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Bird flight is a remarkable adaption that has allowed thousands of species to colonize all terrestrial habitats. A golden
eagle has impressive flying abilities, such as hovering, perching, preying and attacking. To reveal the flying abilities, avian
geometry of a golden eagle was extracted based on noncontact surface measurements using a ROMBER three-dimensional
laser scanner. Distributions of a camber line, thickness and a secondary feather line of the extracted point cloud were fitted
using convenient analytical expressions. A traditional airfoil was established with the camber line and thickness, then a
combined airfoil was constructed by combining the traditional airfoil with a secondary feather. Oscillations of an airfoil as
well as rapid pitch up were simplified as a sine wave around the quarter chord axis. Thereafter, both steady and unsteady
aerodynamic performances of the airfoil are computed, the influences of the secondary feather on the steady and unsteady
aerodynamics were further studied.
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1. Introduction

The ideal of flying origins from avian flying, and a lot of
typical airplanes have been designed until now, such as B747,
A320, F22, Su27, and so on. However, these traditional rigid
airplanes were designed according to a particular flight enve-
lope or some destined conditions, which will lead to fuel con-
sumption, less manoeuvrability, and so on.[1] For instance, a
low aspect ratio airplane flies faster with excellent manoeu-
vrability, but lack fuel efficiency. On the other hand, a high
aspect ratio airplane flies slower, but with good aerodynamics
and great fuel economy. With continuous requirements of ex-
cellent flight performance and control authority, the morphing
wing concept has been proposed to provide improved aerody-
namic properties over a great range of operating conditions,
and a variety of types of wing morphing mechanisms have
been proposed in either a passive way or an active way.[2] In
general, three categories of morphing designs were reviewed
by Zheng et al. in the view of shape generation:[3] (i) rotating a
whole wing or only a selected segment, (ii) telescopic, (iii) in-
flating a whole wing or only a selected segment. Morphing of
rotating, achieved by rotation of either parts or a whole wing,
can be categorized as out of plane morphing wing, in plane
morphing wing and morphing cellular truss structure with ten-
dons. Morphing of telescopic is accomplished by extending
or contracting a wing with some segments associated with
progressively smaller cross-sections. Morphing of inflating is

achieved by a packed volume more than 10 times smaller than
the deployed one. Unlike the conventional approach to change
shape of a wing by mechanisms such as hinged flaps, some
smart materials have been proposed and used in current air-
plane designs especially in unmanned aerial vehicle designs
(UAV).[4] The ideal material for a morphing structure is an
integration of load-carrying, deformability and low weight as
discussed by Xavier et al.[5] Until now, there have been several
categories of materials concluded for morphing materials, and
elastomer is a class of polymer having ability to undergo large
strains with easy deforming talents because of its low stiffness.
Anisotropic materials are also used for morphing designs for
their stiffness are direction dependent which enable a struc-
ture to morph in a particular direction while stiff in others.
Multistable materials, capable of holding several stable posi-
tions and have presented large deformation abilities, as well as
some smart materials, such as auxetic materials, are also inter-
esting morphing materials, more details about morphing can
be found in Ref. [6].

Above all, morphing structures or morphing materials
have been used in conventional airfoils, and lots of aircrafts
have been designed with morphing abilities. However, none
of the aircrafts ever designed has the perfect manoeuvrability
like birds. Flying abilities of birds, such as hovering, soar-
ing and perching are quite impressive. After thousands of
years of evolution, a bird wing moves generally with com-
plex patterns in both wing kinematics and deformations,[7]
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and a bird can colonize almost all terrestrial habitats on earth,
such as polar region, distant islands, cliff, and many oth-
ers. For this reason, researchers now returning their inter-
ests of birds’ flight abilities. For instance, Stefano Buoso in-
vestigated on the bat-inspired integrally actuated membrane
wings,[8] Hightower et al. investigated on the closed-loop
performance of a two dimensional actuated membrane wing
with fixed supports,[9] Ren et al. revealed the sound sup-
pression mechanisms of eagle owls.[10] Different species of
birds have different flight talents, more stories about bird fly-
ing can be found in references.[11–16] Avian wing geometries
of large birds, such as seagull, merganser, teal and owl have
been investigated,[17,18] geometry shape of a bird wing, includ-
ing airfoils, can be quantified with analytical expressions, and
a jointed arm model was also developed to represent the avian
wing kinematics recovered from videos. Secondary feathers
have important effects on bird aerodynamics, cutting of sec-
ondary feathers at wing tip was reported to reduce the distance
flown dramatically.[19] It is impressive that the perching of
steppe eagle Aquila nipalensis was studied[20] using onboard
and high-speed video, wing shapes were recovered and un-
steady aerodynamics were studied including role of aeroelas-
tic feather deflection. It was figured out that one of the secrets
in bird flying manoeuvrability is the ability of wing morphing
that allows quick transition between a steady glide and a deep
stall.

Above all, a key to excellent flight abilities of birds is that
they can change their wing shapes in an intelligent and effi-
cient way using their exclusive airfoils.[21] Until now, much
efforts have been focused on wings with conventional airfoils.
However, a secondary feather has played an important role in
bird flight. Thus, a particular combined airfoil with a sec-
ondary feather and influences of a secondary feather on the
aerodynamics during maneuvering are the main topic of this
paper.

2. Specimen and experiment
2.1. Specimen of golden eagle

A golden eagle has quite excellent flying abilities to
perch, fight, and so on. However, a golden eagle is one of

the first-class national protected animals of China, any sale,
purchase or use of the wild animal is forbidden. Thus, we cor-
porate with Pro. Fan of Zhejiang Museum of Natural history.
The scanning object is a specimen of golden eagle of Zhejiang
Museum of Natural history as shown in Fig. 1. The golden
eagle was processed at a flying posture and the specimen has
been well kept. Before scanning, a kind of alcohol for a spec-
imen was used to clear each feather. Also, each feather was
repaired and rearranged to ensure the exact flying shape.

Fig. 1. Specimen of the golden eagle of Zhejiang Museum of Natural
history

2.2. 3D scanning of a wing

We used a ROMBER absolute arm with integrated scan-
ner to which a three-dimensional non-contact laser scan-
ner was attached for the bird surface measurements. The
ROMBER absolute arm is a hand-held mechanical device with
high accuracy. Before measuring, the ROMBER tower was
fixed to the ground using glue. On the ROMBER arm, position
of the scanner relative to a given coordinate system is known
accurately. An integrated laser scanner is designed to capture
3D point data across a range of surface types. With an ultra-
wide laser stripe of up to 150 mm, the scanner can capture
7520,000 points per second. Accuracy of the complete scan-
ning system is verifiable and traceable, accuracy of surface
data is within 0.01 mm. Operating with Geomagic Wrap soft-
ware, the system works based on the principle of laser stripe
triangulation. During measurements, a laser line was project
onto the wing feathers and the line was viewed by cameras so
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Fig. 2. The airfoil with a secondary feather: (a) the scanned region, containing a secondary feather; (b) the scanned point cloud; (c) the
contained secondary feather.
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that distance variations on a feather can be seen. In order to
obtain a combined airfoil with excellent aerodynamic perfor-
mances, the scanned region was limited at the middle of the
span where a secondary feather existed, as shown in Fig. 2(a).
Scanning data was a profile that contained airfoil information.
The scanner can work for a variety of materials and colors in-
cluding black and white which are common for feathers of a
golden eagle. Figure 2(b) and 2(c) also show the scanned point
cloud and the corresponding secondary feather. It can be ex-
pected that a 3D wing model can be established by assembling
the combined airfoils at different stations.

3. Modeling and numerical method
3.1. Airfoil modeling

The combined airfoil is composed of a typical wing air-
foil and a secondary feather airfoil, named as Part1 and Part2
respectively, as shown in Fig. 3. The main motivation for this
classification is that the secondary feather may move or rotate
relative to the part1, also some empirical functions have been
figured out for capturing the typical airfoil of part1.

chord 1 chord 2

Fig. 3. Part1 and part2 of the combined airfoil with a secondary feather

As the part1, distributions of a camber line and thickness
were quantified at first, thus the upper surface was expressed
as an addition of the camber line and thickness, the lower sur-
face was expressed as a subtraction of the camber line and
thickness.

zupper = z(c)+ z(t), (1)

zlower = z(c)− z(t). (2)

To quantify the mean camber line from wing surface measure-
ments, the Birnbaum–Glauert camber line was used[22]

z(c)
c

=
z(c)max

c
η(1−η)

3

∑
n=1

Sn(2η−1)n−1, (3)

where η = x/c is the normalized chordwise coordinate, z(c)max

is the maximum camber coordinate, c is the local wing chord
length, coefficients Sn are to be determined. The thickness dis-
tribution was quantified as

z(t)
c

=
z(t)max

c

5

∑
n=1

An(η
n+1−

√
η), (4)

where z(t)max is the maximum thickness, coefficients An are to
be determined and order 6 was used here.

As the Part2, a local coordinate was arranged at the
feather root, an exponential function was used to describe the
bending of the secondary feather along the x axis

ω(t)

c
=

ω(t)max

c
ϕ eψ , (5)

where w(t)max is the maximum bending at the tip of the sec-
ondary feather.

3.2. CFD method

Aerodynamic forces acting on flies or birds can be com-
puted using the CFD method.[23] The governing equations
are impressible Navier–Stokes equations which are solved us-
ing Fluent (of Fluent Inc., USA). SIMPLEC algorithm was
used for pressure and velocity coupling. Pressure based solver
was chosen with an explicit formulation. Space discretization
scheme of pressure equation used second order, discretization
scheme of momentum used Quick scheme. To get accurate
solution, a small time step of 3× 10−5 was used, which was
estimate by the characteristic of oscillating vortexes. The con-
tinuity equations are

∂uiu
∂xi

= 0. (6)

The momentum equations are

ρ

[
∂ui

∂ t
+

∂uiu j

∂x j

]
=

∂

x j

[
µ

∂ui

∂x j

]
− ∂ p

∂xi
, (7)

where t is the time, u is the velocity, p is the pressure, µ is the
coefficient of dynamic viscosity.

Flow before an airfoil is usually laminar, while flow
around an airfoil is mainly turbulent. The transition SST
model which is more accurate and adaptive for such situa-
tion has been applied to the flapping wings.[24,25] Thus, the
γ–θ transition model was used here to predict aerodynamics
of the combined airfoil, further details of the SST model can
be found in ANSYS manual. The transport equation[26–28] of
γ and R̃eθ t are

∂ (ργ)

∂ t
+

∂ (ρUiγ)

∂x j

= Pγ1−Eγ1 +Pγ2−Eγ2 +
∂

∂x j

[
(µ +

µt

σγ

)
∂γ

∂x j

]
, (8)

∂

∂ t
(ρR̃eθ t)+

∂ (ρU jR̃eθ t)

∂x j

= Pθ +
∂

∂x j

[
σθ t(µ +µt)

∂ R̃eθ t

∂x j

]
. (9)

Aerodynamic performances of an airfoil are characterized by
cycle lift coefficient (CL) and drag coefficient (CD). Both the
lift coefficient and the drag coefficient are normalized with the
upstream undisturbed flow velocity V , airfoil chord length C,
air density ρ , and lift force L and drag force D.

CL =
L

1
2 ρV 2C

, (10)
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CD =
D

1
2 ρV 2C

. (11)

Vorticity in z direction is defined as follows:

ωz =
∂Vy

∂x
− ∂Vx

∂y
. (12)

3.3. Numerical example of phase VI and S809 airfoil

The S809 airfoil model with a 457 mm constant chord
was designed by OSU/AARL personnel, the airfoil was tested
in the 3× 5 subsonic wind tunnel under steady state and un-
steady conditions at Ohio State University Aeronautical and
Astronautical Research Laboratory.[29] The baseline condi-
tions for steady was tested, angles of attack ranged from−20◦

to 40◦. The unsteady behavior was examined by oscillating
the airfoil about its pitch axis where three mean angles, three
frequencies and two amplitudes were tested.

(a) (b)

Fig. 4. Mesh of the S809 airfoil: (a) computational domain; (b) local
view of the S809 airfoil.

To verify the computational method of this paper, figure 5
shows a comparison of the experimental data and computa-
tional results. The maximum positive lift coefficient and drag
coefficient for the clean cases are about 1.06 and 0.77, respec-
tively. The average lift curve slope is about 0.12. It is shown
that the lift of S809 has a double stall. The stall first appears
at 11.2◦, then, the CL begins to increase until 15.2◦, which
were predicted exactly in this paper. A minimum of 0.67 of
CL appears at 20◦. It is shown that results of this paper fit well
with the experimental data before 16.2◦. However, there are
deviations after 20◦ which is under deep stall.

0 5 10 15 20 25
0

0.3

0.6

0.9

1.2

C
D

exp-CL
CFD-CLC
L

α/(O)

0

0.1

0.2

0.3

0.4

0.5

exp-CD
CFD-CD

Fig. 5. CL and CD versus α of airfoil S809.

4. Results and discussion
Equations (3)–(5) are defined as user defined functions

in the MATLAB software, then a curving fitting method is
used to extract the coefficients Sn, An, ϕ , ψ for the camber
line, thickness, and secondary feather from measurements of
the golden eagle specimen as listed in Table 1. Thereafter,
the interpolated normalized camber line, thickness and sec-
ondary feather are generated with those coefficients, as shown
in Fig. 6(a). It is indicated that the measured data presents a
statistical property pointed by Riegels,[22] and the fitted curves
match with the measured data well. Figure 6(b) shows de-
viations of the fitting airfoil from the measurement points in
terms of the local maximum values z(c)max, z(t)max and w(t)max.
Deviations of the camber line vary from −3.62% to 5.06%,
deviations of the thickness distribution vary from −4.83% to
3.75%, deviations of the secondary feather vary from−5.26%
to 4.68%. Above all, the maximum deviation is under 5.26%
of all the three curve fittings.

Table 1. Coefficients determined for the camber line, thickness, and
secondary feather of the combined airfoil.

S1 S2 S3 A1 A2 A3 A4 A5 ϕ ψ

3.6 1.5 0.3 –4.8 66.2 –199.8 235.6 –97.6 0.003 5.7
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Fig. 6. Fitting airfoil: (a) camber line, thickness distribution, and tail
line of the golden eagle; (b) deviation of local profiles from scanned
profile.

An airfoil without any secondary feather was constructed
with distributions of camber line and thickness using Eqs. (1)
and (2), which is similar to the seagull airfoil or S1223 air-
foil described by Liu.[17] Thereafter, a secondary feather was
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installed to the airfoil without any secondary feather to con-
struct the combined airfoil according to the rule of curva-
ture continuity at upper surface. Figure 7 shows a compar-
ison of the traditional airfoil and the combined airfoil. It
should be mentioned that birds’ feathers are flexible, which
has insignificant influences on the aerodynamic performances.
However, the original intention of this paper was to proposed a
bird-inspired combined airfoil manufactured with rigid metal,
composite materials, and so on. Thus, the elasticity of sec-
ondary feather and the corresponding aeroelasticity were not
discussed. More information about the feather elasticity can
be found in Ref. [30]

Then, an O-block technique was used to construct the
mesh of the two airfoils, the close-up view of the meshes near
the two airfoils are shown in Fig. 8. The traditional airfoil
as well as Part1 of the combined airfoil were discretized with
403 nodes, while the secondary feather was discretized with
200 nodes. The radial size of the first layer was set according
to the rule of non-dimensional wall distance y+ less than 1,
and the total elements of the two airfoils are about 42300 and
63200, respectively.

with a secondary feather

without a secondary feather

Fig. 7. A combined airfoil with a secondary feather and a traditional
airfoil without a secondary feather inspired from the golden eagle.

(b)(a)

Fig. 8. Meshes of the two bionic airfoils: (a) the traditional airfoil; (b)
the combined airfoil.

Kinematics of a flapping wing can be considered as a su-
perposition of motions of the quarter chord axis and relative
rotations around the axis. For simplicity, a sine wave form is
defined by Eq. (13) to represent the relative rotation, and oscil-
lating amplitudes with ±30◦, ±60◦, and ±90◦ were used for
the influence study

α = αm +Asin(2π f t), (13)

where αm is the mean angle of attack, and A is the oscillating
amplitude. The oscillating frequency is set according to wing
motions. Rapid pitch-up is essential to the high manoeuvra-
bility of a golden eagle during perching, flighting, and so on.

Thus, a control strategy of airfoil rotation is designed here to
study the unsteady aerodynamics using a sine wave

α = α0 +
Ap

2
sin
(

2π

2T
t− π

2

)
+

Ap

2
, (14)

where α0 is the initial angle of attack, Ap is the respective am-
plitude, and T is the pitch up time.

central arced curve

rotating axis at 1/4 chord

pitch

(b)

central arced curve

rotating axis at 1/4 chord rotating angle

(a)

Fig. 9. Illustrations of motions of an airfoil: (a) sinusoidal oscillation
controlled by Eq. (13); (b) rapid pitch controlled by Eq. (14).

4.1. Influences on the static aerodynamic performances

Drags and lifts of the traditional airfoil, named as WITH-
OUT case, were computed over a nominal angle from −10◦

to 30◦, while similar forces were computed for the combined
airfoil, named as WITH case, as shown in Fig. 10. The max-
imum lift and the maximum drag are 22.8 N and 3.3 N, re-
spectively for the WITHOUT case, while 39.2 N and 10.1 N
for the WITH case, a 71.9% increase and a 206.1% increase,
respectively. It is indicated that a secondary feather has great
effects on consistently lift enhancement and drag enhancement
through a wide range of angles of attack.

Furthermore, non-dimensional lift coefficient CL and
drag coefficient CD were compared to ignore the scale effect
raised by the secondary feather as shown in Fig. 11. As the
CL, a maximum value 1.97 appears at α = 8◦ of the WITH
case and the lift coefficient begins to decrease monotonically
as angle of attack increases beyond 8◦, on the contrary, the
lift coefficient achieves a maximum value 1.98 at α = 16◦ of
the WITHOUT case and decreases monotonically as α beyond
16◦. It is interesting to find that the maximum values of CL of
the two cases coincide with each other with only a 0.6% fluc-
tuation. As the CD, drag coefficients increase against angle of
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attack in a wide range from −5◦ to 30◦ of the two cases. In
consideration of the similarities, coefficients of lift and drag of
the WITH case were transferred by +6◦ depicted with green
color in Fig. 11. It is found that both the CL and the CD of the
WITH case are consistent with those of the WITHOUT case
when α is under 15◦. However, as α keeps increasing, the CL
of the WITH case deviates from the WITHOUT one by 0.27.
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Fig. 10. Lifts and drags of the two airfoils: (a) lift; (b) drag.

Two similar maximum lift coefficients were found for
both the WITHNOT case and the WITH case, to figure out
the corresponding flow characteristics, pressure distributions
and streamlines were illustrated in Fig. 12. At α = 8◦, a small
separation appears at the trailing edge of the secondary feather

in the WITH case while no separation was found in the WITH-
NOT case. To obtain the maximum CL of 1.98, the traditional
airfoil should suffer a larger angle of attack of 16◦. In contrast
to the WITHNOT case at α = 16◦, the minimum pressure co-
efficient has been drastically decreased from −5.2 to −6.4.
Meanwhile, the existing area of the pressure coefficient range
from 08 to 1.0 has been enlarged from the leading to the Part2
of the combined airfoil. The effect of the secondary feather
is not to enlarge the maximum pressure coefficient which is a
theoretical value of 1.0, but to enlarge the existing area with
high pressure.
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Fig. 11. CL and CD of the two airfoils: (a) CL; (b) CD.
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Fig. 12. Pressure coefficient and streamline distributions: (a) WITHNOT case at α = 8◦; (b) WITHNOT case at α = 16◦; (c) WITH
case at α = 8◦.

4.2. Influences on the dynamic aerodynamic performances

To obtain effects of the secondary feather on the unsteady
aerodynamics, unsteady numerical data was obtained for both
the WITHNOT case and the WITH case undergoing sinusoidal

oscillations. A comprehensive set of conditions were tested

to demonstrate unsteady behaviors at oscillating frequency of

3.125 Hz, with oscillating amplitude A equal to 30◦, 60◦, and

90◦, respectively. Figures 13(a) and 13(b) show CL versus α
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to represent the effect of oscillating amplitude. The pre-stall
lift coefficient achieves a maximum value of 4.3 during the up-
stroke and a minimum value of −3.6 during the down stroke
at A = 90◦ of the WITHNOT case, as suggested that airfoils
always suffer a higher CL during an upstroke. The stall re-
covery is delayed leading to an appearance of hysteresis loop,
which were exhibited throughout all of the oscillating cases.

Furthermore, both the maximum CL and width of a hystere-

sis loop increase as the oscillating amplitude increasing. Sim-

ilarly, drag coefficients versus the angle of attack were also

shown in Figs. 13(c) and 13(d), the maximum drag and the

width of hysteresis loop obtain a maximum value at a higher

oscillation amplitude.[31]
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Fig. 13. Lift and drag coefficients of the two oscillating airfoils at frequency of 3.125 Hz: (a), (b) lift coefficients for WITHNOT and WITH
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CL and CD for both the WITH case and the WITH-
NOT case were also compared in Fig. 14 and Fig. 15. The
CL achieves a maximum value of 3.23 for the WITH case at
A = 30◦, increased by 17% compared with the one of 2.76

of the WITHNOT case. Similarly, the CL achieves a maxi-
mum value of 4.59 at A = 60◦ and a maximum value of 6.54 at
A = 90◦ for the WITH case, the corresponding increments are
20% and 51%, respectively. In comparison, the maximum
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drag coefficient is 1.1, 4.52, and 6.91 for the WITH case at
A = 30◦, 60◦, and 90◦, respectively, increased by 22%, 21%,
and 50% compared with the maximum value of 0.9, 3.78, and
4.69 of the WITHNOT cases. It is indicated that effects of
the secondary feather on the maximum CL and CD are more
pronounced by the oscillating amplitude. These differences
between WITHNOT and WITH cases are the main reason that
a secondary feather should be required for the aerodynamic
analysis of a bird.

4.3. Aerodynamics of pitch up

It should be noted that the conventional design or opti-
mization objective is usually a high lift-drag ratio. However,
the key to high manoeuvrability in bird flight lies not in the
high lift-drag ratio, but in the way that a wing morph to ad-
just flying situations. Take the flight of a steppe eagle for ex-
ample which was investigated by Carruthers, before perching,
the Steppe Eagle “Aquila nipalensis” flied with wings held
fixed in an outstretched posture followed with a rapid pitch-
up when approaching its perch. Here, we studied fighting of
two eagles.[32] It is shown that Eagle A dived towards Eagle
B with an attack appearance at 0.0 s. Then, Eagle A pitched
up the wing within about 0.08 s aimed at changing attitude of
diving to deep stall. During the fighting no flapping was ob-
served of the wing but rapid pitch up. During the rapid pitch-
up, kinetic energy of the eagle was exchanged to gravitational
potential energy. Previously on the comparison of CL illus-
trated in Fig. 14, the CL can be enlarged incredibly at angles
of attack ranging from 0◦ to 90◦ during a up stroke, which will
drive a bird upward. Finally, a deep stall appears after the end
of pitch up followed by incredible increase of drag, thus the
total kinetic energy is dissipated into the air.

0.08 s

change from 
gliding to deep stall

eagle A

eagle B

rapid pitch up

0.0 s

Fig. 16. Fight between Eagle A and Eagle B, dive was adopted followed
with a Rapid pith up by Eagle A to slow down within 0.08 s.[32]

To investigate the corresponding aerodynamics, control
strategy of angle of attack is defined using Eq. (13), and here
parameters are set as α0 = 0◦, T = 0.08, Ap = π/2 in order to
ensure that the combined airfoil will pitched up to π/2 from 0◦

within 0.08 s. The CL and CD against α were demonstrated
in Fig. 17 with similar tendencies illustrated in Figs. 13(b) and
13(d). It is shown that the CL achieves a maximum value of
6.97 at α = 40.0◦, which is 6% greater than 6.54 of the cor-
responding oscillating case, and the CD reaches a maximum
value of 7.05 at α = 61.875◦. Above all, it is interesting to find
that the maximum drag coefficient appears at 61.875◦ instead
of 90◦ with dramatical increase of 137.4% against the 2.97 at

α = 90◦. It is expected that both the high CL and the high CD
executed by the rapid pitch up offer an opportunity to change
the flight attitude quickly. Thus, the research of this paper can
be a good suggestion for the unmanned aerial vehicle design
of the next generation.[34,35]
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Fig. 17. CL and CD of the combined airfoil with a secondary feather
during rapid pitch up.

To reveal the generating mechanism of fantastic high CD
and CD during rapid pitch up, a sketch of vortexes superim-
posed on the instantaneous streamlines around the combined
airfoil was depicted in Figs. 18(a)–18(d) between 0 s and
0.08 s. At the initial station, α = 0◦, air keeps attached at
both the leading edge and the trailing edge. As angle of at-
tack increases to 39.375◦ where a maximum lift coefficient is
obtained, a stronger leading-edge vortex is generated to cover
the upper surface, meanwhile air begins to separate from the
trailing edge.[33] When α increases to 61.875◦ where a max-
imum drag coefficient is obtained, the generated vorticity be-
gins to separate and dissipate from the upper surface. Air rolls
up tightly from the leading edge with anti-clockwise rotation,
meanwhile, rolls downstream with a strong intensity to induce
a second leading edge vortex. This roll-up and roll down-
stream continue as the airfoil pitch up, and the second leading
edge vortex rolls up forward on the airfoil’s surface gradually.
As α continues to 90◦, the separated vortex moves away from
the upper surface.

Pressure distributions between 0 s and 0.08 s were also
investigated to examine the high drag coefficient, as shown
in Figs. 19(a)–19(d). As the combined airfoil is pitched up
to 61.875◦, a region with low pressure extends downstream
from the upper surface to induce a deep attractive force in
the drag direction, which is consistent with the vortex distri-
bution depicted in Fig. 18(c). A region with high pressure
also distributes in succession from the secondary feather to
the trailing edge, which causes a large thrust in the drag di-
rection. Combined the attractive force with the thrust, a maxi-
mum drag force is formed. Benefitting from large length of the
secondary feather, pressure near the down surface of the sec-
ondary feather is increased significantly. Therefore, the maxi-
mum drag coefficient appears at 61.875◦ rather than 90◦.
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Fig. 18. Vortexes and stream lines of the airfoil with a secondary feather during rapid pitch up: (a) t = 0.0 s, α = 0◦; (b) t = 0.035 s,
α = 39.375◦; (c) t = 0.055 s, α = 61.875◦; (c) t = 0.080 s, α = 90◦.
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Fig. 19. Pressure coefficients of the combined airfoil during rapid pitch up: (a) t = 0.0 s, α = 0◦; (b) t = 0.035 s, α = 39.375◦; (c) t = 0.055 s,
α = 61.875◦; (c) t = 0.080 s, α = 90◦.

5. Conclusion

In this study, the surface geometry of a golden eagle as

well as a secondary feather were measured by a 3D laser scan-

ner approach. From measurements, the airfoil camber line,
airfoil thickness and the secondary feather camber line were
extracted. The accuracy of the measurements using the laser
scanner was 0.01 mm. Deviations of the fitting airfoil from
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the measurement points were less than 5.26%. Thereafter,
a traditional airfoil without a secondary feather and another
combined one with the secondary feather were constructed. A
CFD method with a deep insight about the suitability of nu-
merical methods was verified to examine effects of the sec-
ondary feather on the unsteady aerodynamics. Then, both
steady and unsteady aerodynamic performances have been
studied.

For the steady case, influences of the secondary feather
on the CL and CD were investigated. It is found that the maxi-
mum CL of the WITH case is almost the same with the WITH-
OUT case which are 1.97 and 1.98, respectively, the corre-
sponding angle of attack are 8◦ and 16◦, respectively. When
the CL and the CD of the WITH case are transferred by 8◦, it
is interesting to find that both the CL curve and the CD curve
fit well with the one of WITHOUT case under 15◦, which in-
dicates that the existence of the secondary feather does not
change the steady aerodynamic coefficiences essentially but
to enlarge the lift and drag by 71.9% increases and 206.1% in
consideration to the large chord length.

Then, the unsteady performances were studied in which
kinematics of an oscillating airfoil were simplified as transla-
tion of the quarter-chord line superposed with relative rotation
around the quarter chord line. It has been found that the stall
recovery is delayed and a hysteresis loop exhibits throughout
all of the oscillating cases. The maximum lift and the maxi-
mum drag increase with the increment of the oscillating ampli-
tude. The secondary feather has enlarged the maximum value
of CL and CD during up stroke and decreased the minimum
value of CL and CD during down stroke. Thus, a secondary
feather should be required for aerodynamic analysis of a bird.

In fact, oscillating of a wing is rare in bird flight but rapid
pitch up is the most common. Thus, unsteady performances
were studied and the combined airfoil is simplified to pitch up
rapidly with a control strategy of a sine wave form according
to a bird flight. It is shown that lift coefficient achieves a max-
imum value of 6.97 at 39.375◦ and drag coefficient reaches
a maximum value of 7.05 at 61.875◦. During the pitch up,
a stronger leading-edge vortex has been rolled up and down-
stream. It is interesting to find that the maximum drag coeffi-
cient appears at 61.875◦ instead of 90◦.

Above all, both the secondary and the rapid pitch up play
an important role in high manoeuvrability of a large prey, and
a secondary feather has enabled a bird to fly with more ex-
cellent aerodynamics. It can be expected that the research of
this paper can be a good suggestion for the unmanned aerial
vehicle design of the next generation.
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