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Abstract The main objective of this research study was

to investigate the aerodynamic forces of an avian flapping

wing model system. The model size and the flow condi-

tions were chosen to approximate the flight of a goose.

Direct force measurements, using a three-component bal-

ance, and PIV flow field measurements parallel and

perpendicular to the oncoming flow, were performed in a

wind tunnel at Reynolds numbers between 28,000 and

141,000 (3–15 m/s), throughout a range of reduced fre-

quencies between 0.04 and 0.20. The appropriateness of

quasi-steady assumptions used to compare 2D, time-aver-

aged particle image velocimetry (PIV) measurements in the

wake with direct force measurements was evaluated. The

vertical force coefficient for flapping wings was typically

significantly higher than the maximum coefficient of the

fixed wing, implying the influence of unsteady effects, such

as delayed stall, even at low reduced frequencies. This puts

the validity of the quasi-steady assumption into question.

The (local) change in circulation over the wing beat cycle

and the circulation distribution along the wingspan were

obtained from the measurements in the tip and transverse

vortex planes. Flow separation could be observed in the

distribution of the circulation, and while the circulation

derived from the wake measurements failed to agree

exactly with the absolute value of the circulation, the

change in circulation over the wing beat cycle was in

excellent agreement for low and moderate reduced fre-

quencies. The comparison between the PIV measurements

in the two perpendicular planes and the direct force balance

measurements, show that within certain limitations the

wake visualization is a powerful tool to gain insight into

force generation and the flow behavior on flapping wings

over the wing beat cycle.

1 Introduction

Recent interest in the development of micro air vehicles

(MAVs) has brought attention to the fundamental aerody-

namics of flapping flight (Mueller 2001). In order to gain a

better understanding of the flow behavior on moving wings

at low Reynolds numbers, aerodynamics, kinematics,

morphology and energy consumption of animal flight have

been recently studied with renewed interest (Dickinson

et al. 1999; Ellington 1999; Rayner and Gordon 1998; Sane

2003; Spedding et al. 2003b). In spite of the increasing

research in flapping flight over the last decade, many

questions are still unresolved in order for flapping flight to

be used in engineering applications. Not only is the

unsteady aerodynamic research field at these Reynolds

numbers and reduced frequencies comparatively new, but

also the flow behavior in the MAV Reynolds number range

(\100,000) is quite distinct from the performance at higher

Reynolds numbers more characteristic of aircraft.

The challenge to better understand the aerodynamic and

kinematic aspects of flapping flight and the correlation

between them is accompanied by additional laboratory

challenges posed by moving test objects. Direct force

measurements on swimming and flying animals are diffi-

cult to perform and analyze, especially in untethered

conditions A small number of successful measurements on

tethered insects such as locusts (Cloupeau et al. 1979;

Wilkin 1990; Zarnack 1969), moths (Bomphrey et al. 2005;

Wilkin 1991; Wilkin and Williams 1993), fruit flies
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(Dickinson and Gotz 1996) and dragonflies (Thomas et al.

2004) have been conducted. Vertebrates generally refuse to

fly or swim under tethered conditions; therefore, direct

force and drag measurements are limited to dead animals

and body parts (Maybury and Rayner 2001, Webb 1975).

Similarly, pressure measurements on animals are difficult;

hence even fewer examples of successful force measure-

ments have been collected (Usherwood et al. 2003, 2005).

Contrary to former visualization tools such as smoke

that provided only qualitative (Thomas et al. 2004; Will-

mott et al. 1997) or helium bubbles with limited

quantitative insight into the flow behavior (Spedding 1986,

1987a, b; Spedding et al. 1984), current optical measure-

ment techniques, such as particle image velocimetry (PIV),

are often used for quantitative investigations of the wake

flow field in terms of the instantaneous velocity and vor-

ticity fields (Drucker and Lauder 1999; Spedding et al.

2003a, b; Warrick et al. 2005).

This present study was conducted by applying Helm-

holtz’s vortex laws, to estimate the generated forces from a

2-D plane perpendicular to the flow stream. Accordingly,

the circulation in a closed vortex ring is equal throughout.

Therefore the tip-vortex circulation of a single wing should

be equal to that of the bound vortex circulation from which

the lift is obtained by applying the Kutta-Joukowsky the-

orem. While the measurements in the tip vortex plane

contain the information about the total circulation of the

bound vortex and the change in circulation over the wing

beat cycle, measurements parallel to the flow in the

transverse vortex plane contain information about the local

change in circulation across the span.

The comparison with direct force measurements was

used to assess how suitable simple 2D PIV measurements

are to estimate the time-resolved generated lift forces on

the wing using the Kutta-Joukowsky theorem.

2 Methods and materials

The flapping-wing model was investigated in the low-speed

wind tunnel (test section 2.90 width 9 2.20 height 9

4.90 m length, turbulence level \ 1%) at the Technische

Universität Darmstadt. Flow visualization using PIV and

direct force measurements using a three-component bal-

ance were performed on fixed wings as well as flapping

wings. Vertical force, horizontal force, and pitching

moment coefficients were calculated from the balance,

after taking into consideration the inertial forces and added

mass effect in the case of the flapping wings. For the

comparison between fixed wing and flapping wing mea-

surements the effective angle of attack was calculated at

mid wing-span.

Vorticity, circulation, the distribution of the circulation,

and the lift coefficient were calculated based on visuali-

zation perpendicular to the flow stream. Due to the distance

separating the measurement plane in the wake from the

wing itself (distance 2.2 chord lengths (c)), a time lag

between wing position and wake characteristics can be

expected. This was compensated by delaying the compar-

ison times by the separation distance divided by the free-

stream velocity (Hubel 2006).

2.1 Flapping wing model

The model was about the size of a goose (wingspan

1.13 m; average wing chord (c) 0.141 m; Fig. 1). The
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Fig. 1 Flapping wing model

and wing profile
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wings were made of fiberglass and epoxy resin. The model

was powered by a direct current motor with a maximum

flapping frequency of 2.2 Hz, controlled by a 4-Q-EC

Servoamplifier. The body covered the driving mechanics

and the three-component balance inside the model.

The static angle of attack (a0) was adjusted at the

shoulder joint. The flapping motion was asymmetrical,

where the typical deflection below horizontal was 17� and

above horizontal 27�. Depending on wind speed, the

Reynolds number was between 28,000 and 141,000 (3–

15 m/s) and the reduced frequency between 0.04 and 0.20,

where the reduced frequency was defined as k = (pfc)/U?

( f is wingbeat frequency, U? the free-stream velocity, and

c the average wing chord). Re and k were therefore typical

of bird and large insect flight; however, similar to animal

flight not independent from each other. The variation in

Reynolds number and reduced frequency was accom-

plished by changes in wind speed, so that the highest

reduced frequencies were accompanied by the lowest

Reynolds numbers. Due to the large discrepancy between

the wing profiles of resting versus flying birds, a realistic

goose-like wing profile under loading was not available

and a profile comparable to the proximal wing section of a

gliding bird (cambered profile with rounded leading edge);

a Wortmann Fx-60-126 was used across the entire

wingspan.

2.2 Direct force measurements

Vertical force, horizontal force, and pitching moment were

recorded as a function of time using an internal three-

component balance, which was located between the model

and the holder. The three-component balance was built of 4

force transducers: three vertical and one horizontal,

mounted between two plates. Forces and moment were

obtained by using the calibration matrix generated under

single and combination loads. The measurement range (r)

and precision (p) of the balance was as follows: vertical

force (r = ±115 N, p = 0.02%), horizontal force

(r = ±40.5 N, p = 0.6%) and pitching moment (r = ±5.3

Nm, p = 1.5%).

Measurements under steady flow conditions with hori-

zontally fixed wings, as well as under unsteady conditions

with flapping wings, were performed. The measurement

rate was between 300 and 600 Hz, depending on the flap-

ping frequency. Up and downstroke were separated and the

forces were interpolated over the amplitude angle and

averaged over 10–15 wing beat cycles. A Butterworth low-

pass filter was used to eliminate noise, such as the natural

frequency of the wings (22 Hz) and balance (11 Hz), in the

force measurements above 10 Hz.

Vertical-, horizontal and pitching coefficients were cal-

culated from the averaged forces and moment in the

following manner and referenced to a constant wing area,

where the body area between the wings was included.

Vertical force coefficient (Cz)

Cz ¼
2Fz

qU2
1A

ð1Þ

Horizontal force coefficient (Cx)

Cx ¼
2Fx

qU2
1A

ð2Þ

Pitching moment coefficient (Cm)

Cm ¼
2My

qU2
1Ac

ð3Þ

where Fz is the vertical force, Fx is the horizontal force, My

is the pitching moment, U? the free-stream velocity, A the

wing area, q the density, and c the average wing chord.

The average standard deviation for balance measure-

ments over a wing beat cycle was typically in the range of

0.004–0.009 for the vertical force coefficient and in a range

of 0.0007–0.003 for the horizontal force coefficient. The

magnitude depended on the reduced frequency, increasing

slightly with decreasing Re and higher flapping frequency,

but exhibiting no correlation for different angles of attacks.

2.2.1 Fixed wing

In case of the measurements under steady flow conditions,

the wings were fixed in the horizontal position and the

static angle of attack was adjusted at the shoulder joint.

Measurements at different static angles of attack (a0 = 0�–

12�) and Reynolds numbers (U? = 28,000, 56,000,

85,000, 113,000, 141,000) were performed. The lift coef-

ficient versus angle of attack of a 2-D Wortmann Fx-60-

126 Profile at Re = 100,000, published in (Althaus 1981)

was taken as a reference. The 2D coefficients were trans-

ferred into 3D wing coefficients by using Prandtl’s lifting

line theory:

CL3D ¼ Cl2D

1

1þ a0=peAR

� �
with a0 ¼

DCl2D

Da�
180

p

ð4Þ

where AR is the aspect ratio of the wing and e the Oswald

efficiency factor that was assumed to be 1, although the lift

distribution on the model was presumably not perfectly

elliptical.

2.2.2 Dynamic forces and added mass effects

on flapping wings

Contrary to measurements under steady conditions, the

results of force measurements on flapping wings comprise
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not only the aerodynamic forces, but are a combination of

the aerodynamic forces, dynamic forces and added mass

effect. Therefore, in order to eliminate the contributions

of the dynamics forces and added mass, each test case

was performed twice, once with and once without wind.

The test results without wind were then subtracted from

the test results with wind. This was performed with the

assumption that the inertial forces generated under wind

load conditions were the same as when testing without

wind. To determine the added mass effect additional

measurements were performed using appropriately

weighted tars in place of the wings. Here the assumption

is made that these tars provide the same inertial forces as

when testing with the actual wings themselves, the dif-

ference between the measurements with wings and rods

(both performed without wind) being taken to represent

the added mass force.

As a comparison to the measurements, the added mass

force was calculated for a sinusoidal movement with a

flapping frequency of 2 Hz. The centre of the added mass

was assumed to be located at half of the wing chord and

according to Walker 2002, the added mass force Fadd can

be calculated using the following equation:

Faddðr; tÞ ¼
p
4

qc2ðrÞ _vnðr; tÞbndR ð5Þ

where R is the wingspan, r the position along the wingspan

and bn the added mass coefficient (bn = 1).

For a flapping wing without a pitching movement the

acceleration normal to the surface _vn is:

_vnðr; tÞ ¼ r€hðtÞ ð6Þ
hðtÞ ¼ h1 sinðxtÞ ð7Þ
_hðtÞ ¼ xh1 cosðxtÞ ð8Þ
€hðtÞ ¼ �x2h1 sinðxtÞ ð9Þ

where h is the amplitude angle, h1 the maximum amplitude

of 22� (neglecting the difference in deflection below and

above horizontal) and x the angular velocity.

2.2.3 Flapping wings

In order to obtain the difference between measurements

under static conditions and measurements with flapping

wings the results were shown as force coefficient versus

angle of attack. For flapping wings the effective flow

direction is a result of the horizontal free-stream velocity

U? and the vertical velocity component (vz) caused by the

flapping movement. For an infinite span 2D airfoil with

only a plunge motion the effective angle of attack (aeff) is:

aeffðtÞ ¼ a0 þ arctan
vzðtÞ
U1

ð10Þ

where a0 is the angle of attack under static conditions.

However, because the wings pivot about the shoulder joint

the local velocity changes along the span. If the wing

bending is negligible there is a linear increase of the ver-

tical velocity towards the wing tip. The increasing

influence of the vertical velocity towards the tip results in

an increasing effective angle of attack as shown in Fig. 2.

The effective angle of attack of the flapping wing was

calculated at the mid-span position of the wing. The ver-

tical velocity was calculated in following manner:

vzðtÞ ¼
hðt2Þ � hðt1Þ

t2 � t1
ð11Þ

where t is time and h is the local horizontal position of the

wing:

hðtÞ ¼ r sin hðtÞ ð12Þ

h is the amplitude angle and r the distance from the wing

root.
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Fig. 2 Path of the proximal and distal wing areas, showing the increasing influence of the vertical velocity towards the wing tip
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2.3 Flow visualization perpendicular to the flow stream

(tip-vortex plane)

Particle image velocimetry (PIV) was used to capture the

instantaneous velocity-field in the plane perpendicular to

the flow stream The observation area was positioned 2.2

wing chords downstream of the trailing edge and was

patched together using multiple camera positions due to

the large flapping amplitude. The area was illuminated

with a 200 mJ Nd:YAG double-pulse laser (New

Wave Gemini 200), producing a pulse width of 10 ns and

a variable duration between pulses. Images were taken

with two CCD cameras (PCO SensiCam, 1,024 9

1,280 Pixels) mounted on a traversing system at the end

of the test section. The vector field was calculated by

using the adaptive correlation function in the standard

two-dimensional PIV software system from Dantec

Dynamics (Flow Manager�). The Interrogation area

was 32 9 32 pixels with a 50% overlap, and a validation

area that included 3 9 3 pixels. All further processing

was carried out in Matlab� (MathWorks, Inc., Natick

MA, USA). The first image in the wing-beat cycle was

triggered via a rotational potentiometer in the model,

while all subsequent images were triggered via pre-set

time stepping. Because of the low pulse frequency of the

laser (10 Hz), the wing-beat cycle was reconstructed from

measurements over many wing beat cycles (25–50) to

obtain sufficient resolution of the wing beat cycle.

For each wing-beat cycle, 50–70 positions were sampled,

depending on the wing-beat frequency. For the static

wing measurements, in which the wings were fixed in

the horizontal position, 500 image pairs were sampled

and averaged. The standard deviation depended on the

measurement position along the span, showing signi-

ficant higher values for the area close to the body

and increased with increasing reduced frequency.

The vorticity (x) in the observation area was calculated

from the vector field in the following manner:

xx ¼
ow

oy
� ov

oz
streamwiseð Þ

xy ¼
ou

oz
� ow

ox
transverseð Þ

ð13Þ

Subsequently, the circulation (C) over the measure-

ment plane was calculated through integration of the

vorticity over the observation area in the following

manner:

C ¼
ZZ

A

xdA ð14Þ

The circulation measured in the longitudinal tip vortices

can be related to the lift (L) production via the Kutta-

Joukowsky relation:

L ¼ qU1

Zb=2

�b=2

CðyÞdy ð15Þ

Subsequently the lift coefficient (CL) is given by:

CL ¼
2L

qU2
1A
¼ 2

U1A

Zb=2

�b=2

CðyÞdy ð16Þ

In order to calculate the total circulation on the wings,

the vorticity was integrated over the entire observation

area. However, information about the distribution of the

circulation can be obtained by separating the observation

area in small strips (Fig. 3). The circulation of each strip

was calculated in order to obtain the variation in circulation

in spanwise direction.

The circulation was calculated from the vorticity field

by integration over the strip area (Ai):

DCi ¼
ZZ

A

xx;idAi ð17Þ

Subsequently, the change in circulation was normalized

with the free-stream velocity (U?) and the average wing

chord (c):

Dci ¼
DCi

U1c
ð18Þ

In order to obtain the distribution of the circulation rather

than the local circulation itself, the change in circulation

was summed over the wingspan, in the following manner:

ci ¼
Xi

j¼1

Dcj ð19Þ

The distribution was compared to analytic calculations

based on Multhopp’s methode of solving Prandtl’s lifting

line theory by using linear equations at specific locations

along the span (Multhopp 1938). Multhopp’s methode is a

quasi-steady estimation, which includes neither boundary

effects, unsteady effects, body wing interactions, nor

Reynolds number influence.
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Fig. 3 Contours of normalized vorticity illustrated over partitioned

observation areas (Ai) behind the wing (Trefftz plane)
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2.4 Flow visualization parallel to the flow stream

(transverse vortex plane)

In order obtain the change in circulation in the transverse

vortex plane, PIV measurements in the vertical plane par-

allel to the flow direction were performed at several

wingspan positions (Fig. 1).

The change of circulation in the spanwise direction was

obtained by calculating the vorticity contained in the start/

stop vortices leaving the trailing edge. The change of

bound circulation on the wing in a time interval Dt = ti?1-

ti can be calculated in following manner:

DC ¼
I

Ciþ1

v~dl~¼
ZZ

Aiþ1

xydA ð20Þ

where the contour Ci?1 or area Ai?1 are given by the

material lines of the fluid elements starting from a fixed

line located immediately downstream of the trailing edge.

This method requires in theory the time-resolved

acquisition of the wake-velocity field and a corresponding

Lagrangian particle tracking but was simplified by using

the streamwise velocity component to define the down-

stream contour of the area, i.e.

dðzÞ ¼ uiðzÞ þ uiþ1ðzÞ½ �
2

Dt ð21Þ

where ui and ui?1 are the velocities at the upstream and

downstream end of the integration area and Dt = T/N, with

N number of images over one wing-beat period T.

2.5 Comparison of PIV results (Tip and transverse

vortex plane)

To compare the results from the tip-vortex plane and the

transverse vortex plane, the change of circulation in the

observation area perpendicular to the flow stream was

calculated close to the same spanwise location where the

transverse vortices were visualized. However, while the

transverse vortex plane showed the vortex generation in a

narrow plane, limited by the laser-light sheet thickness to

approximately 3 mm, observations in the tip vortex plane

require a certain size for the integration area (see Ai in

Fig. 3) and consider the vortex development over a larger

area along the span (y/c = 0.22).

2.6 Comparison of balance and PIV results (Tip vortex

plane)

The comparison between PIV and balance results was

complicated due to the fact that vertical and horizontal

forces measured by the balance equal lift and drag only

under horizontal fixed wing conditions. On flapping wings

the incident flow direction changes constantly due to the

changing influence of the vertical velocity along the span

and during the wing beat cycle, leading to a constant

change in lift direction. A direct comparison between

balance results (Cz) and PIV results (CL), would require a

transformation of either Cz or CL, which requires detailed

information about the lift distribution on the wing over the

whole wing beat cycle. Although the tip vortex measure-

ments provided a good insight into this distribution (as can

be seen later) it did not provide the information on the wing

itself. Direct comparisons between the results of the two

investigation methods were therefore not strictly possible,

but assuming that the lift force dominated the vertical force

component, the comparison of the vertical component

value to the wake lift measurement was felt to be justified.

3 Results

3.1 Direct force measurements

3.1.1 Fixed wing

The comparison of the fixed wing measurements with the

calculated 3D results based on (Althaus 1981) exhibits

good agreement (Fig. 4a).

The lift coefficients at higher Reynolds numbers match

well the literature based 3D calculation in the linear range

of the wing. At higher angles of attack the stall induced

decrease of the lift coefficient was slightly smoother in the

case of the model. The differences were likely caused by

the interference between body and wings of the model. The

lift coefficients clearly showed a Reynolds number

dependency: the results of measurements at Re = 28,000,

were drastically lower. At such low Reynolds numbers

there were apparently large areas of laminar flow while at

higher Reynolds numbers the flow was predominantly

turbulent. The dependence of the flow condition on the

Reynolds number can also be seen in the drag polars

(Fig. 4b) and the pitching coefficient in (Fig. 4c).

3.1.2 Dynamic forces and added mass effects

on flapping wings

Following the procedure outlined above, example mea-

surements are presented to indicate the magnitude of the

corrections for inertial forces and added mass effects. In

Fig. 5a and b the total measured force and the force mea-

sured without wind are shown. The subtraction of the

results measured without wind reveals that the vertical

force generation over the upstroke was considerably lower

than during the downstroke (Fig. 5c). Furthermore, the

results of the vertical force generated without wind showed

950 Exp Fluids (2009) 46:945–961
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that the inertial forces and added mass effects combined

were of the same magnitude as the aerodynamic forces.

The inertial forces were provided by the replacement of the

wings with rods (Fig. 5d). The added mass was obtained by

subtracting these results from the results from measure-

ments with wings but without wind. According to these

measurements the added mass force was less than 10% of

the aerodynamic force in this particular example. Added

mass forces are highly dependent on the acceleration of the

wings, which do not always perform a sinusoidal move-

ment, but recent studies in bird and insect flight show that

values around 10% are very reasonable (Hedrick et al.

2004; Dickson and Dickinson 2004).

The comparison between the result of the added mass

calculation and the measured added mass effect showed

values of the same order of magnitude (Fig. 6). The effect

of the non-sinusoidal movement was clearly visible in the

phase difference to the sinusoidal results and the strong

acceleration at the lower reversal point was reflected in the

quickly increasing added mass force during this wing beat

phase.

3.1.3 Aerodynamic forces and moments on flapping wings

The force generation on the wings changes over the wing

beat cycle as well as with the spanwise position. While the

balance results do not give insight into the events along the

wingspan the change of the total force can be illustrated in

relation to the phase of the wing beat cycle, indicated by

the amplitude angle of the wing. The development of Cz

during the wing beat cycle is correlated with the reduced

frequencies, whereas the variation of k was either obtained

through a change in the free-stream velocity (Fig. 7a) or

the flapping frequency.

Cz during the downstroke was considerably higher than

during the upstroke for all k. The flow conditions close to

the reversal points were the most similar to steady flow

conditions due to the minimum of vertical velocity. Nev-

ertheless there was still a considerable influence of the

aerodynamic phase lag, causing slightly different Cz values

for the upper and lower reversal points. The Re depen-

dency, known from the fixed-wing measurements, can also

be seen at the reversal points, especially for the results at

Re = 28,000, which are significantly lower than at higher

Re.

For k \ 0.14 a positive vertical force (Cz) was generated

during both the downstroke and upstroke. However, for

increasing k the difference of Cz during the downstroke and

upstroke became larger to the point of generating negative

Cz values during the middle parts of the upstroke. The

increasing contribution of the vertical velocity component

to the effective angle of attack at high k contained also the

risk of flow separation. At k = 0.20 the effective angle of

attack exceeded 48� at the wing tip (without consideration

of the induced angle of attack). In this case, flow separation

occurred on distal wing areas, which is indicated by
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reaching Cz_max (maximum lift) before reaching the max-

imum effective angle of attack, while otherwise at low k

Cz_max occurred after reaching the maximum angle of

attack due to the aerodynamic phase lag.

Not only Cz but also the Cx generation changed during

the wing beat cycle (Fig. 7b). The deviations of drag

generation at the reversal points from static conditions was

indicated by lower and higher Cx values in relation to the

Cx values at the reversal points. There was a considerable

decrease in the Cx generation during the downstroke at all

k. However, while the Cx generation during the upstroke

was higher than at the reversal points for low k, there was

an additional thrust generation during the upstroke at

k = 0.07 due to the negative Cz generation at distal posi-

tions of the wings.

The static angle of attack was not only changed for the

fixed wings but also varied in the case of the flapping

wings, increasing the aeff over the wing beat cycle at

given k. Cz values increased with increasing a0 during the

downstroke as well as during the upstroke. While the

change of Cz over the wing beat cycle for low a0 was

very similar, and the increasing a0 acted comparable to an

offset (Fig. 8a), effects such as flow separation changed

the shape of the curve at higher a0 especially at high k

(Fig. 8b).

3.1.4 Comparison between fixed and flapping wings

A direct comparison between the results of the flapping

wings and static measurements was obtained by showing

Cz versus the (effective) angle of attack, which also

allowed new insights into the Cz development over the

wing beat cycle. At low k and relatively high Reynolds

number (k = 0.04, Re = 141,000), through which the flow

conditions tend to be more quasi-steady, the Cz values at

the reversal points were close to the results of the static

measurements (Fig. 9a). However, the maximum Cz value

of the flapping wings at a0 [ 6� was significantly higher as

Cz_crit for fixed wings. Therefore the Cz enhancement was

considered as an unsteady effect, which occurs even at

relatively low k. The influence of this unsteady effect

increased at higher k, as can be seen in Fig. 9b. In addition,

the consequence of flow separation is also clearly recog-

nizable in the rapid decrease of the Cz values around the

maximum effective angles of attack.
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But not only Cz values can yield insight into the flow

conditions on the wings. Thrust generation and flow sep-

aration are visible in the comparison between the Cx values

under fixed-wing conditions and those generated by flap-

ping wings. At relative low reduced frequencies the Cx

values increase during the upstroke but decrease remark-

able during the downstroke because of the high thrust

generation (Fig. 9c). The non-linear increase in drag gen-

eration increased the inclination of the curves and the

aerodynamic phase shift with increasing a0.

At higher k flow separation effects have dramatic

influences at higher a0 (Fig. 9d). There was a sudden

increase in the Cx values at high aeff during the downstroke,

due to the flow separation over large parts of the wings.

The dominant stall influence was also recognizable in the

Cm values. While the curve shape at low a0 was nearly

linear the flow separation caused a significant bend in the

curve progression (Fig. 9e).

3.2 Flow visualization perpendicular to the flow stream

The circulation (Fig. 10a) and the distribution of the cir-

culation (Fig. 10b) behind fixed wings showed that the roll-

up process behind the wing was not completed 2.2c

downstream of the wing. The circulation was highest close

to the wing tip region where the tip-vortex was located. In

addition, there was a significant amount of the circulation

distributed along the span. There was a considerable

amount of negative circulation near the body, where the

standard deviation was significantly higher than in other

parts of the observation area.

The comparison with simple quasi-steady calculations

according to Multhopp (Fig. 11) showed that the values

based on the Multhopp calculation at high Re are of the

same magnitude as the PIV based calculations and take a

similar course apart from the area near the body. The

change in the distribution of the circulation over the wing

beat cycle was clearly visible at all reduced frequencies
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(Fig. 12a, b). In agreement to the quasi-steady assumption

the highest lift was generated during the downstroke

whereas the lowest lift was produced during the upstroke.

At the reversal points the distribution was quite similar to

one another in case of a relatively low reduced frequency

(Fig. 12a). However, there was a location shift in the onset

of the circulation due to the asymmetrical amplitude of the

flapping motion. At a considerably higher k (Fig. 12b) the
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aerodynamic phase lag caused a distinct difference in the

distribution at the reversal points. While at a low reduced

frequency (k = 0.05) positive lift was generated over the

entire wing-beat cycle, negative lift was generated in the

phase close to the horizontal position during the upstroke at

high reduced frequencies (k = 0.16). A closer view at the

change in the distribution at high k over the downstroke

with elimination of the shift in the onset of the circulation

due to wing motion showed that the peak in circulation

shifted from the tip towards the root (Fig. 13). This is a

clear indication of flow separation which then proceeded

from the tip to the root. The flow separation during the

downstroke also explains the large difference between the

circulation distribution at the upper and lower reversal

points compared to the results at lower k.

3.3 Comparison of balance and PIV results

(Tip vortex plane)

The comparison between the CL and Cz values showed a

constant offset in the coefficients between the balance and

PIV results (Fig. 14a–c). The offset was calculated by

using unconstrained nonlinear optimization to determinate

the optimal match of the PIV and balance results at dif-

ferent Re, k and a0; resulting in an average offset value of

0.29 ± 0.019. To permit a comparison of the relative

changes during the wing beat cycle the minimum on the
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vertical scale was shifted while the scaling of both axes

remained the same. The change in the circulation during

the wing beat cycle calculated from the PIV results com-

plied well with the balance results. The maximum change

in circulation over the wing beat cycle was used to define

the discrepancy between PIV and balance results, com-

paring the difference between maximum and minimum of

Cz and CL within the wing beat cycle at different k. At

k = 0.05 and k = 0.08 discrepancy was 3.29 and 3.48%

referring to the balance results. At k = 0.16 the discrepancy

was much higher (26.6%), due to the high differences

during the second phase of the downstroke, when aeff is

high above acrit and unsteady effects and flow separation

occurred. The reason for the necessary offset has not been

resolved.

3.4 Comparison of PIV results (Tip and transverse

vortex plane)

The comparison of the change of circulation calculated

from the different planes showed a similar magnitude and

shape (Fig. 15a). The agreement depends on the Reynolds

number and the reduced frequency. High Reynolds num-

bers and low reduced frequency measurements showed a

better agreement than at highly unsteady conditions.

However, the turbulence and influence of the pressure

equalization due to the wing/body gap increased with

increasing Reynolds number and reduced frequency in the

area close to the body (Fig. 15b). The fluctuation and tur-

bulence level in the area near the body is significantly

higher than in the distal regions, which is in agreement

with the high standard deviation of the circulation in this

area for fixed wings (Fig. 10). In addition, the change in

circulation at this position was asymmetric and the positive

and negative circulation was not equalized at the end of the

wing-beat cycle, showing the three-dimensional nature of

the wake.
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4 Discussion

4.1 Direct force measurement

The results of the fixed wings measurements with the

balance, which were used for reference purposes, showed

good agreement with the results of the 2D Wortmann

profile (Althaus 1981) after applying lifting line theory to

account for the finite wingspan.

Consideration of inertial forces and the added mass

effect, revealed that the vertical force generation over the

upstroke was considerably lower than during the down-

stroke, agreeing with the expectation based on quasi-steady

assumptions. At moderate k and Re the inertial forces were

slightly lower then the aerodynamic forces and the added

mass effect was about 10%, agreeing in magnitude with

calculations based on a sinusoidal movement.

Lift was produced mainly by the wings since the body

itself generated very little lift (CL_Body & 0.02–0.03). In

contrast to the lift, the body was the main source of drag

(CD_Body & 0.08).

Increasing the static angle of attack a0 for flapping

wings resulted in a change in Cz, similar to the that of an

oscillating airfoil described by McCroskey (1981).

According to McCroskey the high aeff in combination with

the wing movement induce a high fluctuating pressure field

which is related to the delayed stall phenomena.

Provided that the flapping frequency, angle of attack and

amplitude is high enough, a well-structured leading edge

vortex (LEV) is formed. As long as the LEV remains stable

it leads to a high lift coefficient. However, as soon as the

vortex is shed at the trailing edge, stall sets in and the

reattachment of the flow with decreasing aeff is delayed,

clearly expressed by a large hysteresis loop. This hysteresis

loop was clearly seen in the flapping wing results, when aeff

was high enough due to high k and high a0. At the same

time the onset of stall is related to an abrupt increase in

drag and pitching moment, likewise clearly visible in the

balance results. Contrary to insect flight, where additional

lift generation due to unsteady effects, such as wake cap-

ture, rotational lift and delayed stall, has been substantially

documented during the last decade (Bomphrey et al. 2005;

Dickinson et al. 1999; Lehmann 2004), Vertebrate flight

has often been treated as quasi-steady, and only recently

has it been questioned whether or not the delayed stall

effect also plays a role in bird and bat flight. Investigations

on small birds like hummingbirds and swifts are in pro-

gress. A leading-edge vortex was found so far on static

swift wings (Videler et al. 2004), which are characterized

through sharp leading edges and high swept-back config-

urations (delta wing like), both features supporting the

development of a leading edge vortex. In the case of

hummingbirds, whose flight style shows similarities to

large insect flight, a dynamically scaled flapping flat plate

(Re * 4,000) clearly showed the development of a LEV

during mid upstroke and downstroke but could not be

visualized on the bird itself (Tobalske et al. 2008). The

occurrence of LEVs in bat flight (\10 g, U? = 1 m/s) was

recently discovered (Muijres et al. 2008). The present

observations of high vertical force coefficients of the

flapping goose model at higher aeff leads to the assumption

that there were phases in the wing beat cycle when a

leading edge vortex developed, in spite of round leading

edges and the lack of similarity to insect flight. However,

due to the 3D wing movement, the balance results gave no

information about the stability of the LEV. According to

Ellington (1999) and Liu et al. (1998) the lateral flow, as a

result of the flapping movement, is responsible for the

stabilization of the leading edge vortex. However, Birch

and Dickinson (Birch et al. 2004) claimed that the impor-

tance of the lateral flow depends on the Reynolds number.

To what extent the lateral flow played a role in the present

case is unknown; a lateral flow component could not

be visualized behind the wing and probably requires
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measurements on the surface of the wing itself. Measure-

ments on the wing could also confirm the assumption that

the delayed stall effect was responsible for the enhanced

lift generation, by detecting the LEV. Of course measure-

ments on a flapping wing introduce other, rather difficult

obstacles to the experimental configuration.

4.2 Flow visualization perpendicular to the flow stream

(tip-vortex plane)

One of the goals of the investigation was to obtain an

answer to the question of whether 2D PIV measurements

can be used to obtain the forces on flapping wings, based

on the Helmholtz vorticity laws and lifting line theory. One

has to be aware of the limitation of the 2D measurement

procedure. The aerodynamic forces on an object can be

obtained by using the control-volume approach and

applying the momentum equation and taking into account

the total surface forces over the entire control volume.

However, even in steady locomotion such as in cruising

flight, the propulsion area and actually the whole body of

the animal is subjected to a periodic acceleration and

deceleration. These unsteady flow conditions around the

body lead to the problem that an exact determination of

aerodynamic or hydrodynamic forces requires measure-

ment of the net flow of momentum out of the control

volume surface as well as the time rate of change due to the

unsteady fluctuations inside the control volume itself

(Dabiri 2005). So, to obtain the actual forces, the whole

volume of the flow field has to be recorded by time-

resolved tomographic PIV (Arroyo and Hinsch 2008), to

fulfill the requirements of the momentum equation, which

up to now has only been possible for very limited volumes.

2D measurements by nature can therefore only provide an

approximation of the actual forces.

Measurements downstream of the trailing edge require

the consideration of the time delay between the visualiza-

tion and the events on the wing itself. However, even if the

comparison of the change in circulation obtained by PIV

and balance measurements confirm the usability of the

free-stream velocity to relate the visualization in the

observation plane with the wing position, one should keep

in mind that due to the spanwise dependency of the roll up

process, the vorticity information contained in the obser-

vation plane at any particular instant originates at different

times across the wingspan.

Nevertheless, the distribution of the circulation esti-

mated from the visualization in the tip-vortex plane 2.2c

behind the wings agreed well with the distribution based on

simple quasi-steady assumptions, except for the near-body

region. Negative circulation was generated close to the

body due to the pressure equalization in the gap between

body and wing and high turbulence and laser light sheet

reflections led to high standard deviations of the velocity

measurements. The total circulation based on the Multhopp

calculation was significant higher that the PIV based results

due to the poor modeling of the near-body region.

The circulation distribution over the wing beat cycle

exhibited, in addition to an increasing aerodynamic phase

lag, an increasing difference between upstroke and down-

stroke with increasing k. At higher k negative circulation

were observed at the distal areas of the wing during the

upstroke. Flow separation can be observed over the

downstroke, indicated by the change in location of the peak

in circulation towards the body, which also provides the

explanation for the increasing difference in circulation at

the two reversal points.

4.3 Comparison of balance and PIV results

(tip vortex plane)

PIV and balance results showed good agreement in the

change of circulation over the wing beat cycle. However,

the degree of accuracy was related to the flow conditions

and decreases with increasing k. This can be explained

partly due to the comparison of CL and Cz, while at low k

(k = 0.05) the difference between the two coefficients was

estimated to reach a maximum of about 1.6% of CL: there

is a significant increase in the difference with increasing k

(k = 0.16, 4.2%; k = 0.25, 8.6%). However, the main

source of the difference is the increasing influence of flow

separation and unsteady effects, as is evident from the

agreement at high k in wing beat phases of low aeff, but less

accuracy in phases of extraordinary high aeff.

Independent of Re, k and a0 there was constant offset of

0.29 ± 0.019 in the absolute value of the lift and vertical

force coefficient of the PIV and balance. There are two

possible explanations for this offset. One is an error in the

measurements technique itself either in the balance or PIV

measurements. Another possibility was that significant

information was missing in the force calculations based on

the flow visualization due to the limitation to 2D measure-

ments and the downstream position of the observation area.

To eliminate any mistake in the direct force measure-

ments, additional fixed wing measurements were performed

using an external balance and different software. Apart

from the results at Re = 28,000, the discrepancy between

external and internal balance results was lower than 5%.

The discrepancy was most likely the result of the interfer-

ence between model and support and due to the external

balance range of ±6,000 N, which limited the resolution.

Furthermore the balance results at Re = 56,000 matched

the expected literature results of the Wortmann FX 60-126

profile at Re = 100,000.

A mistake in the PIV calculation was dismissed due to

the fit in the change of circulation in the balance and PIV
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results as well as with the results in the transverse vortex

plane.

Important evidence was that the offset was constant for

the non-dimensional coefficient therefore the offset of the

force itself depended on the free stream velocity which

made it unlikely to be an offset in the measurement

equipment itself.

The observation area was considered as appropriately

large to avoid the loss in circulation, especially because the

vector fields showed that the circulation was located close

to the wing tip. A loss of information caused by the slight

change in orientation of the vortex with respect to the

observation plane was considered; however, it was ruled

out as an explanation because the offset did not change

significantly for different static angles of attack.

The obstruction based on the frontal area was less the

0.4% and the distance to each wind tunnel wall [ 0.8 m,

eliminating any influence of vortex wall interaction under

consideration of the magnitude of the generated forces.

In the hummingbird related investigations of the flat

plate robotic wing (Tobalske et al. 2008) the calculated

force from the circulation of the tip vortex matched the

measured forces within one chord length but showed only

50% of the measured forces at 2c, which was explained by

the instability of the shed vortices. However, any instability

and dissipation should be influenced by the change in flow

speed and should increase for low speed due to the constant

distance between observation area and trailing edge.

Wake vortex added mass effects can lead to an under-

estimation of the necessary forces in swimming and flying

using wake measurement (Dabiri 2005). However, while

they represent an additional force that contributes to the

necessary power input, vortex added mass effects went

undiscovered for a long time because they cannot be

noticed in the time averaged forces. Only recently, with

increasing time resolved measurements, have they been

examined more closely. However, the magnitude of the

vortex added mass effect for these measurements can be

assumed to be small and the offset is still present in the

time averaged forces for balance and PIV results, therefore

the vortex added mass effect does not provide a sufficient

explanation for the difference in PIV and balance results.

Up to now none of these effects offered a satisfying

explanation for the observed offset. While influences of

dissipation, added mass and loss off information due to the

limited 2D measurements certainly are a source of possible

errors, the loss would be assumed to be much smaller than

the observed 100%. Any explanation so far is in contra-

diction to the fact that while the absolute value differed of a

constant value of 0.29 (independent of Reynolds number

and reduced frequency) the relative change in circulation

was in agreement with the results of the direct force

measurements.

The body wing area was a source of high turbulence and

the gap between wing and body, which was mechanically

necessary, was an additional complication. The gap

allowed a considerably pressure equalization between the

upper and lower surfaces of the wing, as could be seen in

the decline in circulation in the near-body region. In

addition, the laser light reflections off the body made the

flow measurements more difficult and increased the stan-

dard deviation of the velocity values in this region. The

comparison between quasi-steady calculations (Multhopp)

and experimentally acquired distributions supports the

theory of a wing/body gap explanation due to the good

agreement in circulation in the distal areas, but signifi-

cantly different absolute values due to the negative

circulation in proximal areas (Fig. 13). The Multhopp

based calculation for the absolute force generated were in

the range of the results from the direct force measurements,

while the PIV results were considerably lower, which

might be an additional indication that the difference is due

to the drop in circulation in the near body area. However,

there is no satisfying explanation to why this drop in cir-

culation should not be reflected in the force measurements.

After careful consideration of possible fluid dynamic

explanations as well as errors in the measurement tech-

niques itself, the authors have yet to find a sufficient

explanation for the extremely high value of the offset.

4.4 Comparison of PIV results (Tip and transverse

vortex plane)

The comparison of the change in circulation over the wing

beat calculated from the two perpendicular planes (tip and

transverse) showed very good agreement. Differences can

be explained by the fact that the distribution in the wake

differ from the distribution on the wing itself due to the

roll-up process and a highly three-dimensional flow field.

The turbulence and highly three-dimensional flow condi-

tions close to the body caused significantly higher

disturbances in the results of the transverse vortex plane

than the tip vortex plane.

5 Conclusions

Wake PIV measurements in two planes perpendicular to

each other (tip and traverse vortex plane) were performed

in addition to direct force measurements with a three-

component balance, with the goal to verify the appropri-

ateness of quasi-steady assumptions in the range of bird

flight and the qualification of simple 2D PIV measurements

to obtain the generated forces on flapping wings.

The results of the direct force measurements were

qualified to give good insight into the flow conditions on
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the wings. Even if the measurements on flapping wings are

difficult to perform and require certain assumptions and

simplifications, unsteady effects and flow separation could

clearly be recognized.

Typically the balance results showed a significantly

higher vertical force coefficient for flapping wings com-

pared to the maximum coefficient of the fixed-wing results.

It is postulated that this was caused by the delayed stall

effect, a phenomenon which occurs on plunging or pitching

airfoils. This indicates that the flow around the wing cannot

be simplified as a quasi-steady flow.

When flow separation occurs over large parts of the

wing, the influence could be seen in a hysteresis loop in the

vertical force coefficient and a sudden increase in hori-

zontal force generation.

One should keep in mind that due to the movement

around a shoulder joint, the flow conditions are entirely

three dimensional and the flow conditions change along the

span. While the flow can be still attached at proximal wing

positions, unsteady effects such as delayed stall, can be

developed at distal positions and flow separation occurs in

the outward direction. The results of the balance showed

only the net result of different conditions along the wing-

span and different effects as flow separation and delayed

stall could even be compensating.

It was assumed that the measurements in the tip vortex

plane provide the absolute value of the circulation on the

wing itself as well as the change in circulation and the

distribution along the span over the wing beat cycle. While

the absolute value of the circulation was not reliable, the

change in circulation over the wing beat cycle agreed well

with the balance results and with the calculations from the

transverse vortex plane measurements. The agreement is

typically higher at high Reynolds numbers and low reduced

frequencies and tended to decline under highly unsteady

conditions and highly three-dimensional flow conditions.

The measurements in the tip vortex plane and the

transverse vortex plane at different positions along the

wingspan provided insight into the distribution of the cir-

culation. However, measurements close to the body were

more difficult to perform. The change in distribution over

the wing beat cycle obtained through the measurements in

the tip vortex plane showed clear indications of flow sep-

aration, but further measurements on the wing itself would

be necessary to show the separation and assumed delayed

stall effect conclusively. The agreement in the distribution

of the circulation obtained by wake measurements with the

circulation distribution on the wing itself depends on the

proximity of the measurements to the wing as well as the

flow velocity, reduced frequency and the spanwise posi-

tion. Nevertheless, with due consideration of the factors

influencing the PIV accuracy, this method can be used to

provide useful insights into the flow conditions on a model

with flapping wings.
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