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Oscillating foil machines represent a type of flow energy harvesters which perform

pitching and plunging motions simultaneously to harness the energy from

incoming stream. In this paper, a new adaptive deformation oscillating wing was

proposed and the theoretical performance of such a concept was studied here

through unsteady two-dimensional simulations using an in-house developed com-

putational fluid dynamics code. During operation, the proposed oscillating foil

whose initial shape is symmetric can be deformed into a cambered foil, which aims

to produce large lift force. Our numerical results suggest that the power efficiency

of the proposed oscillating foil can be about 16.1% higher than the conventional

oscillating foil without deformation. In addition, the effects of the maximum bend-

ing displacement and effective angle of attack on the efficiency of proposed oscil-

lating foil were also discussed in this work. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913957]

NOMENCLATURE

b maximum displacement of camber line from the chord line

c chord length of the oscillating airfoil

CM pitching moment coefficient

CX nondimensional coefficient of drag force in horizontal direction

CY nondimensional coefficient of heave force in vertical direction
�Cp average overall power coefficient
�Cpy average overall power coefficient due to heave motion
�Cph average overall power coefficient due to pitch motion

Cpdef instantaneous power coefficient due to deformation

d airfoil trailing edge displacement in vertical oscillating

f frequency of oscillation (¼1/T)

f � nondimensional frequency (f � ¼ fc=U1)

h instantaneous vertical position of the oscillating airfoil pitch axis

h0 heaving amplitude

l coordinate used to specify chordwise position

M moment about pitching centre
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�P average total power extracted

Py instantaneous total power extracted from the heave motion only

Ph instantaneous total power extracted from the pitch motion only

Re Reynolds number

St Strouhal number (St ¼ fh0=U1)

T time period for one oscillation

U1 freestream velocity

Vy instantaneous heaving velocity

a0 maximum value of the effective angle of attack (a0 � jaT=4j)
aT=4 quarter-period effective angle of attack

g efficiency of oscillating foil

h instantaneous angular position of the airfoil chord to horizontal

h0 pitching amplitude

1 phase difference between pitching and heaving motion

x pitching angular velocity

I. INTRODUCTION

The demand for the provision of energy is increasing significantly worldwide due to popu-

lation growth and economic development and will continue to grow. In the present day, over

80% of this demand is met by non-renewable, un-sustainable resources such as oil, gas, and

coal.1 However, the unavoidable fact is that many fossil fuels are reaching their “peak” and are

becoming depleted. Therefore, promoting exploitation of renewable energy sources appears to

be one of the most efficient and effective solutions to the looming energy crisis and environ-

mental pollution caused by the combustion of fossil fuels.

Wind and water current are two types of clean alternative energy sources. With the aid of

an energy conversion device, the kinetic energy (motion) of wind or water current can be con-

verted into mechanical energy that is used to generate electricity. Until now, various technolo-

gies for wind (water) energy conversion have been proposed. Oscillating foil machines repre-

sent a type of flow energy harvesters which extract energy from an incoming fluid flow

through combined motions of plunging and pitching, as shown in Figure 1.2 The heave-pitch

oscillating airfoil motion, restricting to a pitching axis located on the chord line, can be

described formally as

FIG. 1. Pitching and heaving motions with a phase difference of 90�.2
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hðtÞ ¼ h0 sinð2pftþ /Þ; (1)

hðtÞ ¼ h0 sinð2pftÞ; (2)

where h0 and h0 are, respectively, the heaving and pitching amplitudes, f is the oscillation fre-

quency, 1 is the phase angle between the motions.

As there exists a plunge-induced angle of attack, the effective angle of attack which the

oscillating foil experiences can be expressed as follows:

aðtÞ ¼ aiðtÞ � hðtÞ ¼ arctanð�VyðtÞ=U1Þ–hðtÞ; (3)

where Vy is the heaving velocity and U1 is free stream velocity. In general, the effective angle

of attack reaches its maximum value at a time that is about one quarter cycle of oscillation,2

a0 � jaT=4j ¼ jarctanð2pfh0=U1Þ � h0j: (4)

At present, for its simple geometry and application environment well-suited, there are

increasing interests in the research on the kinetics and flow characteristics of oscillating foil

that is used for the purpose of extracting energy from the flow of wind or water. An oscillating

NACA0012 airfoil was first tested by McKinney and DeLaurier3 in a wind tunnel. The optimal

value of phase angle is suggested as 90�. They found that when h0, h0, and f � were 0.3c, 30�,
and 0.12, respectively, the efficiency of the oscillating foil was 16.8%. Numerous numerical as

well as experimental studies on oscillating foil turbine concepts were performed by Jones

et al.,4–6 and their results suggested that when h0 < 15� and f � ¼ 0.25, the maximum efficiency

of oscillating foil reached 26%. A parametric study of a single oscillating NACA0015 airfoil

with a Reynolds number of 1100 had been analyzed by Kinsey and Dumas2 with the commer-

cial computational fluid dynamics (CFD) code, Fluent. The airfoil underwent simple harmonic

oscillating motions and the pitching point was fixed at 1/3 the chord length. The results showed

that the efficiency can reach as high as 34% when 0.12< f �< 0.18 and h0 � 70�–80�. The per-

formance of an oscillating foil is mainly governed by its motion parameters, but, in contrast,

geometry parameters and viscous parameters have little effect on its efficiency. Experiments in

a towing tank were conducted by Simpson7 on an oscillating NACA0012 foil with different as-

pect ratios. In their tests, parameters including Re¼ 13 800, h0/c¼ 1.23, and 11� < h0 < 57�

were used. The experimental data indicated that when f � was 0.16 and the maximum angle of

attack was 34.37�, the hydrodynamic efficiency of up to 43% was achieved. These previous

studies suggested that the efficiency of the oscillating foil is still lower than that of a conven-

tional rotary device and its performance depends severely on the settings of its motion parame-

ters, such as the heaving amplitude, the pitching amplitude, and the frequency.

Recently, Huang and Wu8 put forward a balloon-type adaptive airfoil whose shape can be

adjusted automatically based on the pressure distribution on its surface. The results showed that

it considerably improves its aerodynamic characteristics under most operating conditions. To

increase the efficiency of the oscillating foil, the morphing concept can be combined with the

heave-pitch motions. The deformation of the foil camber-line should follow the rule to keep the

motion path and the heave force in the same direction as far as possible. As seen in Figure 2,

the upper surface of this airfoil bends inward forming a concave surface when it moves down-

ward during the first half cycle; on the contrary, the upper surface deforms to become convex

during the second half of cycle when it moves upward. Thus an adaptive deformation

oscillating-wing aiming to obtain a potentially superior performance was proposed and will be

studied in this paper.

II. COMPUTATIONAL METHODOLOGY AND VALIDATION

The performance of the proposed deformable oscillating airfoil was numerically studied in

this paper. An in-house CFD code has been developed and used for the simulations. A detailed

description of the developed code can be found in Refs. 9 and 10.
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A. Governing equations

In curvilinear coordinates, three-dimensional unsteady compressible Navier-Stokes equa-

tions can be written as follows:

@Q
_

@t
þ
@ F

_

� F
_

V

� �
@n

þ
@ G

_

� G
_

V

� �
@g

þ
@ H

_

� H
_

V

� �
@f

¼ 0: (5)

The Jacobian matrix for the transformation between Cartesian and curvilinear orthogonal

coordinates is in the form of the following equation:

J ¼ @ n; g; f; tð Þ
@ x; y; z; tð Þ

: (6)

The vector of conserved variable (Q in Cartesian coordinate) in Eq. (5) is

Q
_

¼ Q

J
¼ 1

J

q

qu

qv
qw

e

2
666664

3
777775
: (7)

The inviscid flux vectors are given below:

F
_

¼ F

J
¼ 1

J

qU

qUuþ nxp

qUvþ nyp

qUwþ nzp

eþ pð ÞU � ntp

2
6666664

3
7777775
; (8)

FIG. 2. Deformation of the adaptive airfoil during one cycle of oscillation.
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G
_

¼ G

J
¼ 1

J

qV

qVuþ gxp

qVvþ gyp

qVwþ gzp

eþ pð ÞV � gtp

2
6666664

3
7777775
; (9)

H
_

¼ H

J
¼ 1

J

qW

qWuþ fxp

qWvþ fyp

qWwþ fzp

eþ pð ÞW � ftp

2
6666664

3
7777775
: (10)

Viscous fluxes have the following expressions:

F
_

V ¼
FV

J
¼ 1

J

0

nxsxx þ nysxy þ nzsxz

nxsxy þ nysyy þ nzsyz

nxsxz þ nysyz þ nzszz

nxbx þ nyby þ nzbz

2
66666664

3
77777775
; (11)

G
_

V ¼
GV

J
¼ 1

J

0

gxsxx þ gysxy þ gzsxz

gxsxy þ gysyy þ gzsyz

gxsxz þ gysyz þ gzszz

gxbx þ gyby þ gzbz

2
66666664

3
77777775
; (12)

H
_

V ¼
HV

J
¼ 1

J

0

fxsxx þ fysxy þ fzsxz

fxsxy þ fysyy þ fzsyz

fxsxz þ fysyz þ fzszz

fxbx þ gyby þ gzbz

2
66666664

3
77777775
: (13)

In above equations

sxixj
¼ Ma1

Re
l
@ui

@xj
þ @uj

@xi

� �
� 2l

3

@uk

@xk
dij

� �
; (14)

bxi
¼ ujsxixj

� _qxi
; (15)

_qxi
¼ � Ma1l

Re � Pr c� 1ð Þ

� �
@a2

@xi
: (16)

Contravariant velocity components are described in the following equation:

U ¼ nxuþ nyvþ nzwþ nt

V ¼ gxuþ gyvþ gzwþ gt

W ¼ fxuþ fyvþ fzwþ ft:

(17)
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In addition,

e ¼ qH � p ¼ q hþ 1

2
u2 þ v2 þ w2ð Þ

� �
� p: (18)

Thus, Eq. (5) can be transformed into

@Q̂

@q̂

@q̂

@t
þ @ F̂ � F̂V

� 	
@q̂

@q̂

@n
þ @ Ĝ � ĜV

� 	
@q̂

@q̂

@g
þ @ Ĥ � ĤV

� 	
@q̂

@q̂

@f
¼ 0: (19)

Then, velocity, pressure, and enthalpy are used as new primitive variables in the above

equation,

q̂ ¼ q

J
¼ 1

J
p; u; v;wð ÞT : (20)

A preconditioner C is then applied to replace @Q̂
@q̂ in Eq. (19),

C ¼

H 0 0 0 qh

uH q 0 0 uqh

vH 0 q 0 vqh

wH 0 0 q wqh

HH� 1 qu qv qw Hqh þ q

2
66664

3
77775; (21)

@Q̂

@q̂
¼

qp 0 0 0 qh

uqp q 0 0 uqh

vqp 0 q 0 vqh

wqp 0 0 q wqh

Hqp � 1 qu qv qw Hqh þ q

2
666664

3
777775
: (22)

The resulting following equation is:

C
@q̂

@t
þ @ F̂ � F̂V

� 	
@q̂

@q̂

@n
þ @ Ĝ � ĜV

� 	
@q̂

@q̂

@g
þ @ Ĥ � ĤV

� 	
@q̂

@q̂

@f
¼ 0; (23)

in which

H ¼ 1

U2
C

� qh

q
; (24)

UC ¼

ffiffiffiffiffiffiffiffiffiffi
eU2

ref

q
u2 þ v2 þ w2 < eU2

refffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þ w2
p

eU2
ref � u2 þ v2 þ w2 � a2

a u2 þ v2 þ w2 > a2:

8>><
>>:

(25)

B. Mesh strategy and generation

The oscillation motion of a flexible airfoil consists of heaving, pitching, and flexible defor-

mation. Therefore, the moving mesh method was applied to the simulation of the proposed

oscillating foil. nt, gt and ft in Eq. (17) were not zero and their values need to be derived from

the grid point velocity. For a forced oscillation of rigid airfoil (non-deformable), grid points

move with the airfoil, the velocity of xt, yt, and zt can be directly calculated from the equations

of motion of the airfoil that is provided below:
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nt ¼ �nxxt � nyyt � nzzt;

gt ¼ �gxxt � gyyt � gzzt;

ft ¼ �fxxt � fyyt � fzzt:

(26)

The proposed deformable flapping foil was then modeled by superimposing a rigid body

motion and relative deformations, where the velocity of the fluid at each grid point can be

worked out by superposition of these two motions.

During a mesh deformation, the computational grid cells may experience changes in their

volume. Therefore, the so-called geometric conservation law that can be written in the form

given in the following equation has to be satisfied:

@

@t

1

J

� �
þ @

@n
nt

J

� �
þ @

@g
gt

J

� �
þ @

@f
ft

J

� �
¼ 0; (27)

where 1=J is the volume of a grid cell, nt, gt and ft were calculated from Eq. (26).

The rigid-deformable dynamic mesh algorithm was adopted to simulate a rigid foil per-

forming unsteady motions (heaving and pitching). This was achieved by having the CFD code

calculate the location of each node within the grid at each time step. The entire grid then can

be moved together in a rigid-body motion. This ensured the spacing of the mesh remained con-

stant throughout the entire simulation and as a result the quality of the grid setup can be

maintained.11

Transfinite Interpolation (TFI) method was used for mesh deformation, which is based

on the linear interpolation of the boundary motion.12 It assumes that the outer boundary con-

dition is fixed in space while the inner boundary moves with the airfoil motion. Given the

point distribution on all boundaries, this method calculates the grid points in the interior of

the domain by interpolation. The motion of a node located between the moving and the fixed

boundary is equal to the motion of the moving boundary times a scale factor. The advantage

of using TFI is that it can generate grids conforming to specified boundaries. In the present

study, the amount of deformation is small and less than 0.2 times the chord length of airfoil.

Hence, the quality of the mesh produced can remain satisfactory even after a deformation

has occurred. To simulate the flow around an oscillating foil, an O-type structured mesh was

then used which extended about 20 chord lengths in all directions. Figures 3(a) and 3(b)

show the close-up view of mesh around a deformed flexible airfoil and a rigid airfoil,

respectively.

FIG. 3. The close-up view of mesh around a deformed flexible airfoil (a) and a rigid airfoil (b).
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C. Boundary conditions and time step sizes

A no-slip boundary condition was applied along the airfoil surface and velocity boundary

condition was applied on the far-field boundary. The single equation Spalart-Allmaras (S-A)

turbulence model was employed for Reynolds-Averaged Navier-Stokes (RANS) closure, due to

its reasonable results for a wide range of flow problems and its simple numerical properties.

To determine the temporal resolution, the following formula was referenced at first:2

Dt ¼ min
T

2000
;
c=kVk

100

� �
; (28)

where kVk is the maximum instantaneous convective flux velocity in the domain and T is the

period of oscillation. The time step size will be examined again in Sec. II F for the actual calcu-

lations. The numerical computation was considered converged until periodic history patterns of

the monitor variables appeared; in the meantime, the difference between their cycle-averaged

values from one cycle to the next should be less than 0.1%.13 As for the time duration needed

for the simulation, it was found that when the time step size was chosen as 0.5 thousandth os-

cillation period (T/2000), the solution normally reached convergence over seven or eight flap-

ping cycles.

D. Definitions of the extracted power and efficiency

Both the pitching and heaving motions contribute to total power extracted by an oscillating

foil.

The power generated due to the heaving motion was calculated as product of heave force

Y(t) and heave velocity Vy(t) as below:

PyðtÞ ¼ YðtÞVyðtÞ: (29)

Similarly, the extracted power from the pitching motion was calculated as product of pitch-

ing moment M(t) and the angular velocity X(t) about the pitching pivot point

PhðtÞ ¼ MhðtÞXðtÞ: (30)

As a result, the total average power extracted over once cycle is the sum of a heaving con-

tribution Py(t) and a pitching contribution Ph(t) and can be computed in non-dimensional form

using formula (31),

CP ¼ CPy þ CPh ¼
ð1

0

CPy þ CPhð Þd t=Tð Þ ¼
ð1

0

CY tð ÞVy tð Þ
U1
þ CM tð ÞX tð Þc

U1

� �
d t=Tð Þ; (31)

where CY ¼ YðtÞ
0:5qcU2

1
and CM ¼ MhðtÞ

0:5qcU2
1

.

Therefore, when �Cp > 0, the oscillating foil harvests kinetic energy from the flow.

However, when �Cp < 0, it means that the oscillating foil consumes power and thus can be used

for propulsion and maneuvering. The efficiency g for the oscillating foil used as an energy

extraction device was computed in this study as follows:

g ¼ CP
c

d
: (32)

E. Rule of airfoil deformation

The rule of the airfoil deformation over one cycle of oscillation can be described as: at the

beginning of the airfoil downstroke motion, a symmetrical airfoil with no camber was chosen

as initial shape at the top of the heave (t¼ 0 s). The airfoil starts deforming during the
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downward movement and its trailing edge is tilted upwards. Then the deformation change

effectively the airfoil from one symmetrical airfoil shape into a different cambered airfoil

shape. The camber of the deformed airfoil continuously increases until it reaches the largest

value at the midpoint of the heaving cycle (t¼T/4). Subsequently, the camber of the deformed

airfoil starts reducing and finally returns to the initial symmetrical aerofoil shape at the bottom

of the heave (t¼ T/2). Similarly, in the second half of the oscillation, the symmetric airfoil

moves upward and deforms to a cambered airfoil whose trailing edge is bent downwards. The

camber of the deformed airfoil increases at first, reaches the maximum value at mid-heave

plunging upward (t¼ 3T/4) and then decreases. At the end of one oscillation cycle, the

deformed airfoil is restored to its original symmetric shape again (t¼ T).

Therefore, the increment per unit time dðl Þ of the perpendicular distance l that is between

a point on the airfoil surface and the chord line was defined as follows:

dðlÞ ¼ 2bpf sin ðpðl� lleadingÞ=ðltrailing � lleadingÞÞ; (33)

where b is the maximum camber, namely, the maximum distance of the mean camber line from

the chord line. Thus, the degree to which an airfoil is deformed can be described by this prede-

termined deformation parameter b.

At a certain moment during oscillations, the displacement of a point on the airfoil surface

in the direction perpendicular to the chord line thus can be calculated with the following

formula:

Dðl; tÞ ¼
ðt

0

dðlÞ � cos ð2pftÞ � dt: (34)

In this study, it is assumed that the airfoil is made of perfectly elastic materials and thus

can self-adaptive morph without the need for energy during one cycle of oscillation. In order to

prove this assumption, a parameter called deformation power Pdef (the power required for the

airfoil deformation) is defined as follows and is then calculated:

Pdef ðtÞ ¼
ð

pVdef dA ¼
ð
�2pbpf cosð2pftÞ sin ðpðl� lleadingÞ=ðltrailing � lleadingÞÞdA: (35)

Based on Pdef, the instantaneous power coefficient Cpdef can be obtained by using the fol-

lowing equation:

Cpdef ¼
Pdef

0:5qcsU3
1
; (36)

where A is the total surface area of the foil, and s is the span length of the foil.

F. Sensitivity of grid and time step

First, the unsteady flow field around a NACA0012 airfoil undergoing harmonic heaving

and pitching motion for a power extraction was simulated. Parameters used for simulations

were the non-dimensional heave amplitude (h0=c¼ 1.23), the pitch amplitude (h0¼ 85.82�),
and the non-dimensional flapping frequency of the foil (f � ¼ 0.16). The Reynolds number was

13 800. A grid independence procedure was implemented over a coarse grid (8192 cells), an

intermediate grid (32 768 cells), and a fine grid (131 072 cells). In addition, the temporal reso-

lution analysis was also carried out to find an appropriate time step for the present study.

Three time steps T/500, T/2000, T/4000 was examined for the fine grid. Figures 4(a)–4(c) are

the variation of heave force coefficient CY , drag force coefficient CX, and pitching moment

coefficient CM over one periodic cycle, respectively. Although the trends are the same for all

the variables, the distributions of the medium size grid can match more well with the fine

grid than the coarse one.
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Table I gives a summary of the average power coefficient computed on three different

grids. It is noted that the value of �Cpy
obtained using the medium level grids with time step

size of T/2000 is close to the one using the fine grid with time step size of T/4000. In addition,

the Heave Force Lag (HFL) (the time delay between changes in the direction of heave force

and motion) obtained for these two cases are also identical. Based on the above results, the me-

dium grid and time step size of T/2000 were used for the following simulations.

G. Validation

As a means of comparison with existing established data for validation of the proposed nu-

merical model, a NACA0012 airfoil undergoing sinusoidal oscillations was simulated in order

to reproduce numerically the experimental results of Simpson et al.7 Comparison of

TABLE I. Grid and time-step sensitivity studies.

Number of cells T s/cycle �Cpy
�Cph HFL

8192 2000 1.286 �0.094 0.005 T

23 768 2000 1.216 �0.059 0.011 T

131 072 500 1.373 �0.098 0.014 T

131 072 2000 1.236 �0.062 0.009 T

131 072 4000 1.209 �0.036 0.011 T

FIG. 4. Variation of CX, CY , and CM along with heaving velocity over one periodic cycle.
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experimental and numerical results is presented in Figure 5. It is observed that this computa-

tional setup yields good agreement with well validated sinusoidal motion case at the same flow

conditions, lending confidence that it will provide reliable results for the following simulations.

Because the real machine has a relatively high aspect ratio, the 2D approximation in simulation

can give reasonable results with acceptable accuracy when we do not care about the vortex

structure near the wingtip and its effect on performance.

Besides, a parametric numerical study was also conducted with the aim of identifying the

optimal combination of motion parameters for the oscillating foil. Our results suggested that, in

order to achieve high efficiency, the optimal motion parameters of an oscillating foil are

0.14< f �< 0.18, jaT=4j> 20�, and h0=c¼ 1. These are consistent with previously published

works2,14–18 and therefore the validity of the established numerical model was further

confirmed.

Under the same operating conditions stated above, the time evolution of Cpdef over one

heave cycle of the deformed foil is also calculated and the obtained result is displayed in Fig.

6. It can be seen that the time evolution of Cpdef appears to be periodic and its value is very

small. The time averaged Cpdef over one cycle is almost zero and therefore confirm our previ-

ous assumption in Sec. II E that there is almost no extra power required for the foil

deformation.

III. RESULTS ANALYSIS OF AN DEFORMABLE OSCILLATION FOIL

The 2D simulations were then conducted with the in-house developed CFD code to study

the flow field about the proposed deformed oscillating airfoil (NACA0015) with Re¼ 10 000

and the pitching point was fixed at 1/3 the chord length, as illustrated in Figure 2.

A. Effect of maximum camber on efficiency

Effect of the maximum camber b on the aerodynamic characteristics of the deformable

oscillating foil was studied in the present work. When b is a positive value, the airfoil is

deformed according to the predetermined periodic law of motion described in Sec. II E.

Whereas when b is a negative value, the airfoil then experiences the opposite pattern of defor-

mation. When b was �0.063c or 0.063c, respectively, variations of the obtained heave force

with time were compared and shown in Figure 7, in which the dimensionless motion parameters

FIG. 5. Comparison of model predictions with published experimental data from Ref. 7.
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of the airfoil oscillating harmonically in heave and pitch were f � ¼ 0.14, h0=c¼ 1, and

jaT=4j ¼ 35�.
When b is the positive value, the heave force is evidently higher than that of b¼ 0.

However, when b is the negative value, the heave force is reduced compared to when b¼ 0.

The obtained power extraction efficiency of the deformable airfoil is summarized in Table II. It

can be seen that within the given range of b, �Cpy
and g of the proposed airfoil are increased

with increasing the value of b and are all higher than that of the rigid airfoil (b¼ 0). When

b¼ 0.126, the efficiency of the deformable airfoil is the highest and is about 16.1% higher than

that of the rigid airfoil.

Figures 8(a) and 8(b) are the vorticity and pressure coefficient contours around the rigid

airfoil at t¼T/4. When b¼�0.063 and 0.063, the vorticity and pressure coefficient contours

FIG. 7. Variation of heave force with time.

FIG. 6. The time evolution of the calculated power coefficients over one cycle of deformed foil.
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around the deformed airfoil in the same moment during the cycle are depicted in Figures 9(a),

9(b), 10(a), and 10(b), respectively. Compared to the rigid airfoil, the location of the leading

edge vortex is quite far away from the surface of the deformed airfoil with b of �0.063 and the

strength of leading-edge vortex is also relatively low. Conversely, for the deformed airfoil with

b of 0.063, the leading edge vortex is close to the airfoil surface and its strength is high. As a

result, it can be seen from Figures 8(b), 9(b), and 10(b) that the pressure on the upper surface

of the deformed airfoil with b of 0.063 is apparently higher than the pressure on the upper sur-

face of both the deformed airfoil with b of �0.063 and the rigid airfoil.

B. Effect of the actual angle of attack on efficiency

In Eq. (4), when the heaving amplitude h0 and the free stream velocity U1 were kept fixed,

the pitching amplitude h0 was varied. The effect of actual angle of attack on efficiency of the

TABLE II. Comparison of energy extraction between the deformable airfoil and the rigid airfoil.

b �Cpy
�Cph g

�0.063 0.741 0.050 0.309

0 0.916 �0.011 0.354

0.063 1.041 �0.091 0.371

0.095 1.073 �0.063 0.395

0.126 1.085 �0.033 0.411

FIG. 8. Vorticity contour and pressure coefficient contour around the rigid airfoil (b¼ 0).

FIG. 9. Vorticity and pressure coefficient contours around the deformed airfoil (b¼�0.063c).
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proposed airfoil with b of 0.063 was investigated in this section. Figure 11 illustrates the heave

force obtained for the rigid airfoil and the deformable airfoil when the actual angle of attack

jaT=4j are 10�, 20�, 40�, and 50�, respectively.

When jaT=4j ¼ 10�, the heave force coefficient evolutions over one periodic cycle are quite

similar for the deformable airfoil and the rigid airfoil (Figure 11(a)); when jaT=4j ¼ 20�, the val-

ues of the heave force coefficients of the deformable airfoil become apparently larger than those

FIG. 11. Comparison of heave force coefficient between the rigid airfoil and the deformable airfoil at different jaT=4j.

FIG. 10. Vorticity and pressure coefficient contours around the deformed airfoil (b¼ 0.063c).
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of the rigid airfoil (Figure 11(b)); when jaT=4j ¼ 40�, it is found that the values of the heave

force coefficients of the deformable airfoil are higher than those of the rigid airfoil during most

time of one oscillation cycle (Figure 11(c)). However, when jaT=4j ¼ 50�, the values of the

heave force coefficients of the deformable airfoil are generally less than those of the rigid air-

foil despite high heave force coefficient occurred around T/4 and 3 T/4 (Figure 11(d)).

Figure 12 shows a comparison of the efficiency of proposed airfoil and rigid airfoil at dif-

ferent jaT=4j. The efficiency of the deformable airfoil can be 30% higher than that of the rigid

airfoil when jaT=4j ¼ 20�. This improvement in efficiency is less marked in the range of 30� and

40�. However, once jaT=4j rises beyond 50�, the efficiency of the proposed airfoil appears to be

less than that of the rigid airfoil.

C. Performance of the deformable airfoil having low thickness

Previous studies by our group showed that the thin oscillating airfoil has a negative contri-

bution to the heave force and power extraction. But the performance of the deformable airfoil

having low thickness is unknown. Here, the energy extraction performance of a thin airfoil

whose camber could be smoothly varied from zero to the desired extent was studied. The thin

airfoil used for simulations was NACA0002 and the key parameters used for simulation were

b¼ 0.063 c, Re¼ 13 800, f � ¼ 0.16, h0=c¼ 1.23, jaT=4j ¼ 34.4� (the corresponding pitching am-

plitude h0¼ 85.82�), and the pitching axis was at one-third of the chord length from the leading

edge.

A comparison of the heave force on the airfoil for the deformed NACA0002 and the rigid

one is presented in Figure 13. It is found that the heave force on the deformed airfoil is almost

twice that of the rigid airfoil at around t¼ T/4 and 3 T/4. The resulting mean power coefficient

of the deformed airfoil is 1.128 and is about 15.7% higher than the original rigid airfoil.

Figures 14 and 15 are the vorticity contour around the rigid and deformed NACA0002 air-

foil at two instants in the cycle, respectively. When t¼ 0.125 T, it is noted that the vortex shed-

ding from the leading edge of the deformed airfoil is delayed compared to the rigid airfoil.

Moreover, when t¼ 0.25 T, the leading edge vortex shed from the deformed airfoil can still

maintain high strength and stay close to the surface of airfoil. Therefore, the camber-wise de-

formation of the airfoil can affect the timing of the leading edge vortex shedding, the distance

FIG. 12. Comparison of efficiency of the deformed airfoil and the rigid airfoil at different jaT=4j.
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FIG. 14. Contours of vorticity around the rigid airfoil at two instants in the cycle.

FIG. 13. Instantaneous heave force coefficient for rigid and deformable NACA0002 airfoils.

FIG. 15. Contours of vorticity around the deformed airfoil at two instants in the cycle.
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of the shed vortex from the airfoil and the strengthen of the vortex. When the value of the

deformation parameter b is positive, the deformable airfoil can thus hold the promise of signifi-

cant performance enhancements over rigid airfoil due to the flexible deformation of their cam-

bered shape responding to incoming airflows.

IV. CONCLUSIONS

In this paper, the energy extraction performance of an oscillating deformable airfoil is stud-

ied numerically using the in-house developed CFD code. Based on the above results and discus-

sion, the following conclusions were deduced:

(1) It is shown that, for proper motion and deformation parameter values, the proposed adaptive

deformation oscillating-wing exhibits a superior energy extraction performance than the con-

ventional oscillating foil.

(2) In the course of harvesting energy in uniform flows, the efficiency of the deformable airfoil

will be considerably influenced by the values of b which determines the deformed shape of air-

foil. When the deformation parameter b is a positive value, the oscillating deformable airfoil

can achieve higher efficiency than the conventional oscillating airfoil. Conversely, when b is a

negative value, the efficiency of the deformed airfoil becomes lower than that of the rigid

airfoil.

(3) There should be an optimal value of jaT=4j that increases the efficiency of the deformable air-

foil to the maximum extent.

(4) The energy extraction efficiency of the thin airfoil can also be improved by using a deformable

airfoil.
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