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Abstract

An international, collaborative investigation is un-
dertaken to evaluate the relative merits and limita-
tions of various numerical methods and experimental
measurement techniques, specifically for the analy-
sis of flapping-wing propulsion. A finite aspect-ratio
configuration is extensively investigated, both quan-
titatively and qualitatively, in a low-speed wind tun-
nel. Direct force measurements are made, as well as
time-accurate and time-averaged laser Doppler ve-
locimetry and unsteady flow visualization. The re-
duced frequency, mean angle of attack, aspect ratio
and Reynolds number are varied in the experiments.
The experiment is numerically simulated using flat-
plate theory, two and three-dimensional panel codes,
and two and three-dimensional Euler and Navier-
Stokes solvers. The ability of each of the methods
to capture important aspects of the flow physics are
evaluated through comparisons with each other and
the experimental data. Additionally, the compar-
isons indicate areas where further research is needed.
The collaborative effort provides a survey of avail-
able capabilities and provides a fixed set of flapping-
wing data for others to compare against.
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Nomenclature

speed of sound

aspect ratio, b/c

wing span

chord length

drag coefficient, Drag/(¢eoS)

= drag coefficient of the non-moving airfoil

lift coefficient, Lift/(g.S)

thrust coefficient, —C'p + Cpgiat
power coefficient, —C'p,2/Us
frequency in Hertz

factor for calculating lift

plunge amplitude in terms of ¢
reduced frequency, 27 fe/Us
length scale

Mach number

dynamic pressure, pU?/2

chord Reynolds number, Uy ¢/veo
wing area, bc

Strouhal number, (k/(27)

time

nondimensional time per period, 27/k
horizontal velocity

factor for calculating induced drag
Cartesian coordinates in terms of ¢
vertical displacement in terms of ¢
mean angle of attack

propulsive efficiency, C7/Cp
kinematic viscosity

density

nondimensional time, tUs, /¢

rate of change with respect to 7
averaged over one period T'
free-stream value



l. Introduction

The agile flight of birds and insects has been an
inspiration to scientists for many centuries. How-
ever, since the first part of the 20th century, little
effort has been directed toward understanding and
exploiting the aerodynamics demonstrated by these
creatures. The lack of industrial applications has rel-
egated the study of flapping-wing flight to something
of a hobby-like status, with very little research fund-
ing available for serious investigations, with most no-
table progress made by model airplane enthusiasts.
However, recent interest in small, unmanned air ve-
hicles (UAVs) and micro air vehicles (MAVs) have
led to a renewed interest in flapping-wing propul-
sion, and an influx of research funds. The ability
of the dragonfly to hover and maneuver in confined
areas, as well as to achieve high speeds and to fly in
turbulent air has drawn significant interest, but has
as yet proved to be a formidable goal for scientists
to duplicate numerically or mechanically.

These vehicles operate at very low Reynolds num-
bers, from a few hundred to a few tens of thou-
sands, and they encounter, and even benefit from,
massive flow separation over a large part of the
flapping cycle. Historically, little effort has been
given to the development of numerical flow solvers
suitable for this flight regime, and very little ex-
perimental data has been generated for the valida-
tion of the numerical methods. Thus, the primary
goal of the present collaborative effort is to thor-
oughly investigate a generic flapping-wing configu-
ration, both experimentally and numerically, using
a variety of methods to obtain quantitative and qual-
itative data, providing something like a benchmark
study in flapping-wing aerodynamics.

Most of the present authors have been involved
in unsteady aerodynamics, and many have per-
formed studies of flapping-wing propulsion. At the
Naval Postgraduate School, Jones and Platzer in-
vestigated propulsion and power-extraction using a
two-dimensional unsteady panel method [1]. Jones
et al. [2] performed flow-visualization and LDV ex-
periments in a water tunnel, and compared the re-
sults with the panel method. Jones and Platzer [3],
Lund [4] and Jones et al. [5] developed a flapping-
wing model for testing in a low-speed wind-tunnel,
and compared direct thrust measurements to the
panel method for several configurations. Jones and
Platzer [6], Duggan [7] and Jones et al. [8] devel-
oped 15¢m length/span MAV models and compared
direct thrust measurements and flow visualizations
to the panel method. A two-dimensional, unsteady
Navier-Stokes solver was developed and tested for

a number of unsteady problems including flapping-
wing propulsion, flutter and dynamic stall [9-11].

At the Institute of Fluid Mechanics of the Tech-
nical University of Braunschweig, various aspects
of bird flight have been investigated, mainly focus-
ing on slotted wing-tips [12], formation flight [13]
and the aerodynamics of tails in birds [14]. While
a first approach to flapping flight for comparison
with experimental data was already made in 1977
[15], a detailed study of the unsteady aerodynamics
around moving wings has recently become accessi-
ble by the use of Computational Fluid Dynamics
(CFD) and the development of a three-dimensional,
Euler/Navier-Stokes solver (FLOWer). Experience
in unsteady flows was gathered by the numerical
calculation of the vortex breakdown over a delta
wing [16]. Application of the code to moving sur-
faces has led to the solution of the Euler-equations
for the flow around a flapping and twisting wing [17],
which has also been extended to viscous flows.

In the present investigation, a relatively simple,
finite aspect-ratio configuration is chosen, and ex-
tensive experimental measurements and numerical
simulations are made, and the results are compared
both qualitatively and quantitatively, highlighting
the strengths and weaknesses of the various meth-
ods.

Il. Approach

In the following sections, the geometry of the
flapping-wing configuration, the flapping-motion
and the parameter-space are defined. The experi-
mental and numerical methods utilized are described
briefly with references for more detailed descriptions
of the methods and references for validation studies.

Configuration

A single, finite aspect-ratio wing is flapped sinu-
soidally with a pure-plunge motion in a parallel man-
ner (i.e. the plunge amplitude is constant in the
span-wise direction), with the motion defined by

z(1) = hcos(kT). (1)

All numerical calculations have been carried out as-
suming a NACA 0014 airfoil section, which closely
approximates the wing on the experimental model.
A plunge amplitude of A = 0.4¢ was chosen for all
cases, which is also the maximum amplitude of the
experimental model. The configuration with the rel-
evant parameters is shown in Fig. 1.

The parameter-space for the investigation includes
the reduced frequency, k, the aspect ratio, A, and



Fig. 1: Flapping-wing geometry and parameters
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Fig. 3: The model mounted in the test-section

the mean angle of attack, a, which is assumed to
be zero if not otherwise stated. Experimentally, a
given reduced frequency may be achieved through an
infinite variation of dimensional frequency and flow
speed, providing some measure of the Reynolds num-
ber sensitivity. Similarly, the Navier-Stokes solvers
also allow for the specification of the Reynolds num-
ber as well as the Mach number. While the com-
pressible Euler/Navier-Stokes solvers are not capa-
ble of operating at the very low Mach number of the
experiment (< 0.03), all simulations are performed
for 0.1 < My < 0.3. All presented numerical data
are taken several cycles into the simulation, after
transients have diminished and periodic behavior is
obtained. Note, in some of the low Reynolds num-
ber simulations, where shedding and separation are
predominant, periodicity is often not achieved, but
rather the solution follows an attractor.

Experimental Approach

The experimental flapping mechanism was previ-
ously developed by Jones and Platzer [3], originally
as a bi-plane (or wing flapping in ground-effect) con-
figuration. For the present investigation, only a sin-
gle flapping wing is considered, and consequently the
second wing on the model is removed, and replaced
with a counter weight to minimize model vibrations.
An isometric view of the model is shown in Fig. 2.

In previous investigations (Refs. [3,4]) only thrust
measurements were made, utilizing the pendulum
arrangement shown in Fig. 3. The model was sus-
pended from the tunnel ceiling using four cables such
that it could swing freely in the streamwise direction,
but remained stable in all other directions. When
drag or thrust was generated, the model was dis-
placed in the streamwise direction. The displace-
ment was measured using a very accurate laser range
finder in a fixed position downstream of the model,
and the thrust was calculated from a calibration
curve.

In summary, the model flaps a wing sinusoidally in
plunge. The wing has a chordlength of 64 mm and
a maximum span of 1200 mm, with 89 mm taken
up by the body at the center, resulting in a max-
imum effective aspect ratio of 17.4. Lower aspect
ratios are tested using shorter span wings. Flapping-
frequencies up to about 8 Hz are possible with the
present gearing. The frequency is usually set using
a strobe light, but the actual value, as well as the
fluctuations, are measured using a rotary motion en-
coder mounted in the model.

Testing is performed in the Naval Postgraduate
School 1.5 x 1.5 m low-speed wind tunnel, a con-



tinuous, flow-through facility, with a 9:1 contrac-
tion ratio and a maximum speed of about 9.5 m/s.
Turbulence levels in the test section were measured
by Lund [4] using LDV, and were found to be less
than 1.75 percent for speeds above 1.5 m/s. Chord-
Reynolds numbers up to 4.5 x 10* are possible, but
most experiments were performed at 1.0 x 10* <

Re < 4.0 x 10%.

The tunnel has been fitted with an unsteady LDV
system, and both time-accurate and time-averaged
velocity measurements have been made. The TSI
LDV system uses a Coherent Innova Argon-Ton bW
laser, and the signal is processed through an IFA
755 processor and the FIND software package. Un-
steady signals are encoded using a TSI 1989A high-
speed Rotating Machinery Resolver (RMR) which
has a Once Per Revolution (OPR) capability of 200
to 120,000 RPM, with a 0.1 degree resolution, and
selectable locking detection of £96 min to £768 min
of arc. The PACE software is used to interface with
the RMR and LDV. Flow seeding is performed us-
ing a TSI 9306 six-jet atomizer, operating with com-
pressed air. Distilled water is used in place of glyc-
erin oil, as it produces more particles, approximately
1 micron in size. More details are given in Ref. [18].

Flow visualization is presently performed in the
wind tunnel using a smoke wire. The smoke wire
is constructed from a length of 0.25 mm diameter
Nickel Chromium (Ni80/Cr20) wire stretched be-
tween two posts. Roscoe smoke fluid is dripped
down the wire, and when current is run through the
wire, it is heated, and the fluid burns off providing
a smoke sheet for a few seconds. By wrapping and
soldering bands of 0.13 mm diameter copper wire
around the NiCr wire at 10 mm intervals, the fluid
pools on the bands and then burns for a longer time,
providing 10 to 15 seconds of narrow streaklines.
Fluid is delivered to the wire via vinyl tubing from
a pressurized reservoir. The smoke wire is useful in
the range 1 < Us < 3 m/s which corresponds to
0.5 x 10* < Re < 1.5 x 10*. If the speed is too low,
the heated smoke rises creating an apparent angle of
attack. If the Reynolds number based on the wire
diameter is greater than about 40, the wire starts
to shed a vortex street, which rapidly dissipates the
streaklines due to turbulent mixing.

Numerical Approach

A broad assortment of numerical methods have
been utilized in this study. The methods range from
flat-plate theory, providing results instantaneously,
to three-dimensional Navier-Stokes simulations, re-
quiring several hours of super-computer time.

Two-Dimensional Theory In the 1930’s, Garrick
[19] extended Theodorsen’s [20] flat-plate theory to
compute the streamwise force on a wing. At about
the same time, Kiissner [21] developed a similar
method as an extension to Birnbaum’s [22] earlier
work, yielding identical results to Garrick’s method.
Both methods assume that the airfoil is a flat-plate
undergoing sinusoidal oscillations of relatively small
amplitude and, consequently, that all shed vortic-
ity convects downstream in the plane of the air-
foil. It’s important to note that this restriction
means that the wake can only yield a normal force
on the airfoil. The methods utilize a so-called lift-
deficiency function, given as tabular values derived
using Bessel functions. Aerodynamic forces are com-
puted from the tabular function by solving simple
algebraic functions, and require very little computa-
tional effort.

Three-Dimensional Theory While no three-
dimensional unsteady theory applicable to this
study was readily available, approximations for
the limiting cases can be made. As the flapping
frequency goes to zero, the plunge velocity be-
comes small, and the three-dimensional propulsive
efficiency is approximated by

2f
=1-— 2
Nk—=o0 (A—|— 2)u’ ( )
where f’ and u’ are factors for the calculation of lift
and induced drag. Their values for a non-tapered,
non twisted rectangular wing of aspect ratio 4 = 4,
8 or 20 are given by Abbott and von Doenhoff [23].

As the frequency increases, the wake-wavelength
diminishes. Consequently, it can be argued that the
effect of the oscillatory trailing tip-vortices on the
wing diminishes due to vorticity cancellation. In the
limit for large k, the tip vortices would not induce a
down-wash at all, as an infinite series of alternating-
sign vortices should be coincident at the tip and,
thus, at high frequencies the performance would be
independent of the aspect ratio, reducing to the two-
dimensional case.

Two-Dimensional Panel Code An unsteady panel
code originally developed by Teng [24] with addi-
tional features and a graphical user interface (GUT)
developed by Jones and Center [25] is used for two-
dimensional potential-flow solutions. The basic ap-
proach follows the method of Hess and Smith [26],
with the vorticity shedding procedure of Basu and
Hancock [27] for unsteady simulations.

The code employs a deforming wake model, where
a discrete vortex is shed from the trailing edge at the



end of each time step to account for the change in
circulation about the airfoil. These vortices convect
downstream, influencing each other and the airfoil,
providing an accurate model of wake roll-up. For
academic purposes, the deforming-wake model may
be disabled, such that the wake resembles the wake
used by the flat-plate theory. Details of the code
and validation can be found in the references cited
above as well as in Refs. [1-3].

In this study, the airfoil surface was represented
by 200 panels, 120 time-steps per cycle were used,
and the solutions were run for 6-10 cycles, or until
the transients vanished. The code is run on PC’s or
workstations, and requires a few minutes per solu-
tion.

Three-Dimensional Panel Code Three-dimensional
potential-flow simulations are performed with
CMARC, the flow-solving module from the Digi-
tal Wind Tunnel (DWT) software suite from Aero-
Logic [28,29]. CMARC is a PC-based version of
PMARC (Panel Method Ames Research Center), a

low-order, 3D panel code.

Only the right wing is modeled due to the z — z
plane of symmetry. All wing models have 20 chord-
wise and 20 semi-span-wise panels, plus 40 panels to
model the body-of-revolution wingtip, for a total of
440 panels. Panels are distributed with half-cosine
spacing along the span, with the tightest spacing
at the tip, and full-cosine spacing in the chord-wise
direction. Typically 100 steps/cycle are used in a
simulation. The grid of the A = 8 wing is shown in
Fig. 4, with both the right and the reflected left-wing
shown.

Fig. 5: Wake after 1 cycle (3D panel), k =0.4, A= 8

Both rigid and deforming wake models are avail-
able, and while the rigid wake model is generally
more stable for higher frequency simulations, the de-
forming wake model provides a more accurate model
of the unsteady wake topology, as well as a more ac-
curate prediction of aerodynamic forces, hence the
deforming wake model is used here. The deforming
wake after the first cycle is illustrated in Fig. 5 for
k=04, A=8.

To test for panel convergence, the number of pan-
els in the span-wise and chord-wise directions was
doubled, with minimal change in the integrated val-
ues. The presented results were obtained running
the code on a Pentium IIT 500MHz PC, which typi-
cally required a few hours to compute 3 cycles.

NSTRANS A two-dimensional, unsteady, compress-
ible Euler/Navier-Stokes solver (NSTRANS) was de-
veloped at the Naval Postgraduate School. The
algorithm was originally developed by Ekaterinaris
and Menter [30], using Osher’s third-order accurate,
upwind scheme [31, 32], Steger-Warming flux-vector
splitting [33] for linearization of the left-hand-side,
and second-order central differences for computation
of the viscous fluxes. Time accuracy was improved
by performing Newton sub-iterations to convergence
within each physical step. Baldwin-Lomax [34],
Baldwin-Barth [35] and Spalart-Allmaras [36] tur-
bulence models were available. The code has been
modified to solve multiple-block problems on a par-
allel architecture, and can handle deforming grids.
However, the present investigation uses only single-
block rigid grids. Numerous investigations have been
performed with the solver, including dynamic stall
[37], flapping-wing propulsion [9, 11], subsonic and
transonic flutter [38], and limit-cycle transonic flut-
ter [39-41].

Both Euler and Navier-Stokes simulations are run,
with both high (10°) and low (10*) Reynolds num-
bers for the Navier-Stokes solutions. All solutions
were run on a C-grid with 321 x 91 grid points, ex-
tending 10 chord lengths from the surface. Wall
spacing was established so the value of y* was
roughly 1.0 for the high Reynolds number cases. A
surface detail of the grid is shown in Fig. 6. For the
high Reynolds number Navier-Stokes simulations,
fully turbulent flow is assumed at My, = 0.3, us-
ing the Baldwin-Lomax turbulence model. For the
lower Reynolds numbers, fully laminar flow is as-
sumed, and to get as close as possible to experimen-
tal conditions, the Mach number was lowered to 0.1.

FLOWer The finite volume code FLOWer was devel-
oped at the DLR Braunschweig (Deutsches Zentrum
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Fig. 8: Wing-tip detail of the FLOWer 3D Euler grid

fir Luft- und Raumfahrt), Germany [42-44]. Tt
solves the compressible, three-dimensional Euler and
Navier-Stokes equations in integral form. A second-
order, cell-vertex method for structured meshes dis-
cretizes the computational domain in space. In-
tegration with respect to time is performed by
means of a five-stage Runge-Kutta scheme to achieve
converged solutions for both steady and unsteady
flows. For the latter an implicit, dual time-stepping
scheme [45], based on the method of Jameson [46],
allows for the use of the same acceleration tech-
niques which are used for steady-state flows, in-
cluding implicit residual smoothing and a multi-grid
scheme. An option for rigid body motions permits
the calculation of flows around translating and ro-
tating surfaces by specification of a single computa-
tional grid and the desired motion parameters. For
more complicated wing movements the use of flex-
ible meshes can be employed, as well as multiple
block grids. However, the flapping motion used in
this study can easily be handled by a single rigid
grid. A variety of different turbulence models are im-
plemented, including Baldwin-Lomax [34], Spalart-
Allmaras [36] and Wilcox-k-w [47].

The FLOWer code was employed for both two
and three-dimensional simulations, providing an ad-
ditional means of comparison with the NSTRANS
code. For two-dimensional simulations a 321 x 65
O-grid was used, with a farfield boundary 50 chord
lengths from the airfoil for Euler solutions, and 20
chord lengths from the airfoil for Navier-Stokes so-
lutions. For three-dimensional Euler simulations a
121 x 41 x 49 O-O-grid was used, and for Navier-
Stokes simulations a 193 x 57 x 49 O-O-grid was
used, both with the outer boundary placed 10 chord
lengths from the surface. Only half of the wing was
modeled since the symmetry condition can be ex-
ploited. Details of the 3D Euler grid are shown in
Figs.7 and 8. The free-stream Mach number was
set to 0.3 for all cases. For the Navier-Stokes calcu-
lations, fully turbulent flow was assumed using the
Baldwin-Lomax turbulence model at Re = 10°.

Calculations are performed using a local work-
station and the super-computing facility HLRS in
Stuttgart, Germany. Typically, three cycles are cal-
culated requiring about 2 hours of CPU time for the
3D Navier-Stokes cases running on a single proces-
sor of a NEC SX-5 supercomputer, with 4GFLOP/s
peak performance.

1. Results

The comparison of results for the wide variety of
methods is mainly based on the evaluation of thrust



output and propulsive efficiency, which can be cal-
culated from the time-dependent force coefficients.
In addition, time-averaged and time-accurate results
for horizontal wake velocities are shown. The diffi-
culty in obtaining good agreement between experi-
ment and numerics at low Reynolds numbers is high-
lighted using flow visualization.

Calculation of Thrust and Efficiency

In the wind-tunnel experiments it is difficult to
isolate the drag created by the wing from the drag
created by the rest of the model. Therefore, in order
to facilitate comparisons with theory and the various
numerical methods, the steady drag is removed from
all experimental and numerical results. The mean
thrust coefficient is therefore defined as

Cr=-Cp+ Cpstat (3)

where C'p is the mean drag coefficient, averaged for
one flapping period. Cpga; is the steady drag of
the non-moving wing at its present mean angle of
attack. It can be easily determined in both experi-
ment and numerical calculation prior to evaluating
the flapping-wing results.

Defining the mean thrust coefficient according to
Eq. (3) sets the focus solely on the effect of the flap-
ping motion, since all forces from the static case are
removed. Effectively, Cr only accounts for the forces
due to the unsteady pressure distribution around the
wing, since skin friction is nearly constant in time
and thus equal in steady and unsteady case. This
was verified with two- and three-dimensional Navier-
Stokes results for the investigated parameter range
at the high Reynolds number of 10°.

The propulsive efficiency is calculated from the ra-
tio between power output to power input. If dimen-
sionless coefficients are used, this is equal to the ratio
of mean thrust coefficient, C'7, to mean power input
coefficient, C'p. The power input coefficient is cal-
culated from the product of lift coefficient, Cr,, and
plunging velocity, z.

Time-dependent Results for Thrust

Some time-dependent lift and thrust results are
compared in Figs. 9 and 10 for £ = 0.4 and & =
0.2, respectively. Integrating these coefficients over
time yields the mean thrust and power coefficients,
as described above.

In Fig. 9 the 2D and 3D panel-code results are
shown illustrating the effect of aspect ratio. The
3D results rapidly approach the 2D results as A in-
creases. With A = 4, the predicted thrust is about
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Fig. 9: Unsteady lift and thrust coefficient, &k = 0.4
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Fig. 10: Unsteady lift and thrust coefficient, K = 0.2

60 percent of the 2D result. At low aspect ratios, the
usual unsteady phase lag in C'f, and C'p vanishes due
to the dominant tip vortices.

In Fig. 10, results for inviscid two-dimensional
flows are compared. Agreement between Euler and
panel results is good for all mean angles of attack
shown. For increasing «, the thrust in the down-
stroke becomes stronger, while the thrust in the
upstroke diminishes. However, for low amplitudes
and frequencies, mean thrust output is essentially
equal for all cases i.e. independent of the mean an-
gle of attack. This was already suggested by Birn-
baum [22] for deriving the two-dimensional theory
for the thrust of an oscillating flat plate. However,
the mean thrust remains independent of the mean
angle of attack even in three-dimensional and vis-



cous flow, as long as the static drag at the considered
mean angle of attack is eliminated according to Eq.
(3) and no flow separation occurs. This was found
to apply to all results obtained for this paper and
consequently, no more results on the influence of the
mean angle of attack are shown.

Comparisons for Thrust and Efficiency

The theoretical limit for the propulsive efficiency
as k approaches zero is predicted with Eq. (2). In
Fig. 11 the predictions of the theory for a two-
dimensional flat plate, and the 2D and 3D panel
code are compared. The agreement with the theo-
retical predictions is clear. Several factors may con-
tribute to the discrepancy in the asymptotic value
for A = 4; the wing-tip modeling, the assumed value
of the induced-drag factor for the present wing plan-
form, and numerical resolution difficulties at very
low frequencies. Note that the 2D panel code, us-
ing the in-plane wake model, agrees exceptionally
well with the theory, indicating that the primary
weakness of the flat-plate theory is the planar wake
representation.

In Fig. 12, the 2D and 3D results for A = 8 are
shown, the trends are as expected. The results of all
inviscid two-dimensional results (theory, panel, 2D
Euler) are reasonably close. Also, 3D panel and 3D
Euler results are in good agreement. The Euler re-
sults fall below the panel results due to the influence
of compressibility.

From 2D to 3D, the efficiency drops due to the in-
fluence of the unsteady tip vortices, which form dur-
ing the flapping cycle causing losses for the propul-
sive system. A difference in efficiency can also be
found between inviscid and viscous flow calculations,
although the static drag and thus the forces due to
skin friction have been eliminated. However, the vis-
cosity still affects the unsteady pressure distribution.
As the wing experiences effective angles of attack
different from zero throughout the cycle, the airfoil
experiences an increase in pressure drag, which re-
duces the mean thrust output. This also leads to a
decrease in efficiency.

For the lowest frequencies, however, the compar-
ison becomes questionable. Here, the mean thrust
output is low and in the same order of magnitude
as the drag in the static case. Since the latter is
subtracted to form the thrust coefficient defined in
Eq. (3), the accuracy of the result comes into ques-
tion. Moreover, both Cr and C'p tend toward zero,
such that the propulsive efficiency becomes the ratio
of two small numbers, and is consequently not very
accurate.
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In the experiment, the evaluation of efficiency is
rather difficult because this would require measuring
the power input working against the aerodynamic
forces. Mechanical losses in the flapping mechanism
are very high, and very unsteady. Therefore, only
the thrust output is measured with the laser range
finder as mentioned previously. Different natural fre-
quencies for flapping were tested at various tunnel
speeds, resulting in a large number of data points
for various reduced frequencies at different Reynolds
numbers. An example for the raw data is shown
in Fig. 13 for high aspect ratio and Reynolds num-
ber 4 x 10*, where thrust is plotted against natu-
ral frequency. The mean values indicate the cor-
rect tendency, i.e. thrust is roughly proportional to
the frequency squared. While the error in frequency
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measurement is negligible, the deviation in thrust
is quite high, primarily due to the model swinging
at its natural frequency. For the remainder of the
results, only the mean value is shown for the exper-
imental results.

In Fig. 14 the predicted and measured thrust co-
efficients are shown. The experimental results cover
a range of 10* < Re < 4.5 x 10*. The data was
obtained for a range of velocities between 2 and
9.5 m/s, and a frequency range between 2 and 7 Hz,
and it is grouped into Reynolds number ranges to
illustrate the trend. A high aspect ratio of 17.4 was
investigated. For reference, the solid line gives the
limit for the thrust coefficient if 3D effects and vis-
cous effects are not included. All experimental data
fall below this line, as they should. Additionally,

all data points are nicely framed by the results for
high and low Reynolds Number Navier-Stokes cal-
culations for the two-dimensional case. The drop in
thrust output from high to low Re is primarily due
to dynamic stall, which is not predicted at the higher
Reynolds numbers.

At Re = 10*, periodic shedding occurs for the
thick airfoil in the static case, which can be visu-
alized in both experimental and numerical results.
Fig. 15 shows streaklines from the smoke rake past
the stationary wing at Re = 10%. The smoke sheet
is located at the middle of the half-span of the wing
with aspect ratio 17.4. A street of alternating vor-
tices is clearly visible in the wake, with a reduced
shedding frequency of k& = 14.5, measured using a
strobe light. Similar results can be obtained with
the Navier-Stokes solvers by means of particle trac-
ing. Computed streaklines are visible in Fig. 16.
For this result, the NSTRANS code was employed
at Re = 10* and fully laminar flow, yielding excel-
lent qualitative agreement with the flow pattern in

Fig. 16: Calculated streaklines (NSTRANS), Re = 10*

the experiment. The calculated shedding frequency
of £ = 12.3 is somewhat lower than in the experi-
ment. Using the airfoil thickness as the length scale,
the Strouhal numbers for the experiment and sim-
ulation were 0.33 and 0.27, respectively, somewhat
higher then the Strouhal number for the street be-
hind a cylinder (0.21).

The numerical calculation of the steady shedding
requires a relatively high temporal resolution and
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renders the application to flapping wing cases very
costly in terms of computational effort. However, to
capture the actual flow physics for the low Reynolds
number regime, this becomes inevitable and is an
open field for further research.

In three-dimensional flow, the aspect ratio has a
strong influence on the thrust output of the flapping
wing. As the span decreases, the influence of the tip
vortices increase. Instantaneous vortices form dur-
ing downstroke and upstroke causing an unsteady in-
duced drag in both phases of the flapping cycle. This
reduces thrust output and efficiency of the flapping
wing which is shown by the experimental thrust co-
efficient results given in Fig. 17. As the flapping fre-
quency increases, the influence of the tip vortices be-
comes more pronounced, since the wing is experienc-
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ing larger effective angles of attack during the flap-
ping cycle. As a reference two-dimensional theory is
given to indicate the theoretical limit. For high as-
pect ratios, the results tend towards this limit. This
becomes more evident in Fig. 18, where numerical re-
sults for three-dimensional panel, Euler and Navier-
Stokes calculations are included. Mean thrust coeffi-
cient and propulsive efficiency are shown as functions
of aspect ratio. The experimental data for k& = 0.2
was interpolated from the data in the Fig. 17. As
expected, the larger aspect ratio wings help to in-
crease the efficiency. While panel and Euler results
for inviscid flow match quite well, the Navier Stokes
results again show the influence of viscosity on the
pressure distribution which reduces thrust and effi-
ciency.

Wake Velocities

In Figs. 19 and 20, time-averaged velocity profiles
one chord length downstream of the trailing-edge
(z = 2.0) are compared for ¥k = 0.4 and k£ = 1.0,
respectively. Experimental data is measured with
LDV half way between the fuselage of the model and
the wing tip on the highest aspect-ratio wing. Thisis
compared to the results computed by the 2D panel
code and the 2D Navier-Stokes solvers. Only the
U-component of the velocity is shown (only single-
channel LDV was available).

In support of earlier experiments reported in Ref.
[2], the panel code agrees quite well with the exper-
iment. Note, the uniform-flow in the tunnel had an
unfortunate gradient with respect to z of roughly 1
percent per chord-length, which was present with or
without the model, and appears in all cases. While
the Navier-Stokes results at Re = 10° agree well
with panel code and experimental data, at the low
Reynolds number a significant difference is appar-
ent. At Re = 10° the jet-profile is fairly uniformly
reduced due to viscous losses, but at low Reynolds
numbers the viscous losses are much more substan-
tial. It is difficult to judge from the rather sparse
experimental data, particularly in the presence of
the velocity gradient, but in Fig. 19 the width of the
jet profile is comparable to the low Re results, but
in Fig. 20, the width seems to agree more closely to
the panel and high Re simulations.

In Figs. 21 and 22, unsteady LDV data is com-
pared to the 2D panel and Navier-Stokes results
for £ = 0.4 and & = 1, respectively. The data is
presented for three points located one chord length
downstream of the trailing edge (z = 2), at z = 1,
0 and —1. The non-dimensional U-component of
the velocity is shown as a function of the period.
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The LDV data is accumulated over several minutes,
so hundreds of cycles are essentially averaged. The
LDV data becomes scattered in a few places, pri-
marily for z = 0, as flow seeding is problematic in
the wake region, resulting in rather sparse data.

Theoretically, the plots for z = 1 and z = —1
should be identical with a phase shift of half a pe-
riod. This is apparent for the panel and Navier-
Stokes results, and reasonably clear for the exper-
imental data. For z = 0 the velocity should have
twice the frequency of the flapping, so two periods
should be visible. Again this is clear in the numerical
results, and apparent in the experimental data.

The 2D panel code results and the high- Re Navier-
Stokes results agree well, as do the NSTRANS result
for z = —1 and 1. At the centerline (z = 0), the low
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Reynolds number Navier-Stokes results predict dy-
namic stall, with a series of vortices shed from the
suction side, just past the midpoint in each stroke.
The usual starting and stopping vortices shed from
the trailing edge are not apparent, and while the
vortex-street seen in the steady case (Fig. 15) is still
visible through parts of the cycle, its influence on
the velocities is negligible. Instead, the oscillatory
behavior of the velocity apparent in the unsteady
velocity at z = 0 is due to the sequence of dy-
namic stall vortices shed in the later half of each
stroke. Figs. 23 and 24 show the vorticity distribu-
tion around the airfoil for reduced frequencies 0.4
and 1.0, respectively. The bottom line of the figures
represents the centerline of the motion (z = 0). The
flow field is cut off at z = 2, where the U-velocities



for the previous figures were taken. The airfoil is
shown at the end of the upstroke (¢/T = 1). Here,
the dynamic stall vortices dominate the flow below
the airfoil and, as they convect downstream, they
eventually cause some additional oscillations in the
horizontal velocity. The effect of these oscillations is
clearly visible in the data at the centerline (z = 0)
of the low Reynolds number data in Figs. 21 and 22.
The slight departure from periodicity in these fig-
ures is most likely a result of the vortex-street seen
in the steady results.

Fig. 23: Vorticity (NSTRANS), k=0.4, Re=2x10*, 7/ T=1
@ /

Fig. 24: Vorticity (NSTRANS), k=1, Re=10%, 7/ T=1

There is some uncertainty about the correct phas-
ing of the experimental result in Figs. 21 and 22
relative to all other methods which agree quite well.
There are various possible sources of error for the
phase shift in the experiment. Canting and bending
of the wing as well as vibrations of the whole model
have an influence on the vertical position of the wing,
which was not directly recorded in the experiment.
Instead, the trigger signal, which indicates the onset
of each flapping cycle, was thought to be sufficient
for predicting the actual position of the wing. Note,
however, that absolute velocity values are in excel-
lent agreement for all methods. Also, a phase error
does not affect the results of the preceding figures,
since they only show time-averaged values.

IV. Summary

To evaluate thrust and efficiency for flapping wing
configurations, a simple theory for two-dimensional,
inviscid flow has been available for decades, but
today computational fluid dynamics proves to be
a valuable tool to also include viscous and three-
dimensional effects in the calculation. The agree-
ment between various numerical methods studied in
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this paper was encouraging and now provides a ba-
sis for subsequent authors. The influence of reduced
frequency and aspect ratio on thrust output is fur-
ther verified by the good agreement between exper-
imental and numerical results. The experiment was
carried out at low Reynolds numbers, below 5 x 10*,
which is still at the higher end of the range expe-
rienced in the flight of Micro Air Vehicles, where
flapping wing propulsion may provide an alterna-
tive means for propulsion. In this regime, the flow
physics are dominated by unsteady phenomena such
as dynamic stall that introduce frequencies much
higher than the actual flapping frequency. Further
work is needed to bridge the gap between numer-
ical results for high Reynolds numbers and the ac-
tual flight conditions, in particular, in the higher fre-
quency regime where separation is a dominant fea-
ture.
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