 0.7¢ from the leading edge, the pitching amplitude
is Go = 45°, and the incoming water speed is U, = 0.55 m/s. The effects of pivot location,
pitching amplitude and water speed on the foil’s power extraction performance are then studied,
separately, by varying one of the parameters with the three selected values indicated in Table
1, while keeping the other two fixed at the baseline values. Hence, in total seven different tests

were conducted and analyzed.

Table 1: Summary of test conditions (Conditions for the baseline case are marked in bold)

Pivot Location Xp Pitching Amplitude 80 | Water Speed U (M/s)
0.6c, 0.7c, 0.8¢c 30°, 45°, 60° 0.46, 0.55, 0.69

3. RESULTS AND DISCUSSION

Before discussing any specific case, we describe the general kinematics of the foil based on
our observations. With the implementation of the motion limiters, i.e., a pair of heaving limiters
and a pair of pitching limiters, the foil can achieve sustainable flapping motions in uniform
water flow and hence convert the flow kinetic energy into the model’s mechanical energy. The
foil’s kinematics can be generally divided into two phases, 1.e., the pure heaving phase and the
stroke reversal phase. As depicted in Fig. 3, after its stroke reversal at the bottom side, the foil
touches one of the pitching limiters, reaching and maintaining its maximum pitching angle at
6o. With such a large pitching angle, the resulting heaving force (i.e., Fn) pushes the foil upward
until it touches the upper heaving limiter. This defines the pure heaving phase. When touching
the upper heaving limiter, the foil is forced to rotate anticlockwise by the upper heaving limiter,
reducing its pitching angle. As a result, the foil leaves the confining pitching limiter and enters

the stroke reversal phase. In the stroke reversal phase, the foil keeps rotating from +6o to -6o
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until it touches the other pitching limiter to start the next pure heaving phase. Since the same
pure heaving and stroke reversal phases will repeat during the subsequent downstroke, a whole

flapping cycle consists of two pure heaving phases and two stroke reversal phases.

If observed in more detail, the stroke reversal phase can be further divided into two stages.
Take the upward-to-downward stroke reversal as an example. In the first stage, the foil keeps
contacting with the upper heaving limiter and rotating due to the momentum gained in the
preceding pure heaving phase. Note that, in this stage since the foil rotates together with its
long shaft that moves vertical up along a straight line, the long arm attached on the shaft has to
slide on the heaving limiter. This stage ends when the foil starts to leave the heaving limiter,
which occurs when the foil’s pitching angle becomes negative so that the induced heaving force
and pitching moment reverse their directions. After that, driven by the reversed pitching
moment (i.e., My), the foil continues rotating anticlockwise until its pitching angle reaches -6o
and the foil touches the other pitching limier. This defines the second stage, in which the foil
is not in contact with any limiter. Note that, since in the present study the heaving motion is
defined according to the foil’s long shaft’s translational motion, the foil still undergoes heaving

motion during the stroke reversal phase.
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Figure 3: Schematic showing a half of the flapping cycle (a pure upward heaving followed by an upward-to-
downward stroke reversal, not in scale). 1-3: pure heaving (in blue); 3-5: first stage of stroke reversal (in red); 5-
6: second stage of stroke reversal (in red). The pivot axis of the foil is marked by a solid circle, which sweeps in
a vertical plane as represented by a vertical, dashed line. The dot dashed lines indicate the long arm as described
in Fig. 1(b).
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3.1 ABASELINE CASE

In the baseline case, the corresponding chord-based Reynolds number is Re = 7.7 x 10% A
video showing the foil’s continuous flapping motion can be found in the supplementary
material. Figure 4(a) shows the evolution of the foil’s phase-averaged linear and angular
displacements in one flapping cycle, where t/T = 0 is defined as the instant when the foil’s pivot
axis (i.e., the long shaft) reaches its positive maximum. It is seen that the foil undergoes
downstroke from t/T = 0 to 0.48 and then upstroke from t/T = 0.48 to 1, which is not perfectly
symmetric in time. This was caused by the imperfect manufacturing and assembly of the test
model. Similarly, the foil’s pitching motion is also not symmetric in time. The two pure heaving
phases (t/T = 0.05 ~ 0.25 and 0.56 ~ 0.74) are shaded, where the foil’s pitching angle is
maintained at & = -6 and +0o, respectively, whereas the two stroke reversal phases are in white
background. It is clearly seen that the foil still undergoes significant heaving motion during the

stroke reversals.
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Figure 4: Evolution of phase-averaged quantities in one cycle in the baseline case (xp, = 0.7¢, o = 45°, U,, = 0.55
m/s): (a) heaving displacement h/c and pitching angle 6/6o; (b) heaving force coefficient Cy, heaving velocity
hIU.., heaving power coefficient Cyy and effective angle of attack o, () pitching moment coefficient Cy, pitching

velocity 6 c/U., pitching power coefficient C,s; and (d) heaving power coefficient Cyh, pitching power coefficient
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C,e and total power coefficient C,. The total power is dominated by the heaving motion in the pure heaving phases
(shaded background). In the stroke reversal phases (white background), the heaving and pitching motions compete
roughly in the first half, whereas the pitching motion dominates in the second half. Both the motions are able to

make positive contributions to the flow energy harvesting.

Figures 4(b) and 4(c) show the evolution of the velocity, force and power for the heaving
motion and pitching motion, respectively. It is observed that the heaving velocity, #/U.,
reaches its peak or trough at the end of each pure heaving phase, i.e., t/T = 0.25 or 0.74,
reflecting that the foil starts decelerating immediately after it touches the heaving limiters. The
variation of the heaving velocity is also accompanied by higher-frequency oscillations, which
may be caused by obvious jerks and vibrations of the foil system observed during the
experiments. Differently, the heaving force coefficient, Ch, peaks at around the end of each
stroke reversal, the same instants when the foil reaches its heaving extremes. As the product of
Ch and //U.., the heaving power coefficient, Cpn, generally repeats twice in one flapping cycle.
It is positive roughly in the first half of each stroke, and negative in the second half, as a result
of a nearly 90° phase difference between Cy and 4/U... In addition, Cyn peaks at the end of each
pure heaving phase. Hence, the heaving motion mainly extracts the flow energy in the pure
heaving phases but consumes energy in the stroke reversal phases. Figure 4(b) also presents
the evolution of the foil’s mean effective angle of attack, aefr, defined by considering the foil’s

heaving and pitching motions

h+6X, 3., COSO

o =6 —arctan (11)

U, —0X, 4, SiNO
where Xxp-3c/4 denotes the distance between the foil’s pivot axis and its three-quarter-chord point
at which the foil rotation does not contribute to circulation (Sane & Dickinson, 2002; Bryant
et al., 2013). It is seen that the aefr curve is positively correlated with the Ch curve, indicating

that the foil’s heaving force is mainly determined by its effective angle of attack.

As shown in Fig. 4(c), the foil’s pitching velocity, 4, remains almost zero during each pure
heaving phase and its magnitude increases during each stroke reversal phase. As for the
pitching moment coefficient, Cy, it varies a lot in the stroke reversal phases, but remains
relatively unchanged in the pure heaving phases. Both quantities peak at the end of stroke
reversals. As a result, the pitching power coefficient, C,¢, shows a significant peak at the end
of stroke reversals. In addition, C,y is almost zero during the pure heaving phases, due to the
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nearly-zero pitching velocity, and becomes slightly negative at the start of each stroke reversal,

indicating that during this short period the pitching motion is absorbing energy from the flow.

As the sum of Cpn and C,y, the evolution of the total power coefficient, Cp, is shown in Fig.
4(d). It is not surprising to see that the total power is dominated by the heaving motion in the
pure heaving phases. In the stroke reversal phases, the heaving and pitching motions compete
roughly in the first half, leading to slightly negative Cp, whereas the pitching motion dominates

in the second half, producing a sharp C, peak at the end of each stroke reversal.

The foil’s time-averaged performance is listed in Table 2. Both the heaving and pitching
motions contribute to the flow energy harvesting, and their contributions are quite close, i.e.,
52% from the heaving motion and 48% from the pitching motion. Our test model is able to
generate a mean power of P =0.85 W, leading to a power conversion efficiency of 5 = 32.5%.
However, it should be noted that in this study the power conversion refers to the “hydrodynamic
power extraction efficiency” rather than “water-to-wire efficiency” due to the lack of a power-

take-off system.

Table 2: Time-averaged performance of the foil system for the baseline case
Coh Coo Co=GCoh + Coo P (W) n (%)
0.189 0.174 0.363 0.85 32.5

The PIV measurements also revealed the interaction between the flapping foil and its
surrounding flow especially vortices. It is seen from Figs. 5(a) to 5(d) that, during the pure
downward heaving phase, a clear leading-edge vortex (LEV) forms and sheds, which is
followed by the second LEV. These vortices are pushed downward by the downward moving
foil, staying close to the foil, creating a low-pressure region near the foil’s leading edge, and
hence enhancing the heaving force and pitching moment. This explains the non-decreasing Ch
and Cy appearing in the pure heaving phases (instants b-d) despite the decreasing magnitude in
aeff, as revealed in Figs. 4(b) and 4(c). Figures 5(e) to 5(h) show four selected snapshots in the
following downward-to-upward stroke reversal. It is seen that the two near-wall vortices are
further pushed downward by the foil, inducing a counter rotating secondary vortex that appears
near the mid chord of the foil. After the foil reverses its pitching angle, the first LEV wraps

around the foil’s trailing edge, as revealed in Fig. 5(g) and also the mirrored image in Fig. 5(a).
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Figure 5: Vortex generation and evolution from the flapping foil in a half flapping cycle. The eight selected
instants a-h have been marked in Figs. 4(b) and 4(c). The blue arrow indicates the heaving direction and magnitude,
and the red arrow indicates the pitching direction. Two LEVS are generated during the heaving motion, which are

then pushed downward by the foil.

3.2 EFFECT OF PIVOT LOCATION

Starting from this section, the effects of three important parameters on the foil’s power
extraction performance are studied, including the location of the pivot axis, the allowed
pitching amplitude and the water speed (refer to Table 1 for the selected values). In the baseline
case, the foil’s pivot axis is located at x, = 0.7¢ from the leading edge. As this axis moves, the
foil’s power extraction performance will change accordingly. To study the effect of pivot
location, in the experiments we varied X, in the range of 0.6¢ to 0.8c, while keeping the
streamwise distance of the pivot axis from the heaving limiters unchanged (i.e., 105 mm). The
corresponding mass moment of inertia I, is then changed from 2.14x1073 to 2.72x10 kg-m?.
As shown in Fig. 6, both the mean heaving power and the mean pitching power increase with
Xp. As a result, the total power increases significantly (the highest mean power of about 1 W is

achieved at xp = 0.8c), and the power conversion efficiency also increases from 24.7% to 35.2%.
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Figure 6: Variations of heaving power coefficient Cpn, pitching power coefficient Cpy and total power coefficient
Cp against the pivot location for the flapping foil system with 9, = 45° and Uy = 0.55 m/s. All power coefficients

increase as the pivot axis is moved towards the foil’s trailing edge.

The foil’s dynamics also changes as the pivot location changes. As shown in Fig. 7, the foil’s
flapping frequency f reduces from 0.67 to 0.60 Hz when x, increases from 0.6¢ to 0.8c. This is
not surprising because the sweep distance of the pivot axis (i.e., 2ho) increases with X (as read
from Fig. 8(ii)), which requires a longer time to travel. As another key parameter of flapping-
foil aerodynamics, the Strouhal numbers in different cases are also compared. Here the Strouhal
number is defined as St = 2hof/U., which characterizes the ratio of the heaving velocity to the
freestream velocity. It is seen from Fig. 7 that, although f reduces, St increases with Xp,
indicating that the mean heaving velocity increases as the foil’s pivot axis moves towards the

trailing edge.

It is interesting to note that the Strouhal number varies in a range of 0.172 to 0.189, lower than
the typical values of natural flyers/swimmers at cruising, i.e., 0.2 < St<0.4 (Taylor et al., 2003;
Triantafyllou et al., 2000). This confirms that for flapping foils the Strouhal number in the
energy harvesting mode (i.e., drag production) such as in the present study is generally lower
than that in the energy consumption mode (i.e., thrust production) adopted by natural

flyers/swimmers, which is consistent with the findings reported by Xiao et al. (2014).
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Figure 7 Variation of flapping frequency f and Strouhal number St against the pivot location for the flapping foil
system at 6, = 45° and U, = 0.55 m/s. As the pivot axis is moved towards the foil’s trailing edge, the flapping

frequency reduces, whereas the Strouhal number increases due to the increase of sweep distance.

To elaborate why the harvested power increases with xp, Fig. 8 compares the evolution of the
foil’s displacements, velocities, forces/moments and powers in one flapping cycle for the three
cases. It is seen that, with the increase of xp, the heaving amplitude increases (see Fig. 8(i)),
and the stroke reversal ends earlier (see Fig. 8(ii)). The latter indicates the increase of pitching
velocity 4, as confirmed in Fig. 8(viii), which further causes the increase of effective angle of
attack aefr at the end of stroke reversals (see Fig. 8(iii)). It is also expected that, as x, increases,
i.e., the foil’s pivot axis moves towards the trailing edge, the Co magnitude generally increases
due to the increase of moment arm. This has been confirmed by the result shown in Fig. 8(vii).
The increase in Cy then results in the increase of C,g, especially at the end of stroke reversals,
as revealed in Fig. 8(ix). As for the heaving force Cn shown in Fig. 8(iv), although its
peak/trough changes with xp, this change does not affect the heaving power because the
corresponding heaving velocities are almost zero. With the above observations, it can be
summarized that, as X, increases, the increase in the total power C, is mainly due to the increase
of Cpy at the end of stroke reversals plus the increase of Cyn at the end of pure heaving, as
revealed in Fig. 8(x).
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Figure 8 Evolution of phase-averaged quantities for the flapping foil system operating with selected pivot
locations at 6o = 45° and U,, = 0.55 m/s: (i) heaving displacement h/c; (ii) pitching angle 6/0; (iii) effective angle
of attack aer; (iv) heaving force coefficient Cn; (v) heaving velocity 4/U..; (vi) heaving power coefficient Cpn; (Vii)
pitching moment coefficient Cy; (viii) pitching velocity o c/U.; (ix) pitching power coefficient C,s; and (x) total
power coefficient Cp. The shaded background represents pure heaving phases for the baseline case (x, = 0.7¢),

whereas the white background represents stroke reversals.

In the experiments we also observed that the test model could not work in a sustainable way if
its pivot axis is located at or ahead of about 0.3c (A video provided in the supplementary
material shows that the test model is able to work continuously at x, = 0.35c, while it barely
works at x, = 0.3c), which is consistent with previous observations reported by Duarte et al.
(2019). This phenomenon is believed to be associated with the relative position of the foil’s
hydrodynamic center of pressure from the pivot axis. To ensure continuous flapping, the center

of pressure must be located ahead of the pivot axis, i.e., Xep — Xp < 0, so that the resulting
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hydrodynamic forces/moment can force the foil to maintain contact with the pitching limiter
during pure heaving phases and rotate towards the pitching extremes during the second stage
of stroke reversals. For the flapping flat plate in the present study, its hydrodynamic center of
pressure changes with time, which can be evaluated using the data read from the load cell by
the formula Xcp = Xp — Mo/(Fn cos@ + Fx sind). Figure 9 clearly confirms that xcp — Xp < 0 during
the pure heaving phases and the second stage of stroke reversals for the three cases. Note that
Xep — Xp > 0 during the first stage of stroke reversals. To overcome this adverse condition, it
requires the system to have enough inertia so that the foil can continuously turn and revert the

sign of its pitching angle.

1.0 o

0.5 1

0.0

R&

\
5-0.5-

.

T
Pd
1

-1.0

— — o

-1.5

2.0 +———
0.0 0.2

Figure 9: Evolution of the distance between the foil’s center of pressure from its pivot location (i.e., Xep — Xp) in
one flapping cycle. 9y = 45° and U, = 0.55 m/s. The shaded background represents pure heaving phases for the
baseline case (xp = 0.7c), whereas the white background represents stroke reversals. For the three cases, the foil’s
center of pressure is far ahead of the pivot axis, i.e., Xep — Xp < 0, during the pure heaving phases and the second

stage of stroke reversals, which is required for the system to achieve sustainable flapping motion.

3.3 EFFECT OF PITCHING AMPLITUDE

As described in Sec. 2.1, the pitching amplitude of the flapping foil, 6o, can be pre-determined
using the two pitching limiters. In this section the effect of 6o is studied by adjusting these
limiters. As shown in Fig. 10, both the mean heaving power Cph and the mean pitching power
Cpo increase as 6o increases from 30° to 60°. As a result, the total mean power C, and the total

power conversion efficiency # also increase, with the latter reaching 35.6% at 6o = 60°.
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Figure 10 Variations of heaving power coefficient Cpn, pitching power coefficient Cp and total power coefficient
Cp against the pitching amplitude for the flapping foil system with x, = 0.7c and U, = 0.55 m/s. All power

coefficients increase as the pitching amplitude is increased.

The change in pitching amplitude also affects the foil’s dynamics. Different from the powers
and efficiencies, however, the Strouhal number does not show a monotonic variation trend, as
revealed in Fig. 11. Instead, it increases significantly from 0.145 to 0.187 when 6o increases
from 30° to 45°, and then decreases to 0.174 when 6 further increases to 60°. Since the heaving

distances in these three cases do not differ too much, this variation in St is mainly caused by
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Figure 11 Variation of flapping frequency f and Strouhal number St against the pitching amplitude for the flapping
foil system at xp = 0.7c and U.. = 0.55 m/s. Maximum flapping frequency and Strouhal number appear when the

system operates with an intermediate pitching amplitude.

the change of flapping frequency. On one hand, as the pitching amplitude is set small such as

6o = 30°, the heaving force is small leading to a smaller flapping frequency of f = 0.561 Hz. On
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the other hand, as the pitching amplitude is set large such as 8o = 60°, it requires a much longer
time to complete the stroke reversals, also leading to a smaller flapping frequency of f = 0.610

Hz. Hence, a peak frequency appears at intermediate pitch amplitudes such as 6o = 45°.
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Figure 12: Evolution of phase-averaged quantities for the flapping foil system at selected pitching amplitudes at
Xp = 0.7¢ and U., = 0.55 m/s: (i) heaving displacement h/c; (ii) pitching angle 6/6y; (iii) effective angle of attack
aer; (iv) heaving force coefficient Ch; (v) heaving velocity 4#/U.; (vi) heaving power coefficient Cpn; (Vii) pitching
moment coefficient Cy; (viii) pitching velocity 6 c/U.; (ix) pitching power coefficient C,¢; and (x) total power
coefficient C,. The shaded background represents pure heaving phases for the baseline case (6o = 45°), whereas

the white background represents stroke reversals.

The evolution of the foil’s displacements, velocities, forces/moments and powers in a flapping
cycle is presented in Fig. 12. It is seen that, compared with the heaving motion, the pitching

motion changes a lot: as o increases, the pure heaving phases last for a shorter time, which
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leads to longer stroke reversal phases, as revealed in Fig. 12(ii). As such, at higher 6o the foil
rotates in a longer time (see Fig. 12(viii)). On the other hand, higher o also induces higher
pitching moment as confirmed in Fig. 12(vii). These two factors result in much larger pitching
power, especially at the end of stroke reversals (Mumtaz Qadri et al., 2019), as shown in Fig.
12(ix). However, due to their out-of-phase relation at the first half of stroke reversals,

significant negative pitching power is also obtained in the cases with 6o = 45° and 60°.

The increase in 6o also changes aetr, as shown in Fig. 12(iii). This results in the increase of
heaving force, as revealed in Fig. 12(iv). As such, the heaving power is also enhanced,
especially in the mid strokes. With both the time-varying heaving and pitching powers being

enhanced, the total power further increases with 6o as confirmed in Fig. 12(x).

3.4 EFFECT OF WATER SPEED

In the experiments a minimum water speed or cut-in speed, i.e., U, = 0.45 m/s, was observed,
under which the test model could not achieve sustainable flapping motions in a fully passive
way. In this section, the performance of the test model is further compared in water flows at
three different speeds, i.e., U = 0.46, 0.55 and 0.69 m/s, corresponding to the Reynolds number
6.4 10% 7.7X 10% and 9.7 X 10%, respectively.

Figure 13 shows the variations of the mean power against the water speed. It is seen that the
mean pitching power Cpy monotonically increases with U, whereas the mean heaving power
Cph remains almost constant at 0.46 and 0.55 m/s and decreases at 0.69 m/s. As a result, the
total mean power Cp, first increases and then slightly decreases, indicating the existence of an
optimal flow speed in this flow range. Although not presented here, it should be noted that the
actual power monotonically increases with U.., reaching 1.6 W at 0.69 m/s.

The foil’s flapping frequency also increases with the water speed, as shown in Fig. 14, due to
the increase of heaving and pitching velocities (as can be read from Figs. 15(iv) and 15(vii)).
Despite the increase of water speed, the increase of flapping frequency also leads to the increase

of the Strouhal number.
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Figure 13: Variations of heaving power coefficient Cyn, pitching power coefficient Cpy and total power coefficient
Cp against the freestream velocity for the flapping foil system with x, = 0.7c and 6, = 45°. As the flow speed
increases, the heaving power reduces, whereas the pitching power increases. Hence an optimum flow speed

appears for the total power.
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Figure 14: Variation of flapping frequency f and Strouhal number St against the freestream velocity for the
flapping foil system at x, = 0.7c and 6o = 45°. Both the flapping frequency and the Strouhal number increase with

the flow speed.

Figure 15 shows the evolution of the foil’s displacements, velocities, forces/moments and
powers in one flapping cycle. The increase of the water speed brings an obvious change: the
stroke reversal phase ends earlier as revealed in Fig. 15(ii), reflecting faster stroke reversals.
The faster stroke reversal then induces higher pitching velocities and earlier velocity peaks (see
Fig. 15(viii)), as well as earlier pitching moment peaks (see Fig. 15(vii)), all occurring at the
end of stroke reversals. All these lead to earlier peaks for the pitching power, as shown in Fig.

15(ix). Meanwhile, the higher pitching velocity result in a higher and earlier et peak, as
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revealed in Fig. 15(iii), which then induces a higher and earlier peak for heaving force (see Fig.
15(iv)). However, it seems the faster stroke reversal does not affect the heaving displacement
and velocity too much, as revealed in Fig. 15(i) and 15(v). In addition, the faster water speed
does not consistently generate higher peaks for heaving velocity. As a result, the heaving power
is not affected significantly, except for the increased negative power appearing at the end of
stroke reversals. As the sum of the heaving and pitching powers, the total power is then majorly

affected through the phase and magnitude changes at the end of stroke reversals.
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Figure 15 Evolution of phase-averaged quantities for the flapping foil system at selected freestream velocities at
Xp = 0.7¢ and 6o = 45°: (i) heaving displacement h/c; (ii) pitching angle 6/65; (iii) effective angle of attack ae; (iv)
heaving force coefficient Ch; (v) heaving velocity #/U.; (vi) heaving power coefficient Cyn; (Vii) pitching moment
coefficient Cy; (viii) pitching velocity é c/U.; (ix) pitching power coefficient C,¢; and (x) total power coefficient
Cyp. The shaded background represents pure heaving phases for the baseline case (U, = 0.55 m/s), whereas the

white background represents stroke reversals.
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4. CONCLUSIONS

In this study we experimentally investigated a novel flapping-foil based flow-energy harvester,
which is able to extract energy from water flows through the foil’s fully passive flapping
motion, i.e., the foil’s heaving and pitching motions are not prescribed. The foil’s dynamics
and energy extraction performance were studied under various flow and operating conditions.

The major findings are as follows:

(1) With the implementation of a pair of heaving limiters and a pair of pitching limiters, the
test model is able to achieve sustainable, fully passive flapping motion so as to harvest
energy from the surrounding flow. It can generate a mean power of about 1 W in a water
flow of U, = 0.55 m/s, leading to a power conversion efficiency of 32.5%, which is similar
to 32% reported in Platzer & Sarigul-Klijn (2009), and better than other fully passive, non-
flutter type devices, i.e., 28.3% in McKinney & Delaurier (1981), 26% in Jones et al.
(1999) and 25% Xu et al. (2017). Furthermore, the maximum efficiency we obtained in our
tests, 35.2%, is even comparable with the most efficient modern turbines which capture

around 35~45% of available flow energy (Dunnmon et al. 2011).

(2) The heaving velocity 4/U. reaches its extremes at the end of each pure heaving phase,
whereas the heaving force Ch reaches its extremes at around the end of each stroke reversal,
leading a phase difference of nearly 90°. As such, the heaving power Cpn is positive in the
pure heaving phases but negative in the stroke reversal phases. Both pitching velocity ¢
¢/U and pitching moment Cy peak at the end of stroke reversals. Hence the pitching power

Cpo shows a significant peak at the end of stroke reversals.

(3) The total power is dominated by the heaving motion in the pure heaving phases. In the
stroke reversal phases, the heaving and pitching motions compete roughly in the first half,
whereas the pitching motion dominates in the second half. Both the motions are able to

make positive contributions to the flow energy harvesting.

(4) As the foil’s pivot axis is moved towards the trailing edge, both the mean heaving power
and the mean pitching power increase. As a result, the total power increases significantly.
The same trend was also observed when the foil’s pitching amplitude increases from 30°
to 60°. On the contrary, it seems that there exists an optimal water speed between U, =

0.46 and 0.69 m/s, at which the power conversion efficiency is maximum.
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Note that, our test model has a cut-in speed of U, = 0.45 m/s. Although it can be made further
smaller by fine tuning the system, the existence of this speed reflects that this type of devices
cannot work properly in flows of too low speeds. On the other hand, as the water speed
increases, the flapping frequency increases accordingly, as evident in Fig. 14. This may cause
serious problems in structural integrity. Therefore, this type of devices cannot work properly
in flows of too high speeds either, unless the concern on structural integrity can be well

addressed.

In the near future, we will continue studying the effects of other important parameters, such as
the heaving amplitude and the streamwise distance between the long shaft and the heaving
limiters. In addition, since our test model only converts the flow kinetic energy into the model’s
mechanical energy, we complete the system by designing and deploying a suitable power take-

off system and analyze the new system’s water-to-wire energy conversion performance.
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