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In this study, the aerodynamic performance of bionic airfoil was numerically studied by CFD method. The bionic airfoil was
represented by the combination of airfoil and a small trailing edge flap. A variety of configurations were calculated to study the
effect of flap parameters, such as the flap angle, position, and shape, on the bionic airfoil aerodynamic characteristics based on
two layouts which were that (1) there was a tiny gap between the airfoil and the flap and (2) there was no gap between the
two. The results showed that the flap angle and position had significant effects on the aerodynamic performance of the airfoil
with the two layouts. Compared with the clean airfoil, the maximum lift coefficients of the first layout and the second layout
could be increased by 10.9% and 7.9%, respectively. And the effective angle of attack (AoA) range for improving the lift-to-
drag ratio could reach 7°. The flap shape also affected the airfoil aerodynamic characteristics, and the flap with the sinusoid
curve shape showed ideal performance.

1. Introduction

Bionic morphing aircraft is a new type of aircraft with
promising applications in military and civilian fields. An
important part of this aircraft is the morphing wing, and
a key research area is the bionic airfoil, which has gained
worldwide attention.

Aldheeb et al. [1] presented an overview of prior analyses
and experiments on the aerodynamic performance and
mechanical properties of birds in steady nonflapping flight.
Bechert et al. [2, 3] reviewed the effects of biological surface
structure and properties on fluid dynamics, and the paper
focuses on techniques for both reducing wall shear stress
and controlling boundary layer separation. Liu et al. [4]
reviewed the biological fluid power systems and their poten-
tial bionic applications.

Research into the bionic wing mainly focuses on three
topics: extracting bird wing shapes and analyzing their
aerodynamic performance [5–7], achieving flexible defor-
mations of a wing [8, 9], and observing the wing details
of a flying bird to extract an airfoil model [10]. A photo

of the landing bird is shown in Figure 1, and its behavior
was explained by Liebe [11] from an aerodynamic per-
spective. Meyer [12] designed a bionic wing and verified
it by fee flight tests.

Kernstine et al. [13] investigated the influence of self-
activated movable flaps on airfoil aerodynamic characteris-
tics, including flap size, chord placement, configuration,
material selection, and variations in Reynolds number. John-
ston and Gopalarathnam [14] designed a lift-enhancing
effector device, which was arranged on the upper surface of
the airfoil at different angles. The experimental results show
that the device can increase the lift coefficient and stall attack
angle. Allemand and Altman [15] placed the flap on three
different camber airfoils of NACA0012, USA-28, and
Eppler-423. The experimental results showed that the flap
can improve the stall characteristics. Liu et al. [16] placed
the flap on NACA0012 airfoil trailing edge, which substan-
tially extended the airfoil trailing edge. The experimental
results showed that the lift coefficient significantly increased.
Ge et al. [17] extracted the bionic airfoil from the wing of the
long-eared owl and cut out a slat on the upper surface of the
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bionic airfoil leading edge to form a multielement airfoil and
then carried out the numerical simulation. Rosti et al.
[18] focused on the use of passive, self-actuated flaps as
lift enhancement devices in nominally stalled conditions.
They firstly designed the optimal motion parameter con-
figuration for flap in 2D case and then focused on the
interaction between the self-actuated flap devices and
the unsteady flow field generated by wing at high angle
of attack and how to improve the aerodynamic efficiency
of a stalled wing. Meyer et al. [10, 19] conducted a
numerical simulation of static flap applied to HQ17 air-
foil and focused on the influence of flap deflection angle
on airfoil aerodynamic characteristics. Based on this, the
study on the influence of flow around the HQ17 airfoil
with freely movable flap was conducted. Finally, some
progress in the flight test of flap was described. Jost
et al. [20] studied the three-dimensional unsteady effect
of the trailing edge flap. Beaudoin and Aider [21] studied
the effect of small flaps on the lift and drag on a three-
dimensional blunt body by experimental method. Cas-
taignet et al. [22] tested the configuration of wind turbine
blade trailing edge with small flaps and found that the
blade load can be reduced.

Scholars from various countries have conducted
numerous studies on bionic airfoils by wind tunnel tests
or numerical simulations. However, there are few studies
on the layouts of bionic airfoils, as well as the influence
of the key geometric parameters of bionic airfoil on aero-
dynamic performance. Therefore, the purposes of this
study are twofold: to study bionic airfoil layouts and to
investigate the influence of the geometric parameters,
including the angle, position, and shape, on aerodynamic
characteristics of the bionic airfoil. This study reveals the
flow details of the bionic airfoil, explores the key geomet-
ric parameters effect on airfoil aerodynamic characteristics,
finds an optimal bionic flap shape, and provides theoreti-
cal and data support for bionic airfoil application in aero-
nautical engineering.

2. Numerical Method Validation

In this work, the implicit method was used to solve the
steady Reynolds-Averaged Navier-Stokes (RANS) equations,
and the second-order upwind scheme was used for spatial
discretization. The SST transition model was adopted to cal-
culate the viscosity. The boundary conditions were the non-
slip wall boundary condition and the far-field boundary
condition based on the characteristics of the flow.

In the mesh strategy, C-mesh was calculated. And the
normal layers were 120, the wrap-around airfoil points were
280, and the cut points were 60. The first layer spacing was
1 × 10−5 c, and total number of cells was 4:8 × 104.

To verify the CFD method in this work, the calculated
results were compared with other researches. The calculated
model was HQ17 airfoil. The calculation conditions were
Re = 1,000,000 and Ma = 0:1.

For the clean airfoil, the simulation results were com-
pared with the experimental data in article [12] and the cal-
culated data in article [19]. The calculated mesh and result
are shown in Figure 2. The y+ value is about 1.0. It can be
seen that the lift coefficient was nonlinear after AoA = 7°,
and the stall AoA was 15°. The lift curve showed that the
stall flow occurring at the trailing edge of the airfoil devel-
oped slowly toward the leading edge. These simulation
results were in good agreement with the experimental data
in article [12].

For the controlled airfoil with a trailing edge flap, the
simulation results were compared with the result in article
[19]. The flap with a length of 20%c was located at 80%c,
and the angle between flap and airfoil upper surface was
14°. The calculated mesh and result are shown in Figure 3.
It can be seen that the numerical results of this paper were
consistent with those of Meyer et al. [19], and there was a
small difference at large AoAs.

The above results showed that the CFD method in this
work was effective for both the clean airfoil and controlled
airfoil with a trailing edge flap.

Bionic airfoil

Figure 1: A bird’s wing with popped up feathers to prevent further proliferation of flow separation [2].
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Figure 2: Clean airfoil.

Bionic flap

x/c

y
/c

0.6 0.7 0.8 0.9 1 1.1
–0.1

0

0.1

0.2

0.3

(a)

Baseline_Meyer et al [19]
Flap_Meyer et al [19]
Flap_In this paper

–5 0 5
0

0.3

0.6

0.9

1.2

1.5

1.8

c l

AoA
201510

(b)

Figure 3: Airfoil with flow control by trailing edge flap.
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3. Bionic Airfoil Layout

The bionic airfoil examined in this study consisted of an
HQ17 airfoil and a flap of 20%c. Two kinds of bionic airfoil
layouts were investigated. The first one was that there was a
tiny gap between the airfoil and the small flap, and the sec-
ond one had no gap, as shown in Figure 4. Here, the gap
was defined as the minimum distance between the airfoil
upper surface and flap.

To investigate the effect of the flap angle, shape, and
position on the aerodynamic characteristics of the airfoil,
several configurations were calculated. The parameters of
these configurations are in shown Table 1.

In the sinusoidal shape, the amplitude was 0.004c, the
wavelength was 0.2c.

4. Results and Discussion

4.1. Layout with a Tiny Gap. Here, the flap angle θ was
defined as the angle between the small flap and the chord
line, which can be seen in Figure 5. The length of the flap
was 0.2c. The fixed end point of the flap was located at the
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Figure 4: Schematic of bionic airfoil layouts.

Table 1: Parameters in different configurations.

Layout Case
Flap
gap

Flap
angle

Flap
position

Flap shape

Layout
1

1 0.0006c -5.71° 80%c Straight line

2 0.0006c -2.86° 80%c Straight line

3 0.0006c 2.29° 80%c Straight line

4 0.0006c 7.41° 80%c Straight line

5 0.0006c 12.41° 80%c Straight line

6 0.0006c -2.86° 80%c Sine (φ = 0°)

7 0.0006c -2.86° 80%c Sine (φ = 180°
)

8 0.001c -2.86° 80%c Straight line

9 0.0014c -2.86° 80%c Straight line

Layout
2

1 0 -2.68° 80%c Straight line

2 0 -0.1° 80%c Straight line

3 0 2.48° 80%c Straight line

4 0 -2.68° 80%c Sine (φ = 0°)

5 0 -2.68° 80%c Sine (φ = 180°
)

6 0 -2.68° 85%c Straight line

0.6 0.7 0.8 0.9 1

0

0.1

0.2

0.3

x/c

y
/c

𝜃4 = 7.41°

𝜃1=−5.71°

𝜃3 = 2.29°

𝜃5 = 12.14°

𝜃2 = −2.86°

0.795 0.8 0.805 0.81

0.07

x/c

y
/c

0.06

Figure 5: Schematic of the bionic airfoil with different values of θ.
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position of 80%c, and its normal distance from the airfoil
surface was 0.06%c.

Figures 6 and 7 show variations of the lift and drag coef-
ficient curves for the airfoil with different θ. The aerody-
namic characteristic curve of the airfoil without the small
flap is defined as the baseline airfoil. The figures show that
the lift coefficient is greatly reduced in the attention with a
small AoA, and the drag is obviously increased. However,
at a large angle of attack, the lift coefficient is significantly
improved, and the drag is reduced slightly. The maximum
lift coefficients of case 1 with θ = −5:71°, θ = −2:86°, θ =

AoA
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Figure 6: Variations of the lift coefficient curves for the airfoil with different θ.
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Figure 7: Variations of the drag coefficient curves for the airfoil with θ.

Table 2: Effect of the flap angle on the lift-to-drag ratio.

AoA θ = −5:71° θ = −2:86° θ = 2:29° θ = 7:41° θ = 12:41°

11 6.85 9.34 0.05 -9.92 -19.28

12 3.66 5.22 5.49 0.52 -8.43

13 3.70 5.14 7.23 4.62 -0.37

14 2.75 3.76 5.81 6.78 3.45

15 1.37 2.04 3.33 5.08 5.43

16 0.80 1.09 1.75 2.66 4.45

17 0.39 0.54 0.85 1.47 2.38
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2:29°, θ = 7:41°, and θ = 12:41° are increased by 3.1%, 4.9%,
7.5%, 9.6%, and 10.9%, respectively. Meanwhile, the drag
coefficients are decreased by 7.1%, 9.0%, 13.3%, 11.9%, and
11.0%, respectively. As the flap angle increases, the lift
decreases significantly at a small AoA, as the lift increases
at a large AoA, the stall AoA is also increased, which is con-
sistent with Meyer et al.’s conclusion [19]. The excessive flap
angle (such as θ5 = 12:41°) can further increase the maxi-

mum lift coefficient, but obviously, the initial AoA to achieve
lift-enhancement effect is larger, and the AoA range of lift
enhancement is smaller. Therefore, the choice of the flap
angle should be compromised between the impact on the lift
and the impact on the drag; the flap angle is a critical param-
eter for the bionic airfoil.

In order to study the effect of the flap angle on the lift-to-
drag ratio of the HQ17 airfoil, the percentage increase in the

C
p

0 0.2 0.4 0.6 0.8 1

0

x/c

–8

–6

–4

–2

Baseline
𝜃3 = 2.29° (airfoil)

𝜃3 = 2.29° (flap)

0.7 1

–0.8

–0.4

0

0.4

C
p

0.8 0.9

x/c

Figure 8: Comparison of pressure distributions of the baseline airfoil and bionic airfoil (AoA = 14°).
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lift-to-drag ratio is defined here, i.e., ðKθ − KBaselineÞ/KBaseline,
where “Kθ” and “KBaseline,” respectively, represent the lift-to-
drag ratio of the airfoil with and without a flap. The effect of
flap angle on the lift-to-drag ratio for the HQ17 airfoil is
shown in Table 2 (Layout 1). The results show that the flaps
of different angles can increase the lift-to-drag ratio in the
stall section. It can be seen from Figures 6 and 7 that the
lift-enhancement effect of the flap is remarkable in the stall
section, the drag is decreased, and the lift-to-drag ratio is
increased. The flap angle is larger, and the attack of angle
range of the lift-to-drag ratio enhancement is smaller. By
comparing the data in Table 2, it can be found that the
lift-enhancement effect of the flap with θ = −2:86° is better
than that of the other flaps, and the flap with θ = −2:86° is
the best.

Figure 8 compares the pressure distributions of the base-
line airfoil and the bionic airfoil with the first layout, show-
ing that the bionic airfoil accelerates the flow on the upper

surface and slows down the flow on the lower surface, which
results in an increase in the airfoil lift.

Figure 9 compares the streamlines of the baseline airfoil
and the bionic airfoil case 2 (θ = −2:86°) in the first layout.
From the figure, we can see a large and serious separation
vortex at the trailing edge of the baseline airfoil; however,
there are also two small separation vortices near the flap at
the trailing edge of the bionic airfoil. This means that the
bionic airfoil can suppress the development of flow
separation.

In the following part, we will discuss the effect of the flap
shape on the aerodynamic performance of the bionic airfoil,
based on the observation of the airfoil with the flap angle of
θ = −2:86°. The flaps with the straight line and sinusoid
curve are analyzed, which are designated as S0, S1, and S2,
respectively. S1 and S2 are approximately formed based on
the straight flap with five control points, as shown in
Figure 10.
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Figure 10: Schematic of the bionic airfoil with three kinds of flap shapes.
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The aerodynamic characteristic curves of the bionic air-
foil with three kinds of flap shapes are shown in Figure 11. It
can be seen that for all the three flap shapes, the lift coeffi-

cient is increased and the drag coefficient is decreased at a
large AoA. The maximum lift coefficients of S0, S1, and S2
are increased by 4.9%, 4.8%, and 4.9%, respectively.
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Figure 11: Variations of the lift and drag coefficients for the airfoil with three flap shapes.
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Meanwhile, the drag coefficients are decreased by 9.0%,
9.1%, and 9.2%, respectively. However, there is still obvious
difference in the aerodynamic characteristic curves at a small
AoA. With the respect to the lift and drag, S2 is the best
shape.

Figure 12 shows the streamlines of the three configura-
tions S1, S2, and S3 at AoA = 0°. From the perspective of

the separation vortex, apart from a pair of reverse separation
vortices at the end of the small piece, a tiny separation vortex
was formed at the corner between the small piece and the
airfoil surface in the case of S1. A pair of reverse separation
vortices appeared at the ends of the small piece in the case of
S2 and S3. It can be seen that the streamlines passing
through the upper and lower surfaces of the airfoil have
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Figure 12: Comparison of streamlines of the airfoil with three flap shapes (AoA = 0°).
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slight differences in the location where they converge near
the trailing edge, and the height relationship between the
location of the confluence point is S2 < S0 < S1.

Then, this study examines the effect of the flap position
(gap height) on the aerodynamic performance of the bionic
airfoil. Three positions for the small flap are studied at the
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Figure 14: Variations of the lift and drag coefficients for the airfoil with three flap positions.
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flap angle of θ2 = −2:86°, as shown in Figure 13. Based on the
original flap position (P0), the flap is shifted along the y
-coordinate by 0.08%c and 0.16%c, which are the positions
P1 and P2, respectively.

The aerodynamic characteristic curves of the bionic air-
foil with three flap positions are shown in Figure 14. The fig-
ure shows that the lift and drag curves for P0, P1, and P2
almost coincide at a small AoA and that the lift is increased
and the drag reduced at a large AoA. With the increase of
gap height, the improvement of stall characteristics is weak-
ened, and the increase of lift and the decrease of drag are
both reduced. The flap position P0 is the best for improving
the stall characteristics, which means that the farther the flap
from the airfoil surface, the weaker the improvement in stall
characteristics. Therefore, the flap position is a critical
parameter for the bionic airfoil.

The effect of flap positions and shapes on the lift-to-drag
ratio for the HQ17 airfoil is shown in Table 3. The results
show that the flap position P0 is the best for improving the

stall characteristics among the three flap positions, and the
three kinds of flap shapes are equally capable of improving
stall characteristics. In all the flap positions and shapes, the
effective AoA range for improving the lift and lift-to-drag
ratio can reach 7°. By comparing the data in Table 3 and
Figure 11, it can be found that S2 is the best.

4.2. Layout with No Gap. In this subsection, we will analyze
how the angle, shape, and position parameters of the small
flap sticking to the airfoil affect the aerodynamic characteris-
tics of the airfoil. The angle definition of the small flap in
Layout 2 is the same as that in Layout 1. The flap in the sec-
ond airfoil layout has a length of 20%c, with its leading end
point fixed and the trailing end point rotated around the
fixed end point to change the flap angle. The fixed end point
of the flap is located at the position of 80%c. Figure 15 shows
the schematic of the flaps with θ = −2:68°, -0.1°, and 2.48°.

Figure 16 shows the lift and drag coefficient curves of the
airfoil with different θ. As can be seen in this figure, at a
small AoA, the lift coefficient is greatly reduced and the drag
is obviously increased; at a large AoA, however, the lift coef-
ficient is significantly improved, and the drag is reduced. As
the flap angle increases, the maximum lift coefficient and the
stall AoA also increase, and the initial AoA to achieve lift
increase is gradually larger. The maximum lift coefficients
of case 2 with θ = −2:68°, θ = −0:10°, and θ = 2:48° are
increased by 5.0%, 6.2%, and 7.9%, respectively. Meanwhile,
the drag coefficients are decreased by 8.9%, 10.9%, and
13.6%, respectively.

The following part will discuss the effect of the flap shape
on the aerodynamic performance of the bionic airfoil. The
shape definition of the small flap in Layout 2 is the same
as that in Layout 1. When θ = −2:68°, the flap is of a straight
line shape (S0). Based on S0, S1 and S2 are approximately
formed with five control points. Figure 17 shows the sche-
matic of the bionic airfoil with three flap shapes.

The aerodynamic characteristic curves of the bionic air-
foil with the three flap shapes are shown in Figure 18. It can
be seen that, at a small AoAs, the lift coefficient is greatly
reduced, but the drag coefficient is obviously increased. At
a large AoA, the lift coefficient is significantly improved,
but the drag coefficient is reduced. However, there is still a
small difference in aerodynamic characteristic curves at a
small AoA. With respect to the lift and drag, S2 is the best
shape.

The effect of the flap position on the aerodynamic per-
formance of the bionic airfoil is introduced below. When θ
= −2:68°, the flap is of a straight line shape, named P0. We
translate the flap P0 along the negative direction of the y
-axis and move the leading end point from the upper surface
of the airfoil 80%c to 85%c to obtain the flap P1. Figure 19
shows the schematic of the bionic airfoil with two flap
positions.

Figure 20 presents the lift and drag coefficient curves of
the airfoil with two flap positions. The figure shows that
P0 significantly improves the stall characteristics of the air-
foil, but P1 shows no improvement, which is not the same
as Layout 1. Therefore, the flap position is a critical param-
eter for the bionic airfoil.

Table 3: Effect of the flap positions and shapes on the lift-to-drag
ratio.

AoA (°) P0 (S0) P1 P2 S1 S2

11 9.34 9.64 8.11 9.12 9.07

12 5.22 3.76 3.36 5.09 5.23

13 5.14 3.97 2.48 5.12 5.33

14 3.76 3.09 1.96 3.76 3.79

15 2.04 1.69 0.90 2.03 2.01

16 1.09 0.97 0.45 1.02 0.81

17 0.54 0.48 0.14 0.55 0.40
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Figure 15: Schematic of the bionic airfoil with different θ.

12 International Journal of Aerospace Engineering



The effect of flap angles, positions, and shapes on the
lift-to-drag ratio for the HQ17 airfoil is shown in
Table 4. The results show that the flap shape S2 is the best
for improving the stall characteristics among all the flap

positions, angles, and shapes, and the effective AoA range
for improving the lift-to-drag ratio can reach 7°. By com-
paring the data in Table 4 and Figure 18, it can be found
that S2 is the best.
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Figure 16: Variations of the lift and drag coefficient curves for the airfoil with different θ.
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Figure 17: Schematic of the bionic airfoil with three flap shapes.

14 International Journal of Aerospace Engineering



AoA
–6 0 6 12 18

–0.6

–0.3

0.0

0.3

c 1
- c

1(
Ba

se
lin

e)

Baseline
S0

S1
S2

(a) Lift coefficient

AoA
–6 0 6 12 18

–0.008

0

0.008

0.016

c d
- c

d
(B

as
el

in
e)

Baseline
S0

S1
S2

(b) Drag coefficient

Figure 18: Variations of the lift and drag coefficients of airfoil with three flap shapes.
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Figure 19: Schematic of the bionic airfoil with two flap positions.
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5. Conclusions

The aerodynamic performance of bionic airfoil with two lay-
outs was studied. The flap angle, shape, and position were
the key factors for improving the post stall characteristics
of the airfoil. The conclusions were as follows:

(1) The two layouts can significantly improve the stall
characteristics of the airfoil. The bionic flaps can
suppress the development of flow separation vortex
and satisfy the goal of lift enhancement and drag
reduction, and the flap with the sinusoid curve shape
(φ = 180°) is the best. The bionic flap angle has a sig-
nificant effect on the airfoil stall characteristics

(2) As the flap angle increases, the lift decreases signifi-
cantly at a small AoA; as the lift increases at a large
AoA, the stall AoA is also increased. The AoA range

for improving the lift and lift-to-drag ratio can reach
more than 7°. The excessive flap angle can further
increase the maximum lift coefficient, but the AoA
range of lift enhancement is smaller

(3) The bionic flap shape has a significant effect on the
airfoil stall characteristics

The flaps with the straight line and sinusoid curves with
different φ were analyzed, and three shapes have almost the
same increase in the maximum lift coefficient. For the goal
of increasing lift and reducing drag, the sinusoid curve with
φ=180° (S2) is the best, the sinusoid curve shape with φ=0°

(S1) is the worst, and straight line shape (S0) is in the middle

(4) The bionic flap position (gap height) has a signifi-
cant effect on the airfoil stall

characteristics. The three gap heights have little influence on
the lift and drag at small AoA but have significant effect on
the stall characteristics. With the increase of gap height, the
improvement of stall characteristics is weakened, and the
increase of lift and the decrease of drag are both reduced.
P0 is the optimal gap height for increasing the lift and lift-
to-drag ratio

Nomenclature

c: Chord
cl: Lift coefficient
cd: Drag coefficient
cp: Pressure coefficient
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Figure 20: Variations of the lift and drag coefficients of airfoil with three flap positions.

Table 4: Effect of the flap angles, positions, and shapes on the lift-
to-drag ratio.

AoA θ = −2:68° (P0, S0) θ = −0:10
°

θ = 2:48
° P1 S1 S2

11 11.68 6.95 1.59 0.58 8.13 14.58

12 4.57 7.27 5.02 1.37 5.39 8.82

13 5.54 6.77 7.82 2.18 5.57 6.52

14 3.76 4.69 6.05 1.67 3.93 3.80

15 1.98 2.52 3.22 0.74 2.04 2.08

16 1.01 1.32 1.74 0.32 1.08 1.04

17 0.47 0.84 0.99 0.19 0.63 0.59
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AoA: Angle of attack
θ: Flap angle
K : Lift-to-drag ratio
φ: Phase angle.
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