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ABSTRACT

Flapping wing is one of the most widespread propulsion meth-
ods found in nature. However, the current understanding of the
bird aerodynamics is incomplete. The role of unsteady motion
in the flow and its contribution to the aerodynamics is still an
open question. The current study deals with the estimation of un-
steady aerodynamic forces on freely flying birds through analysis
of wingbeat kinematics and near wake flow measurements using
long duration time-resolved particle image velocimetry. Two bird
species have been investigated, the starling and sandpiper. Using
long-time sampling data, several wingbeat cycles have been ana-
lyzed in order to cover both the downstroke and upstroke phases
of flight. Lift and drag were obtained using the momentum equa-
tion for viscous flows and were found to share a highly unsteady
behavior. The two birds show similar behavior during the down-
stroke phase of flight, whereas the sandpiper was shown to have
a district signature during its upstroke phase. The contribution
of the circulatory lift component is shown to be significant when
estimating lift (or power) of birds in flapping flight. Moreover,
the unsteady drag term was found to have a crucial role in the
balance of drag (or thrust), particularly during transition phases.
These findings may shed light on the flight efficiency of birds by
providing a partial answer to how they minimize drag and maxi-
mize lift during flapping flight.

INTRODUCTION

Flapping flight is one of the most complex yet widespread
propulsion methods found in nature. Although aeronautical tech-
nology has advanced remarkably over the past century, flying an-
imals still demonstrate higher efficiency [1-3]. One of the key
open questions is the role of unsteady fluid motion in the wake
of flying animals and its contribution to the forces acting during
the downstroke and upstroke phases of flight [4]. The unsteady
flow over small-scale wings has gained significant attention re-
cently both in the study of bird and insect flight as well as for de-
velopment advanced aerodynamic models for high-performance
micro-aerial vehicles [2].

As living organisms, birds are subject to selective pressures; as
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NOMENCLATURE
A [m] Vertical displacement of a wing section
AR [ Aspect ratio (= b2/, )
b [m] Wing span (tip to tip)
c [m] Root wing chord length
D’ [N/m] Drag force per unit length acting on a wing section
D! [N/m] Steady drag component
D? [N/m] Unsteady drag component
f [Hz] Flapping frequency
r [N/m] Lift force per unit length acting on a wing section
L, [N/m] Quasi-steady lift component
L, [N/m] Added mass lift component
L, [N/m] Wake-induced lift component
Le [N/m] Circulatory lift component; = L+ L,
p [Pa] Pressure
Poo [Pa] Freestream pressure
Re [-] Reynolds number (= pUc/ )
S [m?] Surface area of a control volume V'
Syes [m?] Wings area
St [-] Strouhal number (= Ay f/U,,)
t [sec] Time variable
U, [m/sec]  Freestream velocity
i [m/sec]  Velocity vector
u [m/sec]  Streamwise velocity component
|4 [m3] Control volume for the momentum equation
v [m/sec]  Vertical velocity component
w [m/sec]  Spanwise velocity component
X [m] Cartesian streamwise axis direction
y [m] Cartesian vertical axis direction
z [m] Cartesian spanwise axis direction

Special characters

a [degrees]  Freestream angle of attack

r [m?%/sec] Bound circulation

Y [m/sec] Vorticity distribution about a lifting surface
Yw [m/sec] Vorticity distribution in the wake

p [kg/m?] Freestream air density

" [Pa-sec] Freestream dynamic viscosity

o, [1/sec] Spanwise vorticity

such, one may assume they flap their wings in a highly efficient
manner. This notion is supported by the tendency of birds, as well
as many other animals, to operate in a limited Strouhal number
range between 0.2 and 0.4 [5, 6]. To model the time dependent
aerodynamic lift force acting on a section of a wing L’ it is nat-
ural to start with a quasi—steady approach. Most studies on the
aerodynamics of natural flyers [7-10] have utilized this approach
and estimate the lift force from PIV (Particle Image Velocime-
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try), in the Trefftz or streamwise-normal planes, behind flying
birds through applying the classical Kutta—Joukowski theorem,
L' = pU_T; here, p is the fluid density, U, is the freestream ve-
locity, and I'" is the bound circulation, which can be calculated
from the vorticity field. For estimating the quasi—steady lift, it
is sufficient to capture a portion of, or an entire, wingbeat cycle,
where the circulation is computed from a single instantaneous
vector map [11] or from synchronized velocity maps triggered to
match various phases within the wingbeat cycle [12]. Moreover,
using several consecutive velocity maps of which a full wingbeat
cycle has been reconstructed, one can estimate the lift from a se-
ries of velocity fields capturing the far wake behind a freely flying
bird [8,10]. Yet, analysis incorporating the unsteady effects in es-
timation of lift is lacking. One of the challenges in estimating the
evolution of lift over time is the need to measure the wake using
a technique that introduces high spatial and temporal resolution
over a relatively long period of time.

Recently, Ben—Gida et al. [13] studied the near wake of freely
flying European starling using long duration time-resolved Parti-
cle Image Velocimetry (hereafter PIV) [14]. Wakes of four com-
plete wingbeat cycles were reconstructed from the PIV images in
the near wake, enabling comparison of steady and unsteady drag
components deduced from the velocity profiles in the wakes. It
was demonstrated that the negative contribution of the unsteady
drag component at the transition stages (downstroke to upstroke
and vice verse) of the wingbeat phase reduces the total drag dur-
ing the flapping motion of the starling. Stalnov et al. [15] ex-
tended the study by Ben—Gida er al. [13] and estimated the time
dependent lift from the wake flow field measurements of the star-
ling. Two methods were applied to estimate the lift; the first is
the unsteady thin airfoil theory [16, 17] and the second method is
based on the derivation of the aerodynamic forces directly from
the momentum equations [18]. Both methods demonstrated that
the time dependent lift components cannot be assumed negligible
and should be considered when estimating lift (or power) of birds
during flapping flight.

Many of the aerodynamic models for birds are based on fixed
wings in steady flow [19]. The current study addresses the near
wake variations behind freely flying birds in time and space with
a particular focus on the unsteady aerodynamics that results from
the flapping motion. The goal of the present work is to evaluate
and compare the unsteady aerodynamics in the wake of a freely
flying European starling (Sturnus vulgaris) and a western sand-
piper (Calidris mauri) from long-duration time-resolved PIV
measurements. This comparison can shed light on the significant
role of unsteady aerodynamics during birds locomotion.

MATHEMATICAL MODELING
Drag Force

Consider a two—dimensional wing section of a bird surrounded
by a control volume V" and enclosed by the surface area .S, with its
width in the spanwise y direction being unity. Inside the control
volume, the streamwise x—component of the momentum equation
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can be re—written to express the drag force per unit span:

D’=—p§jﬁ( udV—p#(iz-dS)u—/ (p-dS), (1)
t v K S

where i = (u, v, w) is the velocity vector in Cartesian coordinate
system and p is the pressure. Note that the viscous terms have
been neglected as they scale with Re™!. Defining .S to be suffi-
ciently far from the wing, where the pressure is assumed equal to
Doo» and after substituting the continuity equation into Eq. 1, the
drag force per unit span can be written as follows [13]:

h h I
D' = p/ u(U, —u)dy — pQ/ / udxdy
0 at Jo Jo

Dj - Steady term

@

D - Unsteady term

The steady drag component D', as it appears in Eq. 2, is referred
to the velocity deficit drag in classical aerodynamics, whereas
the unsteady drag component D; is added due to the flapping
motion. While the steady drag term can be easily obtained from
near wake velocity field, the unsteady drag term requires infor-
mation regarding the entire control surface surrounding the wing
section. In the current study, we assume most of the unsteady dis-
turbances generated by the flapping motion can be obtained from
the velocity field in the near wake. Thus, we approximate the full
surface integral of the unsteady term to include only the velocity
field obtained from the PIV experiments in the near wake of the
freely flying birds. Here, A and / are the vertical and horizontal
extent of the computed velocity field in the wake, respectively.

Lift Force

Any unsteady motion of a lifting surface is accompanied with
shedding of vortices into the wake. Assuming potential flow, one
can utilize the unsteady thin airfoil theory [16,17], which assumes
a planar wake evolution, to compute the time-dependent lift of
a two-dimensional lifting surface with acceptable precision. Ac-
cordingly, an expression for the time dependent lift force (per unit
span) of a two-dimensional lifting surface can be written as the
sum of three terms:

L = ono - p—/ xy(x,1) dx

Quasl steady term

Added mass term

= (50 t) 3

\/_

L,- Wake—mduced lift term

+pU,

where x = —1 and x = 1 are the leading— and trailing—edge loca-
tions, respectively. The first term in Eq. 3 represents the quasi—
steady lift L produced by the instantaneous bound circulationI'.
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The second term L; represents the added mass contribution and
it results from the inertia of the fluid moving with the lifting sur-
face. Finally, the third term is the induced lift component L, that
produced by the wake vorticity. In the near wake of flapping birds
the flow structures can be simplified, thus allowing the use of the
planar wake assumption and consequently the unsteady thin air-
foil theory. Although general trends may be well described with
the use of such theory, it is the small scales in the wake that ac-
tually of interest. When analyzing these vortical structures in the
near wake of flying birds, one can deduced that a more precise
viscous—based method is required for the lift estimation.

Therefore, the time-dependent lift generated during the flap-
ping motion of the freely flying birds has been evaluated from
the near wake velocity fields by utilizing Wu’s viscous flow ap-
proach [18], which is based on the Navier—Stokes equations [21,
22]. Neglecting the added mass term, the time—dependent lift
force according to Wu’s approach can be expressed as:

= —p 4
L'(t)= pdt//xa)z(t) dxdy

where the term ff xw, (1) dxdy is the first x-moment of the vor-
ticity. The spanwise vorticity w,(¢) at the wake is defined as:

“)

duv  Jdu
n=2_=2
@2(0) ox dy

&)
and is evaluated directly from the PIV data using a least squares
differentiation scheme [26]. Here u and v are streamwise and
transverse velocity components, respectively.

Following Theodorsen [16] we can identify the expression in
Eq. 4 as the circulatory lift component L, which is the sum of the
quasi—steady and wake—induced lift components (Lo = Ly+ L,).
Applying Taylor’s hypothesis, dx = U df, one can transform the
spatial derivative in Eq. 4 into a temporal one. Moreover, since
at the beginning of the flapping cycle the lift is unknown we shall
refer to the estimated lift component as an increment in the circu-
latory lift that is generated from the beginning of the cycle, thus
equal to AL_(¢) that can be expressed as:

ALC(I)=/JU°0/C(t) dr. (6)

In order to estimate the circulatory lift AL (f) from Eq. 6 one
needs to acquire information regarding the vorticity flux {(¢) in
the near wake:

= / U .o (1) dy. (7

The vorticity flux, defined by Eq. 7 is estimated for each indi-
vidual velocity map obtained in the near wake of the freely fly-

123

ing birds as function of time. The calculated vorticity flux cor-
responds to the spanwise vorticity component and is integrated
over a selected region in each velocity map.

EXPERIMENTAL SETUP
Wind Tunnel

Experiments were conducted in a hypobaric climatic wind tun-
nel at the Advanced Facility for Avian Research (AFAR) at West-
ern University. The wind tunnel is closed-loop type with an oc-
tagonal test section, characterized with a cross-sectional area of
1.2m? and width, height and length of 1.5m, 1m, and 2m, respec-
tively. The control of speed, pressure, temperature, and humidity
in the wind tunnel enables simulation of flight conditions at high
altitudes as experienced by birds during long distance migratory
travel. The flight conditions reported in this work correspond to
atmospheric static pressure, a temperature of 15°C, and relative
humidity of 80%. A more detailed description of the wind tunnel,
the experimental technique can be found in Ben-Gida et al. [13]
and Kirchhefer et al. [14].

The Birds

Following the studies by Ben-Gida et al. [13] and Kirchhefer et
al. [14], new measurements were sampled in the wake of a freely
flying European starling (Sturnus vulgaris) and a western sand-
piper (Calidris mauri). The birds flight characteristics are given
in Table 1. A collection of optoisolators operated by six infrared
transceivers were integrated into the PIV system, in order to pre-
vent direct contact between the birds and the laser sheet (while
they were flying in the wind tunnel). The optoisolators triggered
the laser only when the birds were flying upstream the PIV field
of view. All animal care and procedures were approved by the
University of Western Ontario Animal Use Sub-Committee (pro-
tocols 2006-011, 2010-216).

. U, m b c Re x
Bird misec] [e] [m] [em] AR 5T o8
Buropean |55 20 3¢ 6 64 03 54
starling
western 10 30 26 45 75 013 3.1
sandpiper

Table 1: Flight characteristics of the birds in the wind tunnel

Long duration time resolved PIV

Flow measurements were taken using a long-duration time-
resolved PIV system developed by Taylor ef al. [23]. The PIV
system consists of a 80W double-head diode-pumped Q-switched
Nd:YLF laser at a wavelength of 527nm and two CMOS cam-
eras (Photron FASTCAM-1024PCI) with spatial resolution of
1024 x 1024pixel® at a sampling rate of 1000Hz. The PIV system
is capable of acquiring image pairs at S00Hz using two cameras
for a continuous period of 20 minutes. Olive oil aerosol particles,
1umin size on average [24], were introduced into the wind tunnel
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Figure 1: Field of view setup of both the PIV and KIN cam-
eras.

using a Laskin nozzle from the downstream end of the test section
so that it did not cause a disturbance to the flow in the test section
or to the birds. The system is designed to work either in a two-
dimensional or Stereo mode. Herein, we used one camera for the
PIV whilst a second one for measuring the wingbeat kinematics
simultaneously with the PIV. The PIV camera’s field of view was
12 x 12cm? (corresponding to 2¢ X 2¢ and 2.5¢ X 2.5¢ for the star-
ling and sandpiper, respectively). The velocity fields were com-
puted using OpenPIV [23] using 32 x 32pixel? interrogation win-
dows with 50% overlap, yielding a spatial resolution of 32 vectors
per average chord, equal to 1.8 vectors per millimeter. In the cur-
rent experiments, measurements were taken 2 chord lengths and 3
chord lengths behind the starling and sandpiper, respectively. The
wakes were sampled in the streamwise-normal plane at 2ms in-
tervals (500Hz), therefore, both the downstroke and the upstroke
phases of the two birds were temporally resolved.

Kinematic measurements

To relate the wake measurements to the kinematic motion of
the bird’s wings, an analysis of the kinematic motion has been
undertaken. The field of view by the kinematic CMOS camera
(henceforth referred to as "KIN’) was 9¢ X 9¢ in the experiments
with the starling (corresponding to 50 x 50 cm?) and 11¢ X 11¢
in the experiments with the sandpiper (corresponding to 50 x 50
cm?).

RESULTS AND DISCUSSION

The data discussed herein was selected from a broad acqui-
sition batch where the birds were flying continuously for a few
seconds. The selection criterion was based on the flight mode
chosen: a steady flapping mode with no net acceleration of the
birds over a wingbeat cycle. In the current study, we present and
characterize two wakes, one for each bird investigated. Each wake
corresponds to one wingbeat cycle, which includes a downstroke
and an upstroke phase.
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Wakes Characteristics

The wakes of both the starling and the sandpiper are char-
acterized in terms of aerodynamic forces and vorticity content.
To determine if the vorticity, as measured in the near wake, is
sufficient for the force estimations, the peak vorticity in the cur-
rent data behind the birds are compared with that from previous
works [4,8,10,11]. Peak normalized vorticity w,c /U, of 3.4 and
1.1 were found for the starling and sandpiper, respectively. These
values are comparable with the peak vorticity values found from
birds and bats flying at various speeds (see [13] for more infor-
mation).

Wake Reconstruction In the current study, the near wake
flow fields were captured simultaneously with the bird’s kine-
matic motion, allowing one to relate the wake structures to the
kinematics of the birds. A visualization of each wingbeat cycle
is performed by generating a wake composite image from mul-
tiple PIV realizations, which will shed light on the wake struc-
tures that manifest the aerodynamic forces. The procedure was
performed using PIV data collected at a sampling rate of S00Hz -
significantly higher than the wingbeat frequencies of the bird (see
Table 1). As a result, a vorticity pattern appearing in one frame
would also appears in the consecutive frame, but phase—shifted.
The wake composite is formed by plotting sequential instanta-
neous vorticity fields computed from PIV data and by matching
shifted patterns in the vorticity fields. The offset of the n'” succes-
sive PIV images is calculated as U, - At - n. The convection veloc-
ity U, is the velocity at which the characteristics of the wake col-
lectively travel downstream. Here, wake composites have been
generated using the free-stream velocity U, as a convection ve-
locity.

The generation of a wake composite provides a useful tool for
observing the time—series of measurements representing the wake
of a wingbeat cycle. The wake structures that appear ‘down-
stream’ in the wake composite image happen earlier in time,
while the structures that appear ‘upstream’ in the composite hap-
pen later in time. The generation of the wake composite image
invokes similar argument to Taylor hypothesis [27] in which the
characteristics of the flow are advected through the field of view,
where the offset of one image to the next is based on the free
stream speed. It is noteworthy that the typical offset U, - At - n
between consecutive images is 0.4¢ (starling) or 0.5¢ (sandpiper)
and an instantaneous PIV measurement has a spatial dimension
of 2¢ (starling) or 2.5¢ (sandpiper). Hence, at any location in the
wake composite image, there are several overlapping images that
can be used to ascertain the instantaneous wake characteristics
over the streamwise distance of the PIV window to compare with
the wake composite at the same location.

Wake Evolution The wakes features are presented through
fluctuating normalized spanwise vorticity fields as depicted in
Figures 2 and 3, for both the starling and the sandpiper. The
wakes are presented as if the birds were flying from the right side
to left side of the image. The measurement plane in the current
study is significantly closer to the birds in the streamwise direc-
tion, thus allowing one to have a better view of the vortical struc-
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Figure 2: Reconstruction of the starling’s wake vorticity as thought the bird flies from right to left.
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Figure 3: Reconstruction of the sandpiper’s wake vorticity as thought the bird flies from right to left.

tures generated by the birds.

One may note the periodicity of the wakes over the shedding
cycle, where, as would be expected, the top half of each wake is
composed primarily of negative spanwise vorticity and the bot-
tom half by positive spanwise vorticity. Comparing the wakes of
the two birds we can note that the starling generates higher vor-
ticity values compare to the sandpiper (nearly three times higher).
This may be related to the lower size and mass of the sandpiper,
which needs to generate less lift (and therefore also less vor-
ticity) than the starling. In addition, during the upstroke phase
(roughly the left half of each wake) it appears the starling gener-
ates large structures of vorticity that are accompanied with high
strength, whereas the sandpiper produces smaller vortices with
lower strength. Such difference in the wake signature can be at-
tributed to the different flying kinematics of the two birds dur-
ing their upstroke phase. Figures 4-5 depicts the starling and the
sandpiper, as they were flying inside the wind tunnel, at the end of
their upstroke phase. One can observe the sandpiper was fully re-
tracting its wings upwards, whereas the starling was not. This can
explain the larger more stronger structures of vorticity observed
in the starling’s wake. In the next section, the wake data are used
to quantitatively examine the sectional drag force as derived from
Eq. 2.

Drag Estimates

The variation of the drag force was estimated from the wake
data of both birds, according to Eq. 2. In the current study, each
drag component (steady and unsteady) was normalized by the dy-
namic pressure times the wing root chord (0.5 onzoc) of each bird
to obtain the sectional drag coefficient C, instead of the drag force
per unit span D’. Thus, the drag generated by the birds is com-
parable. Figures 6 and 7 describe the time variation of the steady
(Cdo), unsteady (Cdl ), and total sectional drag coefficient (C,) for
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the wingbeat cycles depicted in Figures 2 and 3. The downstroke
phase is denoted with a a white background, whereas the upstroke
phase with a gray background.

The drag integrals were performed for each instantaneous ve-
locity field characterizing the wake of the birds. For C, , different
streamwise velocity profiles were sampled at different x-positions
for each velocity field map. Subsequently, these profiles within
one PIV vector map were spatially averaged into one profile de-
scribing the velocity deficit, similar to the procedure described in
Ben-Gida et al. [13]. The process performs a somewhat spatial
window averaging that smooth out some of the variations within
each vector map. Each point in Figures 6 and 7 represents the
integral value depicted from each velocity field yielding a time
evolution of the sectional drag coefficient in the near wake.

Figure 4: Starling, as it was captured in the wind tunnel, at
the end of its upstroke phase.

As a validation stage for the data obtained in these experi-
ments, the steady and unsteady drag components were calculated
for the startling (see Figure 6) and compared to the results re-
ported by Ben—Gida et al. [13]. Good agreement was found,
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Figure 5: Sandpiper, as it was captured in the wind tunnel, at
the end of its upstroke phase.

which supports the new data obtained. By examining Figures 6-7,
one can notice the drag coefficient varies in a non-periodic man-
ner. This is mainly due to the kinematics of the wings, which un-
dergoes a unique unsteady motion involving both translation and
rotation. In addition, distinct similarities and differences of the
steady and unsteady components of the two birds can be depicted.
In agreement with the results reported by Ben—Gida et al. [13],
the steady drag of both birds is shown to be positive throughout
most of the wingbeat cycle except for the transition from down-
stroke to upstroke. It is noteworthy that a wider range of nega-
tive steady drag values were depicted for the sandpiper transition
phase (see Figure 7). In addition, while the variation of the steady
drag component during the downstroke phase is roughly similar
between the two birds, during the upstroke phase the steady drag
component of the starling shows much higher values. Different
trend in the upstroke phase between the two birds was also found
in the unsteady contribution to the drag, as depicted in Figures 6-
7. Therefore, higher sectional drag coefficients are depicted for
the starling (~ 0.4), as compared to the sandpiper (~ 0.2).

The low drag generated by the sandpiper during its upstroke
phase can be related to its kinematic motion, as discussed afore-
said (see Figure 4). In contrast to the starling, the sandpiper is
known for its unique ability as a long distance migrating bird [28].
The sandpiper presumably adapted for migration flights by re-
ducing the drag penalty during its flapping flight; thereby, min-
imizing the energy cost required for the long distances it needs
to cover. In the next section, the lift force is computed from the
wake data obtained in the current experiments.

Lift Estimates

During the steady phase of flight the bird’s weight must be bal-
anced by an equal amount of lift [29], generated during a wing-
beat cycle. Figures 8 and 9 show the circulatory lift produced by
the starling and sandpiper, respectively. One can observe that the
the minimum lift values are produced during the transition from
upstroke to downstroke phase. The physical argument to this ob-
servation is that during the upstroke to downstroke transition the
bird folds its wings, causing them to stop acting as lifting sur-
faces, and thus generates almost no lift and drag (see Figures 6
and 7). The aforesaid results imply that the usage of quasi—steady
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Figure 6: Estimation of the starling’s drag.
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Figure 7: Estimation of the sandpiper’s drag.

lift theory might result in underestimating the lift that a bird is ac-
tually generates during flapping flight.

Moreover, one may observe the circulatory lift generated dur-
ing the downstroke phase by both birds is roughly similar in value.
However, during the upstroke phase, large variation in the circu-
latory lift is observed for the starling. This observation further
supports the results obtained in the former section.

E 2 upstroke downstroke
~
Z o0
j —2 Il Il Il 1
2 4 6 8 10 12 14 16

z/c

Figure 8: Estimation of the starling’s circulatory lift compo-
nent.

E 2 upstroke downstroke
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z/c

Figure 9: Estimation of the sandpiper’s circulatory lift com-
ponent.
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CONCLUSIONS

In this study, a long-duration time-resolved PIV system was
used to obtain time-resolved measurements of the velocity field in
the wake of a freely flying bird in flapping mode at the AFAR hy-
pobaric wind tunnel. Two birds were studied herein, a European
starling (Sturnus vulgaris) and a western sandpiper (Calidris
mauri). The wake topologies of the birds were reconstructed
based on patterns from the instantaneous vorticity fields where
the measurement plane of the velocity was close to the wing root
of the birds. Both drag and lift forces were obtained using the
momentum equation for viscous flows.

Results show both similarities and differences in the flow sig-
nature for each bird, which is highly dependent on their flapping
motion. The sandpiper resulted a lower drag force during its up-
stroke phase than the starling due to its unique ability as a long
distance migrating bird. The circulatory lift results support this
conclusion as depicted from Figures 8 and 9. It is deduced that
the unsteady portion of the flow, as shown in this study, have an
important role on the bird’s flight efficiency.
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