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�e main purpose of this paper is to demonstrate a bionic design for the airfoil of wind turbines inspired by the morphology of
Long-eared Owl’s wings. Glauert Model was adopted to design the standard blade and the bionic blade, respectively. Numerical
analysis method was utilized to study the aerodynamic characteristics of the airfoils as well as the blades. Results show that the
bionic airfoil inspired by the airfoil at the 50% aspect ratio of the Long-eared Owl’s wing gives rise to a superior li
 coe�cient and
stalling performance and thus can be bene�cial to improving the performance of the wind turbine blade. Also, the e�ciency of the
bionic blade in wind turbine blades tests increases by 12% or above (up to 44%) compared to that of the standard blade.�e reason
lies in the bigger pressure di�erence between the upper and lower surface which can provide stronger li
.

1. Introduction

Wind power is a clean and renewable source of energy [1].
�e increasing use of wind power is of great signi�cance
for reducing environmental pollution, improving energy
consumption, and thus realizing sustainable development.
A key component of wind turbines is blades, which consist
of di�erent airfoil surfaces. �e aerodynamic characteristics
of airfoils have direct in�uence on the performance of the
blades, and thus the airfoils are crucial to blade design. Early
traditional wind turbine blades were based on aeronautic
applications, for example, NACA series, but later airfoils
speci�cally designed for wind turbines were developed by
NREL, Risø, FFA, and so forth [2–5]. �e specialized airfoil
series greatly changed the operating conditions of wind
turbines and increased the blade adaptability. �is led to a
startup at low wind speeds as well as a stall delay at high wind
speeds.Most of these airfoilswere developedusing traditional
inverse design approaches [6]. In practice, the function of
birds’ wings is very similar to that of wind turbine blades [7–
9].�e bionic research �nds that the airfoils inspired by birds,

including the seagull airfoil and those based on the leading
edge of Long-eared Owl wings, have better aerodynamic
performance [10–13].

In this work, a new airfoil of the wind turbine blades was
designed and used in the wind turbine blades. �e e�ciency
of the wind turbine blades was carried out, and it was
investigated how the new airfoil in�uences the performance
of blades by aerodynamics numerical simulation.

2. Materials and Methods

2.1. Bionic Airfoil Extraction. �e point cloud data of the
airfoils were collected using a 3D scanning system (Rexcan
III, Solutionix Corp., Korea) with a scanning accuracy of
0.001mm. �e wing of the Long-eared Owl was unfolded
naturally before the experiment. �e scanned data were
processed in IMAGEWARE 12, and the airfoil with superior
aerodynamic performance was named as “bionic airfoil,”
which is located at the point with a span-wise aspect ratio of
50% on the wings [11]. �e airfoil curve obtained a
er fairing
is shown in Figure 1.
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Figure 1: Curve of the bionic airfoil.

Table 1: Parameters of the bionic airfoil.

Variable Value

Chord length �
Maximum thickness as a fraction of the chord (�) 0.1306�
Leading edge radius (�) 0.047355�
Camber (�) 0.1127�
Position of the maximum thickness (��) 11.3%�
Position of the maximum camber (��) 43.1%�

�e pro�le geometry of the bionic airfoil is shown in
Figure 2, the chord length is �, and the geometry parameters
are shown in Table 1.

2.2. Blade Design

2.2.1. Standard Blade Reconstruction. NACA4412 is one of
the most common airfoils used for wind turbine blades
due to its superior aerodynamic characteristics. A 500 Watt
wind turbine blade of the NACA4412 airfoil was selected as
“standard blade.” �e length of the blade is 1200mm, the
blade root is from 0mm to 130mm and the blade span is
from 130mm to 1200mm along the �-axis. In particular, the
blade span of the standard blade is divided into 12 equal
sections (see Figure 3), and the height of the section �-� is
Δℎ. �e airfoil shape of every section was obtained using the
scanner, and the angle of attack (AOA) 
 = arcsin(Δℎ/�) was
calculated a
er measuring the chord length �.

Airfoil at each section was established using CATIA
V5R19.�e aerodynamic center lies exactly at the one-quarter
position of the chord. �e blade was constructed by rotating
the airfoils around the aerodynamic center according to the
AOA, as shown in Figure 4.

2.2.2. Bionic Blade Design. Because the characteristics of
the airfoils used over the tip region of the blades have an
important impact on the e�ciency of the wind turbine, the
airfoils of the chord positions a
er 60% were designed using

Table 2: Design parameters of the bionic blade.

Rated power (�) Diameter
(�)

Number of
blades ()

Tip-speed ratio
(�0)

500w 1.2m 3 6

the bionic airfoils. �e design parameters of the bionic blade
are shown in Table 2.

�e li
-to-drag ratio of the airfoil reached its maximum
at the span-wise aspect ratio of 50%, when the AOA was set
at 3∘ [11], which in turn was used for the blade design. �e
blade incidences (�) of di�erent span-wise positions were
calculated according to the Glauert theory [14, 15], and the
bionic blade and standard blade should have the same chord
length to make sure that they have the same solidity. �e
constructed model of the bionic blade was shown in Figure 5.

2.3. Aerodynamics Numerical Simulation

2.3.1. Numerical Simulations on Aerodynamics of the Airfoils.
In ANSYS14.5, CEM-CFD was used to divide grid and
FLUENT was used to carry out the numerical simulations
for the standard airfoil (NACA4412 airfoil) and the bionic
airfoils. Reynolds number is de�ned as follows:

Re = �V�� , (1)

where Re is Reynolds number, V is the mean velocity of the
object relative to the �uid (27m/s), � is the chord length

(3 × 10−2m to 4.5 × 10−2m), � is the density of the �uid

(1.225 kg/m3), and � is the dynamic viscosity of the �uid
(1.789 × 10−5 kg/m⋅s). According to the (1), the range of

Reynolds number is between 5.55 × 104 and 8.32 × 104. In our

numerical simulation, Reynolds numbers (Re) were 6 × 104
and 8 × 104.

�e large eddy simulation method was adopted for the
numerical simulations. �e computed �eld is shown in
Figure 6. �e airfoil chord length is �. �e le
 �eld is a
semicircle with a radius of 12.5�, and the right part is a
rectangle with a height of 20� and a width of 25�. When
Mach Number (Ma) is less than 0.3, the air is considered
as incompressible �ow. �erefore, the inlet and outlet were
set to “velocity inlet” and “pressure outlet,” respectively.
�e meshes generated were �-type meshes, as shown in
Figure 7(a). �e local mesh re�nement was implemented at
the leading edge and trailing edge of the airfoil, as shown in
Figure 7(b).

Spalart-Allmaras model (S-A) is a simple-equation tur-
bulence model which solves the turbulence viscosity of the
transport equations. Boundary layers that cover the airfoil
are divided into the viscous sublayer, the bu�er layer, and the
logarithm sublayer.�e velocity gradient and viscous force of
the viscous sublayer are large. As a result, in order to obtain
the accurate solutions of the viscous sublayer, the grid must
be su�ciently �ne, whichmeans the wall coordinate�+ is less
than 5. In our simulation, the thickness of the �rst layer was
approximately 0.0002, and �+ was less than 1.
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Figure 2: Pro�le geometry of the bionic airfoil.
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Figure 3: Divisional schematic (a) of a wind turbine blade and the �-� cross-sectional pro�le (b).

Figure 4: Model of a standard blade.

Figure 5: Model of bionic blade.

Figures 8 and 9 summarize the results for the mesh
sensitivity of the computational grid study. Here the results
are presented for the li
 coe�cients (��) and drag coe�cients

(��) of Re = 6× 104 and 8× 104 using three grid sizes of 22425,
33400, and 63000 nodes. Based on this grid dependence
study, it is concluded that the medium grid size of 33400 is
su�cient for carrying out the simulations.

2.3.2. Numerical Simulations on Aerodynamics of the Blades.
�e simulation of the wind turbine blades was conducted,
and the model was simpli�ed to reduce the calculation
complications. �e in�uences of the tower and engine-room
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Figure 6: Computational domain.

were ignored. �e diameter of the cylindrical domain used
for simulation was 2�, twice as large as the radius of the
blade. �e domains of the inlet and outlet were � and 4�,
respectively. Stationary and rotating regions were adopted as
the computed domains, and the rotating region was adopted
the dynamic grids. �e main boundary conditions including
inlet, outlet, and wall were de�ned. �e inlet was set to
“velocity inlet” and outlet was set to “pressure outlet.” �e
velocity of inlet was set to 9m/s, and the rotation speed
of blades was set to 350 rpm. �e pressure of outlet was
atmosphere pressure without any additional pressure. �e
relative pressure of the outlet was 0 Pa. �e SST �-� model
was used in �ow �eld analysis. �e wall condition was set to
smooth wall with no slip and no penetration. �e simulation
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Figure 7: Computational grid.
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Figure 8: Comparison of simulation results of three grid resolutions of coarse (22425 nodes), medium (33400 nodes), and �ne (63000 nodes)
meshes at Re = 6 × 104. (a) Li
 coe�cients (��) and (b) drag coe�cients (��).

domains and boundary conditions are shown in Figure 10.
�e calculation adopted unstructured grids and the quantity

of the blade grids was 2.3 × 106.

2.4. E�ciency Experiment of Blades. Wood was selected as
the blade materials, and wood engraving machine XJ-1218
was selected tomachine the blades. 3D blades were generated
via CATIA and G codes were imported into the engraving
so
ware for machining the blades. �e blade surfaces were
polished a
er being machined.

�e e�ciency experiments of the blades were carried
out in natural wind. �e test system was composed of
wind turbine, recti�er stack, anemometer, electronic load,
oscilloscope, and PC, as seen in Figure 11. �e electronic
load was used to test the voltage, electric current, and power.
Anemometer was used for the testing of the real-time wind
speeds. Oscilloscope was used as frequency meter in system
to collect the Alternating Current pulse frequency and then

converted to rotational speed of the wind turbine blade. �e
parameters such as velocity, voltage, and electric current of
the wind turbine were recorded at di�erent wind speeds in
the range of 2–10m/s, and the wind power coe�cient �� was
calculated based on the wind power formula.

3. Results

�e power curves shown in Figure 12 describe the relation-
ship between wind speed and power output. It shows that
there is not enough torque exerted by the wind on the turbine
blades to make them rotate at very low wind speeds (below
3m/s). As the wind speed rises above the cut-in speed 3m/s,
the power rises rapidly.�e power of the bionic wind turbine
(the wind turbine with bionic blades) is larger than that of
the standard wind turbine at the same wind speed. When the
speed reaches 7m/s, the power of the bionic wind turbine is
320W while the standard wind turbine is 265W. �e results
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Figure 9: Comparison of simulation results of three grid resolutions of coarse (22425 nodes), medium (33400 nodes), and �ne (63000 nodes)
meshes at Re = 8 × 104. (a) Li
 coe�cients (��) and (b) drag coe�cients (��).
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Figure 10: Simulation domains and boundary conditions.

indicate that the bionic blade increases the e�ciency of the
wind turbine and utilizes the wind power more e�ciently.

�e power coe�cient �� of the wind turbines at di�erent
wind speeds is show in Figure 13. As the wind speed rises,
the �� increases to a maximum of 0.35 for the standard
wind turbine and 0.44 for the bionic wind turbine and then
decreases. �e results indicate that the bionic wind turbine
has the superior aerodynamic characteristics at the lower
wind speeds.

4. Discussion

Bionic wind turbine has superior characteristics, so it is
necessary to study its mechanism. Because the blade airfoil
is one of the decisive factors in wind turbine performance, it
is necessary to analyze and compare the airfoils’ aerodynamic
characteristics of the standard blades and the bionic blades to

�nd the reason that leads to the performance improvement of
the bionic blades.

Comparison of the mean cambers of the standard airfoil
and the bionic airfoil is shown in Figure 14. �e relative

camber �1 of bionic airfoil is larger than that of standard
airfoil. �e larger camber makes the velocity di�erence
increase, and it results in larger pressure di�erence to raise
the li
.

�e li
 coe�cients (��) and drag coe�cients (��) gen-
erated of standard airfoil and the bionic airfoil by numerical
simulations at the di�erent Reynolds numbers (Re = 6 ×
104, Re = 8 × 104) are shown in Figure 15. �e �� and ��
of two Reynolds numbers have little di�erence, apart from
the fact that the �� of the higher Reynolds number is higher
while the �� of it is lower. However, the bionic airfoil has the
same stability as standard airfoil. As the AOA, 
, increased,
within the range of 0∘–10∘, the�� and�� gradually increased.
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Figure 12: Relationships between power and wind speeds.

�e maximum value of the �� was obtained at 
 = 10∘, and
then, as 
 increased, the �� gradually decreased while the ��
increased substantially, which means the airfoil is in the stall
condition at AOA of 10∘.

Due to the viscous resistance at the boundary layer of
the airfoil surface, as well as the air�ow that continuously
enters in from the outside, the air�ow cannot move on the
airfoil surface. Instead, it separates and gradually generates air
pressurewith theAOA increasing.�is causes the back�owof
air. Subsequently eddy current is formed on the airfoil surface
and the stall is generated. �e air�ow loses the airfoil e�ect
and decreases the pressure di�erence between the upper and
lower surfaces, thus resulting in the soaring of the �� and
decreasing of the ��.
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Figure 13: �� of the wind turbines at di�erent wind speeds.

Compared with the standard airfoil, the bionic airfoil
showed a higher and thus better ��. �e reason was the
increase in the e�ective AOA of the bionic airfoil, due to the
e�ective bending increase, as well as in the pressure di�erence
between the upper and lower surfaces.

Figure 16 shows the li
-to-drag ratio curves of the bionic
airfoil and the standard airfoil. It is noticed that their trends
were basically consistent. �e main di�erence, however, was
that the curves of the bionic airfoil moved forward and
reached the maximum value prior to the standard airfoil (the
AOA of the maximum li
-to-drag ratio was smaller). �e
maximum values were 19.3 for the bionic airfoil and 19.6 for
the standard airfoil, at Re = 6 × 104, and 20.8 and 20.9 at Re =
8 × 104, respectively.
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Figure 15: Li
 coe�cients (��) and drag coe�cients (��) of the airfoils at di�erent AOA. “Standard-��” is the li
 coe�cient of the standard
airfoil, and “Standard-��” is the drag coe�cient of the standard airfoil. “Bionic-��” is the li
 coe�cient of the bionic airfoil, and “Bionic-��”
is the drag coe�cient of the bionic airfoil.

Since the stall AOA is 10∘, the velocity vectors colored by
velocity magnitudes at the large AOA (10∘, 15∘ and 20∘) were
checked to investigate what would happen a
er the stall. As
shown in Figures 17 and 18, for both Reynolds numbers of

6 × 104 and 8 × 104, the range of separation region of the
standard airfoil was larger than that of the bionic airfoil. In
addition, the range of the stall of the upper surface reached to
the leading edge at 20∘. �at means the stall characteristics of
the bionic airfoil are better than that of the standard airfoil.
�is is due to the larger camber of the trailing edge on the
bionic airfoil that leads to the air�ow de�ecting downward.
�e de�ection increases the momentum of the air�ow at the
trailing edge of the airfoil and allows the air�ow to easily
overcome the adverse pressure gradient at the trailing edge

of the upper surface which decreases the separation zone of
the upper surface.

From the comprehensive comparison of the ��, ��, li
-
to-drag ratio curves, and stall characteristics of the bionic
airfoil and the standard airfoil, respectively, it can be noticed
that the bionic airfoil has better aerodynamic performance
than the standard airfoil. �is, in turn, is bene�cial for the
improvement of the bionic blade.

�e static pressures on the windward surfaces of the
standard blade and the bionic blade under the wind speed
of 9m/s are shown in Figure 19 (those airfoils are 0.9m
away from the root of the blades). �e pressure di�erence
of the airfoil between the upper and lower surfaces at the
tip of the bionic blade is obviously higher than that of the
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Figure 16: Li
-to-drag ratio (��/��) curves of the airfoils at di�erent AOA. “Standard” is the li
-to-drag ratio of the standard airfoil; “Bionic”
is the li
-to-drag ratio of the bionic airfoil.

(a) Standard airfoil at AOA = 10∘ (b) Bionic airfoil at AOA = 10∘

(c) Standard airfoil at AOA = 15∘ (d) Bionic airfoil at AOA = 15∘

(e) Standard airfoil at AOA = 20∘ (f) Bionic airfoil at AOA = 20∘

Figure 17: �e velocity vectors colored by velocity magnitudes at Re = 6 × 104 at di�erent angles of attack.
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(a) Standard airfoil at AOA = 10∘ (b) Bionic airfoil at AOA = 10∘

(c) Standard airfoil at AOA = 15∘ (d) Bionic airfoil at AOA = 15∘

(e) Standard airfoil at AOA = 20∘ (f) Bionic airfoil at AOA = 20∘

Figure 18: �e velocity vectors colored by velocity magnitudes at Re = 8 × 104 at di�erent angles of attack.
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Figure 19: Static pressures on windward surfaces of the blades.

standard blade. Such bigger pressure di�erences can provide
larger li
 and thus improve the e�ciency of the blade. So
the application of the bionic airfoil into the blade design is
bene�cial for the improvement of the e�ciency of the blade.

�e contours of static pressures of the standard blade and
the bionic blade under the wind speed of 9m/s are shown

in Figure 20. �e pressure at the tip of the standard blade
is 398 Pa and the one at the tip of the bionic blade is 327 Pa,
which is noticeably lower. �e lower pressure at the tip of the
bionic blade decreases the revolving resistance of the blade
and improves the e�ciency of the blade.

5. Conclusion

A bionic method for designing the airfoil was developed
under the inspiration of the Long-eared Owl’s wings in order
to design and process wind turbine blades. Numerical sim-
ulation analyses were carried out to compare the di�erence
between the standard airfoil and the bionic airfoil as well
as the di�erence between the standard blade and the bionic
blade. In particular, under typical wind speeds and natural
conditions, wind turbine e�ciency experiments were carried
out on the bionic blade and the standard blade.

Compared with the standard airfoil, the bionic airfoil has
an increased e�ective bending aswell as an increased e�ective
AOA. �e di�erence in terms of �ow velocity between the
upper arc and the lower arc is increased. �is in turn
generates a large pressure di�erence between the upper and
lower surface, which improves the li
 of the airfoil. �e
numerical simulation data show that the stall characteristics
of the bionic airfoil are greatly improved compared with the
standard airfoil. �e superior aerodynamic characteristics of
the bionic airfoil play important role on improving the blade
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(a) Standard blade (b) Bionic blade

Figure 20: Contours of static pressures on windward surfaces of the blades.

characteristics. In addition, the bionic blade design inspired
by the Long-eared Owl’s airfoil has a considerably higher
pressure di�erence between the upper and lower surfaces
at the tip than that of the standard blade. Such a larger
pressure di�erence can provide larger li
 and thus improve
the e�ciency of the blade. �ese results are consistent with
those from the wind turbine e�ciency experiment.

�e bionic design of the blade provides a new method
for designing wind turbine blade and both the numerical
simulation and the real experimental results will stimulate
our interest to further research this topic.
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