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Abstract- Oscillating wing is an innovative approach for power extraction from wind. The parameters which define the
oscillatory motion of an airfoil are optimized using the Response Surface Methodology (RSM). The objective of the
optimization is to maximize the power extraction from wind. The flows around the oscillating airfoil are computed unsteady
and laminar using a Navier-Stokes solver. The computations are conducted parallel in a PC cluster. The oscillatory motion is
defined as a combination of plunging and pitching. The optimization variables are the oscillation frequency, the plunge and
pitch amplitudes and the phase shift between plunging and pitching. The calculated highest power coefficient is about 0.40,
which is comparable to the power coefficient values of conventional rotating wind turbines. The optimum motion is obtained
when the reduced frequency is almost unity. Moreover, the maximum power coefficient increases as the plunge amplitude
increases.
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1. Introduction

Power generation based on the renewable energy sources
is a recently spread idea. Extraction of the power from the
air/water flow energy is a good example for the renewable
energy sources [1-4]. For this purpose, the conventional
rotating wind turbines are commonly used for years. Ocean
current and water stream flow are also other renewable
energy sources [5].

CFD is a common tool for the design and performance
analysis of wind turbine blades and wind assessment [4, 6-8].

The non-conventional oscillating wings can be
considered as another solution for extracting power from air.
Studies on oscillating-wing wind power generators have been
started few years ago. McKinney and DeLaurier [9] have
analytically and experimentally analyzed the flows over
oscillating wings to investigate their ability in producing
power from wind energy. Their results have shown that
oscillating wings can generate power as efficient as

conventional wind turbines. They have found power
coefficient of about 30% at a certain combination of
plunging and pitching and a phase shift between plunge and
pitch motions. Their results are promising for further
investigations.

For a long time after Mckinney and DeLaurier’s work,
studies on oscillating/flapping wings have focused on mostly
the thrust generation rather than power generation. Jones et
al. [10,11] have conducted two important studies to
investigate the usage of oscillating wings to extract power
from the wind energy. They have numerically and
experimentally investigated a single wing oscillating in the
air flow, and dual wings in tandem oscillating in the water
flow. The numerical analyses in those studies have been done
in two-dimension. They have investigated sinusoidal
plunging and pitching motions which give high power
coefficients.

Kinsey and Dumas [12] have used a 2-D Navier-Stokes
solver to compute the flows over an airfoil undergoing a
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combination of sinusoidal plunge and pitch motions. Their
parametric study have shown that about 35% power
coefficient can be attained. Liu et al. [13] used Discrete
Vortex Method to solve the same problem of Kinsey and
Dumas [12] to validate their method. They obtained results
with 1% deficiency from Kinsey and Dumas.

Kinsey and Dumas [14] have also compared the results
of 2-D and 3-D solutions of water flows over oscillating
wings. They have observed that generated powers based on
3-D solutions follow a similar trend to the 2-D solutions
although 3-D solutions have provided relatively 20% - 30%
less power coefficient. However, in the case of using wing
end plates, their 3-D solutions have not differed by more than
10% from the 2-D ones. Based on this observation, Kinsey
and Dumas [15] have suggested that 2-D solutions which
take shorter computation durations can be validated against
3-D solutions using correction factors.

Nonsinusoidal flapping motions of airfoils have been
reported to be superior to sinusoidal motions regarding thrust
generation [16]. This observation might also be true for
power production using oscillating airfoils. Therefore,
Platzer et al. [17] have suggested an oscillatory motion based
on square waves to increase the power generation. They have
also observed from their experiments that wings oscillating
in tandem configuration can enhance the power production.

Ashraf et al. [18] have proposed a new oscillating-wing
mechanism to generate power from wind and flowing water.
Their mechanism is based on nonsinusoidal plunging and
pitching. They solved 2-D Navier-Stokes equations for air
flows over oscillating airfoils. The results have shown that
the power coefficient increases by about 15% compared to an
airfoil which makes a sinusoidal plunging and pitching. They
have also studied the case of two airfoils in a tandem
configuration. According to the cases they have studied and
the mechanism they have used, the power coefficient per
airfoil is not affected compared to a single oscillating airfoil.

Kinsey and Dumas [15] have focused on the
determination of the optimal positioning of dual wings in a
tandem configuration oscillating in water flow to obtain the
maximum power coefficient. For this purpose, they have
used a 2-D Navier-Stokes solver. They have observed that a
high power may be obtained if the aft wing is at a proper
position.

Zhu et al. [19] have proposed a new adaptive
deformation oscillating wing to investigate energy extraction
from incoming stream. In their study, they presented the
theoretical performance of this concept through unsteady
two-dimensional simulations. They have reported that the
power coefficient can be increased by around 16% compared
to oscillating airfoils which are not undergoing a deformation
process.

Young et al. [20] have conducted a review on the
progress and challenges of using flapping foils as power
generators. They concluded that this field is currently
witnessing a rapid increase in research and publications.
However, more studies are needed in this area.

In literature, the optimization to examine the optimum
oscillating parameters for maximum power production was
not conducted. This study aims at determining the oscillatory
motion parameters for the maximum generated power
coefficient using a numerical optimization method. For this
purpose, an airfoil oscillating as a linear combination of
sinusoidal plunging and pitching are analyzed numerically.
The aerodynamic loads are obtained from 2-D unsteady
laminar flow computations. The optimization is based on
Response  Surface Methodology (RSM). The flow
computations are done in a parallel computing environment.

2. Numerical Method
2.1. Navier-Stokes Solver

The unsteady, 2-D, thin-layer, Reynolds averaged
Navier-Stokes equations for compressible flows are
implicitly solved on a structured grid (Kaya and Tuncer [16,
21]; Kaya et al. [22]). The computations are performed in a
parallel computing environment based on domain
decomposition (Fig. 1). The oscillatory motion is obtained by
the giving the prescribed plunge and pitch motions
(equations (1) and (2)) to the airfoil. The C-grid surrounding
the airfoil is also moved with the same motions.

Par‘tition 3

Buffer
Zone 2 4‘

Partition 2 \
\ Partition 1
Buffer
Zone 1

Fig. 1. Grid decomposition.

The non-dimensional Navier-Stokes equations are solved
on each grid partition. Boundary conditions for each subgrid
are satisfied by interchanging the flow variables on the buffer
zones between the partitions. The fluxes are computed using
the third order Osher’s upwind biased flux difference
splitting implicit scheme [23, 24].

2.2. Boundary Conditions
The Navier-Stokes solver is formulated using an inertial
frame of reference. Therefore, the prescribed oscillatory

motion is assigned as the flow velocity on the airfoil surface
on each time step.
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The flow variables at the farfield boundaries are

The flow variables on the wake cut of the C-grid are

calculated using the non-reflecting boundary conditions [25].  computed using Riemann invariants.
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Fig. 2. Oscillation motion as a combination of plunging and pitching: (a) Case of phase shift ¢ = 0°; (b) Case of phase
shift ¢ = 90°; (c) Oscillatory motion and the flow window

2.3. Oscillatory Motion of the Airfoil

The oscillatory motion is given by sinusoidal plunge,
h(t), and sinusoidal pitch, a(t), motions:

@
O]

where hy and o, are the amplitudes of the plunge and pitch
motions respectively. The circular frequency is defined as
w = 2nf where f is the oscillation frequency. t is the time
and ¢ is the phase shift between plunging and pitching. h
and h, are non-dimensionalised by the airfoil chord length c.

h = —hycos(wt)

a = —aycos(wt + @)

The motion is shown in Fig. 2. In this figure, e, is the
total excursion of the airfoil, that is, the maximum distance
in the plunge axis that the airfoil can travel during an
oscillation period. e may be also called as the flow window.
U, is the freestream velocity. The arrow in the figure shows
the flow direction.

In literature, there are various parameters used to
investigate the flapping motion of airfoils. Some of them,
which are also used in the present work, are the reduced
frequency, k, the effective angle of attack, a.r, and the
feathering parameter, y. Those parameters are defined in the
equations below:

= wc

A ®)
hc

aer(t) = a(t) —arctan (U_> 4)

x= arctan(khy) ®)

2.4. Evaluation of Power Coefficient
In this study, the non-dimensional power coefficient

Cp(t) is considered instead of the instantaneous generated
power, P(t), during the oscillation. Cp(t) is defined in
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equation (6). p in the equation is the freestream density. The
average power coefficient, Cp, obtained in one period is
defined in equation (7). C;(t) and C,,(t) in this equation are
the instantaneous lift and moment coefficients respectively.
The moment is computed with respect to the pitching center.

As noticed from the equations, an oscillation motion
with smaller flow window gives higher power coefficient
compared to another motion of the same generated power but
with a larger flow window.

P .
Cp(t) = ﬁ = C(t)h() + C () a(t)c ©)
Cr = e/cU j (COAM®) + Cr®)a(t)c) d(t/T) (7)

2.5. Optimization

In this study, optimization variables are the motion
parameters which define the oscillation. Those parameters
are the oscillation frequency, the amplitudes of pitch and
plunge motions and the phase shift between them. The
objective function is the power coefficient.

The Response Surface Methodology (RSM) is employed
for the optimization. RSM is mainly used to construct global
approximations to a function based on its values computed at
various points [26]. The method is widely used when
optimization of a function is expensive and difficult in terms
of computational resources.

2.6. Parallel Computation

The parallel computations are conducted on a PC cluster
consisting of multi-processor computers running on a 64 bit
Linux Operator System. A simple parallel algorithm based
on a master-worker paradigm on more than one processor is
used for the flow computations. As mentioned before, the
computational domain is decomposed into partitions, the
solutions on which are computed in different processors in
the cluster. The PVM library routines (Parallel Virtual
Machine, version 3.4.6) are utilized for the communication
between the processors.

3. Solver Validation

The space and time resolution is based on the previous
studies [16, 21, 22]. The C-grid (Fig. 1) has 401x201 nodes
while there are 10000 time steps per oscillation period. The
node distribution near the airfoil surface is fine enough (the
first spacing is 1.5x10-4 chord length) to catch the boundary
layer characteristics according to the input Reynolds number,
Re=1100. The Navier-Stokes solver and the used time and
space resolution are validated against experimental and
numerical works done by other researchers.

In the experimental study conducted by Simpson [27] at
a Reynolds number of 13,800, a flapping NACAQ0012 has the
following sinusoidal effective angle of attack, a,:

Aerr(t) = —aepfocOS(WE + P) (8)

where s , is the maximum effective angle of attack during

one cycle of flapping motion. The nonsinusoidal plunge
motion they have used is therefore defined by:

1
h(t) = f tan (@(t) = e () U,d(t/T) )
0

They also have an efficiency definition for power
production measure:

r]:

o [ Cwio

(10)
+ Cp(®a(t)c)d(t/T)

This power production efficiency is slightly larger than
the power coefficient used in this study as shown in equation

).

Three cases of low (hy, = 1.0, @y = 44.7, k = 0.628),
mid (hy = 1.0,a, = 72.1, k = 0.628) and high (h, = 0.75,
a, =721, k =0.836) efficiencies are selected for
comparison in order to validate the current Navier-Stokes
solver and the used temporal and spatial resolution. The
experimental results by Simpson [27] and the computed
results are compared in terms of unsteady lift coefficient in
Fig. 3.

It is seen from Fig. 3 that the computed time variation
of lift coefficient, C;, along an oscillation period agree well
with the experimental data. Note that theoretically expected
antisymmetry in C; between upgoing and downgoing
flapping motion is not observed in the experimental results.

The validation is also done against Kinsey and Dumas’
numerical work [12]. The power coefficient results are
compared with their work in Table 1. As seen, the results of
the present work are in a good agreement with the results of
Kinsey and Dumas [12].

4, Results and Discussion

In order to comply with the past studies in literature
[12,18], the flow solutions are based on the laminar flow
assumption. The incompressible nature of the low wind
speed is simulated using a low freestream Mach Number in
the non-dimensional flow solver used. Again to be consistent
with Platzer et al. [17] and Ashraf et al. [18] the freestream
Reynolds number is selected as Re = 1100. The airfoil used
is the NACAO0012 profile. Pitching center location on the
chord is selected at 1/3 chord length from the leading edge as
in Kinsey and Dumas [12] and Simpson [27]. Since the
Navier-Stokes equations solved are non-dimensional, the
chord length is unity in the solver

All the computations are carried out in a parallel
computing environment by decomposing the grid into 3
partitions, each of which is assigned to a separate CPU.
Therefore, out of the cases spanning the parametric space,
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some are calculated simultaneously since there are 48
available processors in the PC cluster. The computation of a
typical unsteady flow solution for the 5-period oscillation
motion takes about 15-20 minutes of wall clock time. The
power coefficient is calculated using the aerodynamic loads
computed during the 5™ period.
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Parametric space is spanned over a certain range of
reduced frequency, k, pitch amplitude, «,, plunge amplitude,
ho, and the phase shift between plunging and pitching, ¢. k,
varies logarithmically in the range between 0.15 — 1.50,
where, a,, Vvaries linearly in the range 5°-90°. h,, and, ¢,
vary linearly in the ranges 0.5-1.5 and 60°-120° respectively.
The spanned parametric space is given in Table 2.
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Fig. 3. Comparison of computed unsteady lift coefficient to experimental results.

Table 1. Power coefficient comparison to Kinsey and Dumas [12].

Kinsey and Relative
Oscillatory Motion Parameters Present Work y Difference
Dumas’ work
(%)
h, =1.0,k =0.377,a, = 60.0°,0 = 90° 0.128 0.123 4.07
h, = 1.0,k = 0.754, a5 = 60.0°,0 = 90° 0.262 0.245 6.94
h, =15,k =0.754,a5 = 71.5°,0 = 90° 0.278 0.263 5.70
h, = 0.5,k = 0.754, 2y = 44.0°,0 = 90° 0.213 0.208 2.40
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Table 2. The parametric space of the oscillatory motion.

Plunge Amplitude, h,
0.50 0.75 1.00 1.25 1.50
) 120 Reduced Frequency, k =
1 105 0.150, 0.194, 0.250, 0.323, 0.417, 0.539, 0.696, 0.899, 1.160, 1.500
£
5| %0 Pitch Amplitude (°), a, =
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ron 60 70.0, 75.0, 80.0, 85.0, 90.0
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Fig. 4. Power coefficient maps in the, k — a,, parametric space for, h, = 0.75 case.
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Fig. 5. Power coefficient maps in the, k — a,, parametric space for, h, = 1.00 case.

In the spanned space there are 5 X 5 X 10 X 18 = 4500
elements which results 4500 cases to be solved. However,
since only the cases which satisfy y > 1 condition will be
taken into account [12], the number of cases to be solved
reduces to 3235 since 1265 cases don’t satisfy the, y > 1,
condition.

The maps of the calculated power coefficients at fixed,
ho, and, ¢, values are obtained in the, k — a,, parametric
space. It is noticed that the power coefficient will be

maximum when h, is in the range 0.75-1.25 and when ¢ is
close to 90°. The maps for hy, =0.75, 1.00 and 1.25 are
plotted in Figures 4-6. Only the power producing cases
(positive power coefficient cases) are shown in the figures.

From the maps, it is seen that, for any plunge amplitude
and phase shift, the maximum power coefficient is observed
when k, and, a,, fall in the ranges 0.9 — 1.2 and 75° — 85°
respectively.
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Fig. 6. Power coefficient maps in the, k — «,, parametric space for, h, = 1.25 case.

The optimum power coefficient is obtained by  the Navier-Stokes calculations. As seen from the plots, the
transforming the maps into response surfaces. For this  generated 2" order polynomial response surfaces
purpose, a 2" degree polynomial response surface is  approximate the calculated values very well. The maximum
produced at fixed, hy, and, ¢, values. The response surface  residual error is less than 107,
for hy = 1.00 is shown in Fig. 7. The dots in the figure are
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Fig. 7. Power coefficient response surfaces for, hy = 1.0 case (calculated values are shown in *).

The maximum values of the 2nd degree polynomial
response surfaces are computed for varying phase shift
values at a fixed value of plunge amplitude. The calculated
maximum, Cp, values and the corresponding k — «, pairs are
shown in Figures 8-12. These plots show how the maximum
values vary with the phase shift at fixed plunge amplitudes.
In the plots, the response surfaces results are also compared
to the results calculated by Navier-Stokes to check the
accuracy of the response surfaces.

It is observed from the figures that maximum power
coefficients for each plunge amplitude, h,, occur when the
reduced frequency is about k~1 as reported by Zhu [28].
Taking into consideration that two trailing edge vortices are
generated during the whole oscillation period, and assuming
that the advection speed of these vortices is almost same as
the freestream speed, then, one can say that the wave number
of the vortex shedding of an optimum motion to give

maximum power coefficient is almost equal to the inverse of
the half chord length. Zhu [28] relates this frequency to the
most unstable mode of the wake. It is interesting that this
result is independent of the flow window height (the
parameter e in Fig. 2c.).

It is also observed that, for low h values, the maximum
power coefficient is obtained when ¢ <90°
(between 75° — 90°) (Figures 8 and 9). On the other hand,
for high h, values, the maximum C, value is obtained when
¢ =90° (Figures 10-12). Most probably, the reason is
because of the definition of power coefficient given in
equation (7). It appears that the most efficient oscillatory
motion occurs when the area swept by the airfoil is small.

Another observation is the fact that as the plunge
amplitude increases, the pitch amplitude for the maximum
power coefficient also increases.
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Table 3. The highest maximum power coefficient values according to the phase shift.

h, h, = 0.50 h, = 0.75 h, = 1.00 h, = 1.25 h, = 1.50

Cp 0.343 0.374 0.389 0.396 0.386

¢ ¢ =75° ¢ = 82.5° ¢ =90° ¢ = 90° ¢ = 90°
(k <k=1.02> <k=1.04> <k=1.06> <k=1.07> <k=1.04>

a, a, = 69.4° a, = 76.7° a, = 80.6° a, = 84.0° @, = 86.8°

5. Conclusion

The highest power coefficient is calculated as Cp =
0.40. This value is achieved when the plunge amplitude is
ho = 1.25. The power coefficient is limited to C, = 0.59
according to Betz’s analysis based on the actuator disk
theory [29]. Comparing to Betz’s limit, the result obtained
in the current study (maximum power coefficient as Cp =
0.40) encourages the further research on oscillating wings
to extract power from wind energy. In practice, a power
coefficient value above 0.30 may be considered as an
alternative and innovative solution for wind power
production [12].

The results show that for any plunge amplitude, the
maximum power coefficient is obtained when the reduced
frequency is about k~1 and the phase shift is, ¢ = 90°.
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