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a b s t r a c t

In recent years, nonlinear dynamic models have been developed for flapping-type energy harvesting
systems with a rigid wing, but not for those with a flexible wing. Thus, in this study, flexible wing designs
of NACA0012 section are proposed and measurements of the forces of rigid cambered wings, which are
used to estimate the performance of the designed wings, are conducted. Polar curves from the measured
lift and drag coefficients show that JavaFoil estimation is much closer to the measured values than Eppler
over the entire given range of angles of attack. As the camber of the rigid cambered wings is increased,
both the lift and drag coefficients increase, in turn increasing the resultant forces. Moreover, the
maximum resultant forces for all rigid cambered wings are achieved at the same angle of attack as the
maximum lift coefficient, meaning that the lift coefficient is dominant in representations of the wing
characteristics.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A lab-scale Flapping-Type Tidal Energy Harvesting System
(FTEHS) has been developed and tested by the Korea Institute of
Oceans Science and Technology (KIOST) to study its dynamic
behavior. A non-linear dynamic model of the harvesting system has
also been developed and validated using measured data from a
water-channel experiment and CFD simulation results (Truong
et al., 2014; Sitorus et al., 2015). The aforementioned FTEHS used
the rigid NACA0012 airfoil profile with a chord length of 0.15m as
its wing was attached at a 0.25c pitch axis to a 0.185m length
flapping arm. This lab-scale system was operated at Reynolds
numbers ranging from 80,000 to 160,000 (Sitorus et al., 2015).

The dynamic model was developed and has been proposed for
use as a design tool since the early stages of the designing an FTEHS
owing to its low computational cost compared to the CFD approach.
The dynamic response of the flapping arm of a FTEHS can be suc-
cessfully estimated with the developed dynamic model. The model

is based on a quasi-steady hydrodynamic assumption where the
wing is regarded as static towards the effective flow, which is a
resultant of the far field inflow speed and the swinging speed of its
flapping arm. The swinging frequency of the flapping arm, which
represents the swinging speed, is mostly located near reduced

frequency, f *
�

¼ fc
U∞

�
, 0.125 or 0.15, where f is frequency, c is chord

length, U∞ is incoming velocity, reported as optimal in previous
studies (Kim et al., 2015; Zhu, 2011). The effective angle of attack of
the wing is determined with respect to this effective inflow. The
forces and moment as a function of the effective angle of attack are
then calculated during the flapping cycle. Based on the forces and
moment, the dynamic flapping-arm response is finally solved by
the Runge-Kutta method due to its nonlinearity. In the dynamic
model, hydrodynamic characteristics of the wing are important
parameters in the calculations of the forces and moment. Unfor-
tunately, the measured wing characteristics of NACA0012 in the
operating range of Reynolds numbers in this application are not
available; hence, the two dimensional aerodynamic characteristics
of NACA0012 are obtained using the Eppler model from Sandia
National Laboratories (Sheidahi and Klimes, 1981) at Re¼ 100,000
for the force coefficients and at Re¼ 360,000 for the moment
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coefficients (Sitorus et al., 2015).
Recently, Liu et al. (2013) reported that a flexible integrated

wing is more efficient by 7.68% than a rigid wing (at the typical
flapping frequency f *¼ 0.15 and with a nominal effective angle of
attack of 10�). Their turbulent CFD simulation results show that the
hydrodynamic performance of the flexible wing is improved not
only by the increased lift and moment amplitude due to the
deformation, but also by the phase shift among lift and heaving-
velocity as well as moment and pitching-velocity, by initiating an
earlier development of leading edge vortex as compared to the rigid
wing. Le and Ko (2015) also reported that 30% improvement in the
rate of power-extraction efficiency was achieved by 20% chordwise
flexure through flow simulations. These recent reports have
encouraged us to improve the performance of the current flapping-
type tidal energy harvesting system further by using a flexible
wing. For this purpose, a variable-camber wing was designed to be
used in an existing lab-scale FTEHS, as shown in Fig. 1.

The same dynamic model which was introduced earlier will also
be utilized for flexible-wing applications. For that purpose,
providing the hydrodynamic characteristics of the flexible wing is
compulsory. Hence, measurement results of the hydrodynamics flat
NACA0012 together with several rigid cambered-wing configura-
tions are provided in this work.

2. Methods and materials

2.1. Variable-camber NACA0012

The deformation of the flexible-wing's camber is designed to be
coupled to the pitch angle considering that it will be attached to the
existing flapping-type system, which has a pitch control module.
The flapping-type energy harvesting system is a configuration in

which the flapping arm is moved by hydrodynamic forces acting on
the wing due to a prescribed pitching motion. In this flexible-wing
application, the camber deformation will be determined by the
prescribed pitching motion. Fig. 2 shows camber configurations of
the NACA0012 wing, which is divided into three wing sections. The
wing sections are c1¼45.67% (4.567 cm), c2¼ 32.67% (3.267 cm),
and c3¼ 21.67% (2.167 cm) of the chord length (c¼ 10 cm) for the
front, mid, and rear sections, respectively.

Practically, the shape of the flexible wing can be formed
depending on the given input pitch angle (qo) with a coupling
mechanism. The relative angle between middle and rear wing
sections (qQ) is identical to the relative angle between the front and
middle wing sections (qP), as defined in Eq. (1). In this design, the
maximum input pitch is 14�, thus creating a total angle (qT) of 28� at
the trailing edge relative to the far field inflow.Wing characteristics
for all deformed shapes based on the prescribed aforementioned
kinematics rule are required for a performance analysis of the
design. To reduce the number of experiments, we selected five rigid
cambered shapes representing all deformations of the flexible
wing, ranging from a flat NACA0012 to its maximum prescribed
camber. The characteristics of the intermediate shapes can be
interpolated from those five rigid cambered shapes.

qQ ¼ qP ¼ 0:5qo; qT ¼ qo þ qP þ qQ ¼ 2qo: (1)

Based on a general definition, the chord line of an airfoil is a
straight line connecting the leading edge to the trailing edge, as
shown in Fig. 3. This definition is used for both a symmetric airfoil
and a cambered one. Following this definition, the pitch angle (qo)
in this regard is a geometric angle of attack of a symmetric airfoil
that is formed between the chord line of the wing and the far-field
inflow direction. With regard to the cambered wing, the geometric
angle of attack is defined as

qf ¼ tan�1
� ðc1a þ c1bÞsinðqoÞ þ c2 sinð1:5qoÞ þ c3 sinð2qoÞ
ðc1a þ c1bÞcosðqoÞ þ c2 cosð1:5qoÞ þ c3 cosð2qoÞ

�
;

(2)

where c1a is the pitch axis location from the leading edge, which is
located at 0.25c in this work. As a comparison, the geometric angle
of attack of the cambered wing (qf) with respect to a sinusoidal
pitch-angle input is shown in Fig. 4. As shown in the figure, the
geometric angle of attack of the cambered-wing (qf) is not the
equivalent of the total angle of each section (qT) but is considerably
larger than the geometric angle of attack of the symmetric wing.

Fig. 1. CAD model of the lab-scale FTEHS with a rigid wing developed in KIOST (Sitorus
et al., 2015).

Fig. 2. Variable-camber configurations at various section angles for a flexible-wing
application.
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The maximum geometric angles of attack for the given input am-
plitudes are listed in Table 1.

2.2. Experimental setup

The Reynolds numbers of the lab-scale FTEHS application in this
work is 80,000. Based on this value and the wing size (b¼ 100mm,
c¼ 100mm, AR: 1.0), the inflow velocity was determined to be
V∞¼ 0.7148m/s. In detail, this condition is determined by consid-
ering the threshold of the minimum and maximum forces and
moment of the transducer (threshold of force: 0.01e10N; moment:
0.01-2Nm). To reduce number of experiments, we selected five
rigid cambered shapes, representing the deformation of the flexible
wing for a maximum pitch angle input of 14�. When the maximum
pitch angle is given, the trailing edge displacement becomes 18% of
the chord length. In the previous study (Liu et al., 2013), the
displacement was given up to 15% of the chord length. The char-
acteristics of the intermediate shapes can be interpolated from
these five rigid cambered shapes. A set of wings, as listed in Table 1,
was selected, and for each wing set, the force measurement was
conducted in nominal increments of three degrees from �30�

to þ30�, and vice versa. The angle of attack of the wing was

adjusted manually using an angular manipulator with accuracy of
±1�.

Measurement apparatus was set up in a circulating water
channel (CWC) facility of Seoul National University in Korea, as
shown in Fig. 5A. The wing was placed in the middle of water level,
0.5c away from the ground and surface level. The flow distribution
of the water channel was considered, and the flow difference from
the water bed to the water level was only 0.05m/s, or less than 10%
of the difference of the determined inflow velocity. As shown by the
flow velocity distribution in Fig. 5B, the location of the test wing is
around z/H¼ 0.3 to 0.7, between which the velocity, especially at
low to medium speeds, is evenly distributed. The flow speed of the
CWCwas controlled by changing the speed of the propeller andwas
calibrated (R2¼ 99.74%) using a Pitot tube. To determine the hy-
drodynamic forces and moment acting on the wing model, the
forces and moment acting on the strut without the wing were
subtracted from the total measured data. As the wing models were
installed vertically, their masses and buoyancies do not influence
the vertical and horizontal forces. A data acquisition (DAQ) module
QuantumX (MX840B) with a 24-bit A/D converter (accuracy class:
0.05%) and software of Hottinger Baldwin Messtechnik (HBM®) for
the three-component transducer (see Fig. 6), and a DAQ module of
Validyne for the pressure sensor were used. As the measurements
were conducted in a static condition, sampling rates of 50Hz were
set to collect the measured data. Hydrodynamic forces data at
various geometric angles of attack (qo) were obtained by averaging
3000 data sets (with a recording time of approximately one min-
ute). The lift and drag forces were measured repeatedly (at least 3
times) for the whole set, and the standard deviations of the
measured lift and drag coefficient are 0.217% and 0.049%,
respectively.

It should be noted that the Two-Dimensional (2D) wing char-
acteristics are affected by the corresponding section profile,
whereas the low-aspect-ratio finite wing or Three-Dimensional
(3D) wing characteristics are affected by the corresponding plan-
form and section profile. For a wing to be considered as a 2D wing,
circular thin endplates (thickness: 2mm) were attached to the
wing model with a diameter of twice the chord length (2c). The use
of the endplates at the wing tips is classically known to limit the 3D
effects (Kinsey and Dumas, 2012). The endplates serve to prevent
disturbances by the water surface or ground effects as well. The 2D
hydrodynamic characteristics of the wing can be obtained from the
measured forces of the wing with the attached endplates, as
follows,

CL ¼
2Fy
rSV2

∞
; CD ¼ 2Fx

rSV2
∞
; (3)

where CL, CD, Fy, Fx, r, and S are the lift coefficient, drag coefficient,
force perpendicular to the incoming flow direction or the lift force,
force alignedwith the incoming flowdirection or the drag force, the
water density, and the projected surface area of the wing model,
respectively.

Fig. 3. Definition of the geometric angle of attack of a symmetric wing and a positive
camber in a deformed flexible wing.

Fig. 4. Kinematics and geometric angle of attack of the flexible wing.

Table 1
Cambered wing Configurations.

Wing qo qP qQ qT qf

A 0 0 0 0 0.000
B 2 1 1 4 2.760
C 6 3 3 12 8.280
D 10 5 5 20 13.799
E 14 7 7 28 19.316
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3. Results and discussion

Figs. 7 and 8 and Table 2 show the hydrodynamic characteristics
of NACA0012 and its four cambered configurations wings. Polar
curves of these wings are also shown in Fig. 9.

Fig. 7A shows the measured lift coefficient CL of the 2D sym-
metric NACA0012 wing together with the estimated lift coefficients
using the thin airfoil theory, the Eppler Model by Sandia National
Laboratories (Sheidahi and Klimes, 1981), and JavaFoil with exper-
imental stall correction using CalcFoil (Hepperle, 2014). The Eppler
model estimation shows two peaks of the lift coefficient and stall
starting at a geometric angle of attack of 8e10� and increasing to
reach the second peak at 27�. These two peaks of the lift coefficient
and extreme stall fail to capture the actual characteristics of
NACA0012 in our case. JavaFoil with the incorporated stall correc-
tion estimates the nominal measured lift coefficients outstandingly
well and matches the slope (JavaFoil/KIOST: 0.0798/0.0705), peak
value (1.018/1.002), maximum lift angle (15/15), and stall trend.
Table 2 lists the lift slopes ao¼ dCL/da obtained within the range of
angle of attack when the maximum lift coefficient is achieved. The
lift coefficient based on the thin airfoil theory is obtained by
CL¼ 2pa (Anderson, 2010), which provides lift slope equals to 0.1
for a thin airfoil, whereas the lift slope as estimated by JavaFoil and
that measured one are 0.0798 and 0.0705, respectively. Stall con-
ditions characterized by a sudden decrease of CL were observed in
all three approaches. Typically, the stall angle of a thin rectangular
planform occurred at a< 10�, as shown by the Eppler model, with
which the stall starts at 8�. Meanwhile, the stall values based on the

measurements and on the JavaFoil estimation are delayed and start
at 15�.

The minimum drag coefficient CD of the experiment in Fig. 7B is
0.00797 at zero angle of attack. This value is larger than the skin
friction drag coefficient (Cf¼ 1.328/√Re¼ 0.00470) of airfoil in
laminar flow, which is theoretically estimated by that of thin flat
plate at zero angle of attack (Anderson, 2010). Meanwhile, this
value is smaller than the drag coefficient of the Eppler model,
0.0133 and that of JavaFoil, 0.0224 at the same angle of attack. The
maximum drag coefficients in the measured angle of attack range
of �30�<a<þ30� are 0.57, 0.932, and 0.533 as estimated with the
Eppler model, JavaFoil, and by the measurement, respectively.
Regarding the drag coefficient, the Eppler model matches the
measured value quite well. Although the maximum lift coefficient
of JavaFoil is in fair agreement withmeasured value, the lift-to-drag
ratio (23.484) fell as compared to the others (35.426 and 32.171)
owing to the high drag estimation by JavaFoil. This occurred
because the maximum lift-to-drag ratios of the three approaches
are achieved at a < 10�. Nonetheless, the polar curves shown in
Fig. 9(A) indicate that the JavaFoil estimation is much closer to the
measured characteristics as compared to the Eppler model when
considering both the lift and drag coefficients over the entire range
of angles of attack, given the experimental stall correction.

The lift and drag coefficients in Fig. 7 are plotted with respect to
the corresponding geometric angle of attack, which is identical to
the pitch angle input in flapping-type wing applications. The
cambered wing in this work, as discussed earlier in the paper, has a
larger geometric angle of attack compared to its pitch angle input,

Fig. 5. [A] Circulating water channel (CWC) facility, and [B] flow profile of the CWC.
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as shown in Fig. 4 and expressed in Eq. (2). To prevent confusion,
the cambered wing characteristics in the following figure are
plotted against the pitch angle, which is identical to the geometric
angle of attack of the symmetric NACA0012, as shown in Fig. 7.
When used as an input parameter in the dynamic model or in other
applications, the geometric angle of attack must be recalculated by
Eq. (2).

The four rigid cambered-wing configurations have deformed
shapes according to the designed mechanism described in the

previous section, by which the camber deformation increases from
wings A to E, respectively. The zero-angle-of-attack lift and drag
coefficients are shifted up along with the increment of the wing
deformation, as shown in Fig. 8. The maximum lift coefficient is
achieved at the same angle of attack of 12� for wing configurations
B (1.047), C (1.143), and D (1.340), whereas for wing E (1.420) it is
achieved at a smaller angle of attack of 9�. Interestingly, the lift
slopes for all wings are quite similar with those of the symmetric
wing (0.0678e0.0744), as listed in Table 2. An abrupt decline of the

Fig. 6. [A] Measurement setup [B] wing models, endplates, and three-component transducer; and [C] transducer calibration.
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lift coefficient occurs directly after the lift peak, and the lift coef-
ficient is then flattened from 20�. This abrupt change is called stall
that much affects the force generation as well as the power gen-
eration performance. As shown in Fig. 8(A), the lift coefficient in-
creases sequentially fromwing A to wing E in the post stall region,
which is also included in the operation range of the FTEHS. Namely,
these results reveal an advantage of the flexible-wing in terms of
the performance of power generation. In contrast, the drag coeffi-
cient at a> 20� increases continuously with the slope slightly
declined as compared to the steepest slope observed at 10�

<a< 20�.
For a wide range of variation in the angle of attack, there is a

tradeoff between the lift and drag coefficients. Occasionally in a
certain part of the range, preferred high lift exists, but high drag,
counted as a burden, exists as well. Although both the lift and drag
coefficients increase as the camber becomes larger, the lift-to-drag
ratio decreases significantly (>50%) compared to that of the sym-
metric wing, as listed in Table 2. Awing with a low lift-to-drag ratio
for a fixed-wing flying vehicle is considered as inefficient and a low
performer because it reduces the endurance owing to low climb

rates, and slow flight speeds (Anderson, 1989). Normally, an aircraft
requires the least time possible to reach a required altitude in order
to overfly obstacles during takeoff. If the aircraft has low lift-to drag
ratio, it requires more time to reach the altitude due to low climb
rates. During cruise flight condition, lift and thrust are in equilib-
rium with weight and drag, respectively. For the same amount of
thrust, aircrafts with low lift-drag ratio fly slower than those with
high ratio because they experience deceleration due to larger drag.
At the same time, the aircrafts do not have enough lift to keep level
flight and hence descends gradually. This makes the endurance of
the aircraft reduced. For a flapping wing application such as a
swing-arm type power extraction system, both lift and drag forces
contribute to power generation in the form of moment about the
flapping-arm axis (Sitorus et al., 2015). For this reason, high lift and
drag values even with a low lift-to-drag ratio can be utilized to find
the optimal shape of a flexible wing in the design of flapping-wing
type applications.

Another aspect with regard to the characteristics of the wing is
provided by polar curves which plot the lift coefficient versus the

Fig. 7. 2D hydrodynamic coefficients of NACA0012.
Fig. 8. Hydrodynamic coefficients of cambered-wing configurations with endplates.
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drag coefficient as shown in Fig. 9. The resultant hydrodynamic
force, which is the magnitude of lift and drag coefficient
(CR¼√(CL2þCD

2)), can be considered as the distance from the origin
to the data points of the polar curves. The polar curves of all wings
(A to E) in Fig. 9(B) show that the resultant force is shifted slightly to
the right and significantly upward, respectively, as the camber
becomes larger. The maximum resultant force and the maximum
lift coefficient for all wings are achieved at the same angle of attack
in the range of measured values (�30�<a<þ30�). More detailed
information about the five wing configurations designed in this
work is summarized in Table 2.

4. Conclusions

In this study, a novel flexible-wing design was proposed to
improve the performance of a lab-scale Flapping-Type Energy
Harvesting System (FTEHS) with a rigid wing. The flexible wing
consists of three sections and can be deformed chord-wisely ac-
cording to the pitch angle input. This type of flexible-wing defor-
mation is applicable to a FTEHS with a pitch control module. The
nonlinear dynamicmodel of the rigid wing, recently developed, can
be utilized for performance analyses of flexible-wing applications
as well. The lab-scale application of the FTEHS has a low Reynolds
number range, in which the proper characteristics of flexible wings
used as input for the dynamic model are not provided in previous
studies. Thus, in this work, to obtain these values, the measure-
ments of a symmetric wing and all of its deformed shapes were
conducted.

According to the results of themeasured forces of the NACA0012

symmetric wing, themeasured lifts at a Reynolds number of 80,000
are in good agreement with the two-dimensional estimated values
by JavaFoil with incorporated stall correction and measured drags
are close to those by Eppler. JavaFoil estimates the nominal
measured lift coefficients outstandingly well, but the lift-to-drag
ratio is much lower as compared to the other cases due to its
high drag. Nonetheless, the polar curves associated with both the
lift and drag coefficients show that the JavaFoil estimation is much
closer to the measured forces than the Eppler model over the entire
given range of angles of attack due to the experimental stall
correction. For cambered wings, both the lift and drag coefficients
increase with the resultant forces subsequently increasing as the
camber becomes larger. Moreover, the maximum resultant force
and the maximum lift coefficient for all wings are achieved at the
same angle of attack, which indicates that the lift coefficient is
dominant in determining the wing characteristics.

Flexible wing designs as proposed in this work can be imple-
mented in the lab-scale FTEHS, and the measured wing hydrody-
namic characteristics will be utilized for further development of the
dynamic model and for a performance analysis in design stage of
flexible-wing FTT applications. Results from this work can also be
used for other applications that require cambered rigid-wing or
flexible-wing deformation.
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