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This paper presents the results of an experimental study of the aerodynamics of an el-
liptical ap plate wing in pitch-plunge motion. Several wing motion kinematics are derived
from the kinematics of the Agrius Convolvuli (hawk moth) in hover. The experiments are
conducted at a Reynolds number of 4;800 and reduced frequency of 0:38, which are typical
of the hawk moth ight. Three cases are reported: the hawk moth kinematics in which
the elevation angle is ignored, the hawk moth kinematics with a correction to account for
elevation angle e�ects, and a harmonic pitch-plunge kinematic of the same frequency and
amplitude as the hawk moth kinematics. In all cases the wing pivots about the leading
edge. The experiments are performed in The University of Michigan water channel. The
wing model used has a Zimmerman planform shape with aspect ratio 3:87. Phase averaged
force measurements are reported. Average thrust coe�cients of 2:79, 2:64 and 2:39, respec-
tively, are measured for the three cases. The measured peak thrust coe�cients are 5:0, 4:8
and 6:1, respectively. The propulsion �gure of merit in hover was also measured and found
to be 0:47, 0:48 and 0:49 for the three cases. The ow evolution was measured using PIV.
The results show formation of Leading Edge Vortices (LEV) and Trailing Edge Vortices
(TEV) at di�erent phases of the motion which depend on the particular kinematics. The
relation between LEV and TEV vortex evolution and force generation is discussed.

Nomenclature

A Area swept by the wing, m2

AR Aspect ratio, -
CL Lateral force coe�cient, -
CT Thrust coe�cient, -
Flateral Lateral force, N
Lref Reference length
M Figure of merit, -
Mx Moment around the axis x, Nm
P Power, W
R Semi-span, m
Re Reynold number
T Thrust force, N
U Velocity
� Flapping amplitude, rad

c Mean chord length, m

�Graduate Research Assistant, Department of Aerospace Engineering, vdh.ruben@gmail.com
yAssociate Professor, Department of Aerospace Engineering, lpb@umich.edu
zGraduate Research Assistant, Department of Aerospace Engineering, cmorrisz@umich.edu
xAssistant Professor, Department of Aerospace Engineering, humbert@umd.edu

1 of 18

American Institute of Aeronautics and Astronautics

50th AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition
09 - 12 January 2012, Nashville, Tennessee

AIAA 2012-0708

Copyright © 2012 by the American Institute of Aeronautics and Astronautics, Inc. All rights reserved.

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
M

IC
H

IG
A

N
 o

n 
A

pr
il 

3,
 2

01
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

2-
70

8 



f Flapping frequency, Hz
h Plunge position experiment
h0 Plunge amplitude experiment
k Reduced frequency
t� Normalized time t=T
v Flow velocity
� Feathering angle, rad
� Pitch angle, rad
�a Viscosity of air
�w Viscosity of water
� Flapping angle
� Density
� Elevation angle
! Vorticity
_ Denotes the 1st time derivative
� Denotes an averaged or normalized quatity

I. Introduction

Recent developments in micro air vehicles are revolutionizing remote sensing and information gathering.
For very small vehicles, apping wings have unique characteristics that could provide exceptional capabilities
in maneuverability, hover performance, as well as being able to operate in con�ned spaces. These performance
characteristics are observed in insects and small birds motivating studies of the aerodynamics of apping
wings of biological yers.10

Biological yers demonstrate unusual maneuverability necessary for very small MAVs. Understanding of
the aerodynamics of biological yers can provide insights useful for the design of apping wing MAVs. A
very well studied example of a biological apping yer is the hawk moth.11 Hawk moths show consistent
wing beat parameters for an individual as well as comparing di�erent animals. Also the main features,
dominant in insect apping ight, are present in the stroke of the hawk moth, without the complications
of extra mechanisms present in a number of other insects, e.g. clap & ing mechanisms and exaggerated
ventral exion.

The wings of insects produce more lift than predicted with conventional aerodynamic theory, i.e.compared
to the steady motion at the same velocity and angle of attack. Aerodynamic studies of hawk moths and
other small insects have shown relevant phenomena in the generation of force, e.g. LEV vortex formation
and wake capturing.3 The LEV can account, in part, for the quantitative disagreement with the forces
predicted by conventional aerodynamic theories,4 i.e. LEV generates a lower pressure area at the leading
edge resulting in a large force production.

Recently the aerodynamics of pitch and plunging airfoils has received considerable attention (e.g. Yeon
et al,2 Granlund et al5 and Rausch et al9). Granlund et al5 considered the aerodynamics of a at plate that
is free to pivot about the leading edge between �45� incidence limiters and the translation is a prescribed
sinusoidal function. For an aspect ratio of 3:4 they found that the stroke to chord ratio is the main factor
a�ecting the thrust production, with small stroke to chord ratios evincing the lowest thrust. They found that
the results are insensitive to changes in Reynolds number, within the 5; 000 to 20; 000 range. Furthermore
they found no evidence of wake capture in these experiments.

In the present work we extend the pitch-plunge studies by considering the aerodynamics of an elliptical
ap plate wing in pitch plunge motion with bio-inspired hover motions. The kinematics are derived from the
hover kinematics of the hawk moth. It is impossible to capture all features from a three degree of freedom
apping motion into a two degree of freedom pitch-plunge motion. Therefore two main kinematics and a
third purely sinusoidal motion are investigated. The �rst motion ignores the e�ect of the elevation angle
and the second motion incorporates a correction for the loss of elevation angle. The experiments are initially
conducted at the Reynolds number and reduced frequency of the hawk moth in hover, i.e. 4; 800 and 0:38 re-
spectively. The force generation, propulsion e�ciency and ow evolution are measured and reported. These
results complement related work on the e�ects of apping reported by Morrison et al8 and Yeo et al.13
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II. Brief description of the experimental setup

The experiments are performed in The University of Michigan, Aerospace Engineering Department, water
channel. The test section measures 610 by 610mm and is 2:44m long. The channel is capable of producing
very low turbulence ow, the free turbulence intensity is less than 1%. Flow speeds can range from 5 to
40 cm=s. For this experiment there is no ow in the channel, as we are investigating a hover case.

The wing has a chord of 79:4mm, a span of 241:3mm and is cut out of an acrylic plate with a thickness
of 2:75mm. The planform shape consists of two ellipses with the major axis equal to the span and the
midpoint of the ellipse is the quarter chord position, cf.Figure 1a. The wing is clamped and mounted on a
rig with two motors, hanging vertically in the water channel, as shown in Figure 1b. The motors are capable
of performing pitch-plunge motions with a high degree of accuracy.

(a) Wing planform (b) Wing vertically mounted in the channel

Figure 1: Experimental Setup

The force data is acquired using the ATI Mini 40 force/torque sensor mounted on top of the wing clamp.
The raw sensor data is then calibrated and �ltered using a Butterworth low-pass �lter to reduce noise.

The Particle Image Velocymetry (PIV) setup consists of a pulsed Nd:YAG laser (Spectra-Physics PIV-
300), an optical setup to form the laser sheet, an external timing system (a BNC 555 pulse delay generator
and the Stanford Research Systems’ DG535) and a high resolution 14bit cooled CCD camera system (Cooke,
PCO4000) with a Nikon Micro-NIKKOR 105mm lens. The camera has a sensor of 4008 by 2672 pixels.
The plunge amplitude is about 130mm. To obtain good spatial resolution three camera positions are used
and the data is stitched together in the post processing routine. Therefore the camera is mounted on a slide
and shifted to 3 positions that have an overlap region. The magni�cation of the imaging system is 14 pixels
per mm and the �eld of view is 6225 by 3525 pixels (or 437 by 247mm). Images are acquired over 100 cycles
and the data is phase averaged.
For the PIV data acquisition the ow is seeded with Titanium(IV) oxide, rutile powder with a diameter
of approximately 5 micrometer. A dispersant, ammonium polymethacrylate (DARVAN C-N), is added to
facilitate the suspension of the particles for longer periods of time.
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III. Determining the relevant scaling and non-dimensional parameters

The hover kinematics are mainly inspired by a Hawk moth, the Agrius Convolvuli. As a starting point
for determining the relevant scaling and non-dimensional parameters, the values of the Agrius Convolvuli
are used.

A. Hawkmoth, Agrius Convolvuli

The Agrius Convolvuli is a subspecies of the Hawk moth, Sphingidae. It is a large species with a wingspan
of about 80 - 105mm. Similarly to hummingbirds, they have evolved to feed on nectar while hovering in
front of a ower. This capability makes them an excellent study object for apping hovering ight.

The kinematics of this moth in hovering ight are well known, cf. Section IV. The motion is relatively
simple and does not include a clap and ing mechanism. The Agrius Convolvuli is four-winged, but the
motion of the wings on both sides in hover is nearly in unison and can be assumed to act as one wing. The
wing planform of both wings together is similar to the Zimmerman planform and will be modeled as such.

The parameters determining the dynamics are presented in Table 1. The apping frequency and ampli-
tude are those of the moth in hover.

Table 1: Agrius Convolvuli parameters

Parameter Value Agrius
convolvuli

Mean chord length cm 18:3mm

Semi-Span Rm 50:5mm

Aspect ratio ARm 2:76

Flapping frequency fm 26:1Hz

Flapping amplitude � 2rad

In order to calculate the relevant dimensionless parameters for hover, a reference point on the wing
needs to be chosen. In general the wing tip is used for this purpose,12 however since the objective is to
capture the most relevant phenomena and try to represent these in a pitch-plunge motion, the tip velocity
will make the scaling parameters too large. A reasonable approximation is to use three quarters of the span
(Lref = 0:75Rm) as the reference radius.

Uref = 2�fLref (1)

The Reynolds number can then be rewritten as follows.

Re =
Urefcm
�a

=
2�fmLrefcm

�a
(2)

In turn the reduced frequency, equation 3, is based on the same reference velocity.

k =
�fmcm
Uref

(3)

Based on three quarters of the span the Reynolds number and reduced frequency are 4; 800 and 0:38
respectively.

B. Relevant parameters experiment

The experiment is a pure pitch-plunge motion, hence the reference velocity is equal to the average velocity
during half of the period, cf. equation 4, depending only on the amplitude and frequency of the motion.

Uref = 4fh0 (4)
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Substitution of the reference velocity, equation 4, leads to the following expression for the reduced fre-
quency of the experiment. Note that in the pitch plunge case, for a certain wing, the reduced frequency is
solely dependent on the amplitude of the motion.

k =
�c

4

1

h0
(5)

Treating the reduced frequency as a constant, i.e. using the value of the Agrius Convolvuli, yields an
expression for the amplitude of the motion.

h0 =
�c

4k
= 129; 1mm (6)

Similarly the Reynolds number can be written as.

Re =
4c

�w
fh0 (7)

Using the Reynolds number of the moth, an expression for the frequency of the experiment can be
obtained.

f =
Re �w
4ch0

(8)

This equation can be used directly to determine the frequency. However it is convenient to further develop
the equation in a slightly di�erent form. First, substitution of equation 6 yields.

f = Re
�wk

�c2
(9)

Secondly, using equation 3, we obtain.

f = Re
�w
�c2

�cm
2�Rm

(10)

Third, substitution of equation 2 leads to the following expression,

f =
2�fmRmcm

�ac2
�wcm
2�Rm

(11)

which simpli�es to.

f = fm

�cm
c

�2 �w
�a

(12)

Hence, from equation 12 it can be seen that the frequency of the experiment depends solely on the apping
frequency of the moth, the ratio of the mean chords squared and the ratio of the kinematic viscosities. The
frequency of the present experiment is 0:15Hz.

f = 0:57%fm = 0:15Hz (13)

IV. Hover kinematics

The goal is to perform a pitch-plunging motion in a water channel. The kinematics of the experiment
are inspired on the kinematics of the hawk moth.

A. Coordinate system Agrius Convolvuli

The coordinate system used to describe the motion is shown in Figure 2a. Three angles are used to describe
the position of the wing:11 the apping angle �, the feathering angle � and the elevation angle �.

The elevation and apping angle are de�ned positive as shown in Figure 2a and the feathering angle, �,
is negative in Figure 2a.
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α

Stroke Plane

φ
θ

(a) Coordinate system for the motion kinematics
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(b) Representation of the kinematic angles

Figure 2: Representation of the Agrius Convoluli kinematics

B. Hover kinematics Agrius Convolvuli

The kinematics of the Agrius Convolvuli are described by three angles. For the hover-case these angles vary
in time as shown in Figure 2b, cf.1

C. Making the motion symmetric

The three dimensional hover motion of the Agrius Convolvuli is made symmetric in order to convert it to a
pure pitch-plunge motion at a later stage. This is done while capturing the most important features during
hover, e.g. phase shift of feathering and apping angle.

1. Flapping angle

The apping angle has an average angle of about 4:0�, �rst the data is shifted to yield a mean angle of 0�.
This is justi�ed since this is just a matter of shifting the reference point.

Second, the down stroke is 2:3% longer than the upstroke, this small di�erence will be neglected, i.e.
the upstroke will be slightly stretched in time to match the down stroke. The resulting angles are shown in
Figure 3a, observe the small di�erence between down stroke angle and the up stroke here shown inverted to
highlight the di�erences.

In a last step both half periods are averaged to make the motion completely symmetric, resulting in the
averaged apping angle in Figure 3a.

2. Feathering angle

A similar procedure is applied to the feathering angle. In this case there is no di�erence in duration of the
up and down stroke. The values are shifted by 4:8� to obtain a 0� mean value. After this procedure the
feathering angles during upstroke are nearly analogues to the angles during down stroke. Both up and down
stroke are averaged, and the result is shown in Figure 3b.

3. Elevation angle

The elevation angle is also made symmetric, the same procedure as for the feathering angle is used. The
mean is shifted from about �1:0� to 0� and both half periods are then averaged, shown in Figure 3c.
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(c) Adjustments of the elevation angle �
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(d) Agrius Convoluli hover kinematics made symmetric

Figure 3: Making the motion symmetric

4. Adjusted kinematic angles

A summary of the resulting, symmetric angles after adjustment is shown in Figure 3d.

D. Hover kinematics experiment

There are a number of di�erent ways convert the hawkmoth kinematics to the pitch-plunge kinematics for
the present experiment. The main goal is to preserve the most important features in the conversion from
apping motion to a pure pitch-plunge motion. For instance the phase lag between feathering angle and
apping angle is assumed to be important and has been retained. to examine the e�ect of other parameters
two di�erent motions are investigated.

1. Ignoring the elevation angle

The �rst way of determining the kinematics would be to simply ignore the elevation angle and using the
feathering angle and the apping angle.

The apping angle translates to a plunging motion, h(t), as follows.
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h(t) =
��(t)

�
h0 (14)

The pitch angle, �(t), is than equal to the feathering angle. The rotation point for this case coincides
with the leading edge at the root of the airfoil.

�(t) = ��(t) (15)

2. Compensating feathering and apping angle for the loss of elevation angle

Instead of ignoring the elevation angle, it can also be incorporated in the pitch-plunge motion by changing
the reference frame, i.e. computing the e�ective pitch angle relative to the direction of motion. This process
is illustrated in Figure 4.

∆α

Ф R

.

.
θ R

Ф’ R
.

Figure 4: Converting a apping motion to a pitch-plunge motion

The change in pitching angle, ��, due to the elevation angle can be quanti�ed as follows.

�� = � arctan

 
_��
_��

!
(16)

Yielding equation 17 as the expression for the corrected feathering or pitch angle. The variation in time
of the pitch angle is plotted in Figure 5a. The rotation point coincides with the leading edge.

�(t) = ��(t)� arctan

 
_��(t)
_��(t)

!
(17)

Ueff = �
q

( _��R)2 + ( _��R)2 (18)

The sign is determined by the sign of the angular apping speed, _�. The e�ective velocity can be written
as Ueff = _�0R, yielding.

_�0 = �
q

_��
2

+ _��
2

(19)

Through integration and the correct determination of the integration constant the compensated apping
angle is found, and it is plotted in Figure 5b. Converting the elevation angle to an equivalent plunge position
h(t).

h(t) =
�0(t)

�
h0 (20)
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(a) Compensation of the feathering angle for the loss of elevation
angle
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(b) Compensation of the apping angle for the loss of elevation
angle

Figure 5: Compensation for the loss of elevation angle

3. Resulting kinematics

Three motions result, the �rst hover motion ignores the loss of elevation angle and simply converts the
apping and feathering angle. Shown in Figure 6a. This motion will be referred to as hover motion 1 or
HM1.

The second hover motion, Figure 6b, incorporates a correction in the apping and feathering angle for
the elevation angle. This motion will be referred to as hover motion 2 or HM2.

As a third reference, a pure sinusoidal motion has been created with the same pitch and plunge amplitude
as the basic Agrius Convolvuli kinematics. The sinusoidal kinematics are plotted in Figure 6c.
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(a) Pitch-plunge hover motion experi-
ment ignoring the loss of elevation angle
(hover motion 1)
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(b) Pitch-plunge hover motion experi-
ment with compensation for the loss of
elevation angle (hover motion 2)
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(c) Pure Sinusoidal pitch-plunge motion
with the same amplitude and frequency
as the Agrius Convolvuli

Figure 6: Resulting kinematics

V. Force data acquisition

A. Data acquisition process

For each motion kinematics, force data is acquired in 6 separate sets of 25 cycles. The �rst �ve cycles are
cropped from each measurement eliminating any start up phenomena that might occur. The data is then
calibrated and converted to thrust and lateral force components. The thrust is de�ned as the force perpen-
dicular to the plunge motion, similarly the lateral force is the force lateral to the plunge motion.
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The thrust and lateral force components are �ltered with a low pass Butterworth �lter with a cut o� fre-
quency of 3Hz. The attenuation properties of the �lter are shown in Figure 7. To eliminate the phase shift
introduced by the �lter, it is run over the data back and forth. This process ensures zero phase distortion
and squares the magnitude of the original �lter.

10
0

10
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10
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10
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−700

−600

−500

−400

−300

−200

−100

0

100
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M
a
g
n
it
u
d
e
(d
B
)

Butterworth Lowpass Filter

Figure 7: Butterworth low pass �lter attenuation

Next the remaining 120 cycles are phase averaged and the sample mean and the corresponding standard
deviation are calculated.

B. Non-dimensionalization of the data

The resulting force data can be non-dimensionalized by the dynamic pressure (based on the reference velocity
Uref equal to 4fh0, Section III B) and the projected wing surface area. The thrust coe�cient is then de�ned
as shown in equation 21.

CT =
T

qS
(21)

Similarly the lateral force coe�cient is normalized by the same dynamic pressure and the projected wing
surface area.

To obtain a sense of e�ciency of the thrust production, the ideal power is calculated using simple
momentum theory.7

Pideal =

s
T 3

2�A
(22)

Where T is the average thrust produced, � is the density of the uid and A represents the area swept
by the wing. The power input can be calculated by multiplying the angular speed with the corresponding
moment and the translational velocity with the corresponding force, as shown in equation 23.

P = Flateral
_h+Mz

_� (23)

A convenient �gure of merit, M , is then de�ned as follows.

M � Pideal

P
(24)
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C. Results base motions

In this section the results of the base motions, described in Section IV D, are presented.

For hover motion 1, the thrust coe�cient, as shown in Figure 8a, peaks at 4:7. The peak occurs at 20 t�

just after the pitch angle and the plunge speed reach their maximum value. The average thrust coe�cient is
2:79. The non-dimensionalized standard deviation of the mean varies between 0:60 and 0:17 or between 4%
and 13% of the maximum thrust. The average of the absolute value of the lateral force coe�cient is 3:00, as
shown in Figure 8d. The lateral force coe�cient increases fairly rapid and varies around a value larger than
the average. Three local maxima exist 3:2, 3:3 and 4:8 respectively. The �gure of merit for this motion is 0:47.
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(a) Thrust coe�cient hover motion 1
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(b) Thrust coe�cient hover motion 2
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(c) Thrust coe�cient pure sinusoidal mo-
tion
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(d) Lateral force coe�cient hover mo-
tion 1
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(e) Lateral force coe�cient hover mo-
tion 2
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(f) Lateral force coe�cient pure sinu-
soidal motion

Figure 8: Hover motions force coe�cients

Two peaks exist in the thrust coe�cient for hover motion 2, 4:4 and 4:8 respectively. The location of
the �rst maximum occurs at 15 t� and the second maximum occurs at 41 percent of the period. The local
minima occur at the end of the stroke and right in the middle, at t� = 25), their values are �0:06 and 2:12.
The average thrust coe�cient equates to 2:64. The non-dimensionalized standard deviation of the mean
varies between 0:43 and 0:19 or less then 10% of the maximum thrust coe�cient. The absolute values of the
lateral force coe�cient average at 2:98, the shape consist of two peaks with a local minimum in between.
The peaks are located at 10 and 43 t� with values of 4:22 and 4:45. The �gure of merit equals 0:48.

The sine motion thrust coe�cient also has two peaks, the �rst peak is relatively small (about 1:2) and
the second peak is substantially larger, 6:11 at 32 t�. The average thrust coe�cient is 2:39. The standard
deviation of the mean varies between 0:67 and 0:21 or between 3 and 11% of the maximum thrust coe�cient.
The absolute lateral force coe�cient averages at 2:39. Resulting in a �gure of merit of 0:49.

The force on the wing is primarily perpendicular to the airfoil, this can also be seen in Figure 8, where the
pitch angle is zero the thrust force is also zero. By means of comparison all force coe�cients of the di�erent
motions are plotted in Figure 9. The average coe�cients are tabulated in Table 2. It can be concluded
that the �gures of merit are all in the same order of magnitude. HM1 produces the most thrust, about 6%
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more than HM2 and 17% more than the pure sinusoidal motion. As expected, for all motions the average
lateral force coe�cient (in absolute values) is of the same order of magnitude as the average thrust coe�cient.

Assuming a number of hawk moths variable in weight and size6,12 the average thrust coe�cient needed
for hover would be around 0:88 to 1:01 (using the average velocity at 75% span position). The thrust coef-
�cients for the motions in the experiment calculated using equation 21 are 2:79, 2:64 and 2:39 respectively,
which is of the same order of magnitude. There are several factors increasing the thrust coe�cient of the
pitch plunge motion compared to the apping motion. The speed of the wing at the root is not zero, which
leads to a large contribution to the force since at the root the chord is the largest. The average speed over
the airfoil is larger since it moves in its entirety, rather than just apping. And last the swept area is larger
for the pitch plunging motion compared to the apping motion.
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Figure 9: Base motion force coe�cients

Table 2: Base motion average force coe�cients

HM1 HM2 Sine

CT 2:79 2:64 2:39

jCLateralj 3:00 2:98 2:39

M 0:47 0:48 0:49

VI. Particle image velocimetry

The particle image velocimetry (PIV) data documents the ow topology. Using ow visualization we saw
a signi�cant axial ow and a large contraction of the wake. Therefor the measurements are taken at half
span with a 2ms time delay between the images and the resolution as described in Section II. These settings
give us a good estimate of the ow topology, while keeping the measurements reliable both in the vortices
close to the airfoil as further away from the airfoil where the ow speeds are much smaller, in the order of
0:7 to 0:1Uref .

For all vorticity plots the vorticity is normalized with the reference velocity, the average tip speed, and
the mean chord, shown in equation 25.

�! =
! c

Uref
(25)

In the middle of the vorticity plots the thrust and lateral force coe�cients are plotted, vertical lines in
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this plot depict the phases, labeled a through f , at which the PIV images are taken.
In the velocity plots, the magnitude of the vectors is only to scale with the other vectors in the same plot.

To give an estimate of the magnitude the maximum velocity for each vertical line of vectors is given at the
bottom of each plot. The maximum measured velocity is normalized by the reference velocity, as depicted
in equation 26.

�v =
v

Uref
(26)

The axes in all plots show the distance in mean chords, with zero being the position of the leading edge
at half span and the mid position of the plunge motion. Note that the chord length at half span is larger
than the mean chord length. The plots are ordered chronologically from left to right, top to bottom. In all
�gures the airfoil is plunging downwards or the plunge velocity is zero, the leading edge points to the left
side of the �gure.

Figure 10 shows the phase-averaged vorticity and streamlines of the phase-averaged ow �eld for hover
motion 1 at half span and phases as indicated. At the beginning of the stroke we see that the LEV from
the previous half stroke breaks into two pieces, a small part owing over the leading edge dissipating almost
immediately and a larger part moves along the airfoil surface to the trailing edge where it interacts with the
TEV or starting vortex. There is evidence of one LEV forming from approximately 0:2 t� until the end of
the stroke. The largest thrust coe�cient occurs at t� = 0:2. After the change in pitch rate at t� = 0:4, where
the largest force coe�cient occurs, another starting vortex appears at the trailing edge. This vortex and
the starting vortex at stroke reversal, which has opposite circulation, combine to form a persistent vortex
structure.

The phase-averaged vorticity and streamlines for hover motion 2 are plotted in Figure 11. Similarly to
HM1, the LEV breaks into two parts at stroke reversal. The larger part joins the starting vortex at the
trailing edge. The other part remains around the leading edge and is entrained and annihilated by the new
LEV having opposite circulation. In this case the LEV detaches between t� = 0:2 to 0:4, stimulated by the
increase of the pitch angle at t� = 0:25. A new LEV forms around t� = 0:4. These ow features correlate
closely with the two peaks in force coe�cients.

In Figure 12, the phase-averaged vorticity and streamlines are plotted for the sine motion. At the start
of the stroke during stroke reversal, the vorticity contours show signi�cantly weaker LEV and TEV vortices
compared to the other two kinematics, which is consistent with the relative low force coe�cient measured
at these phases. For this kinematics the LEV does not form until around t� = 0:2. In this case the force
coe�cients at the beginning of the stroke are small but as the LEV grows larger the force coe�cients
surmount the maximum coe�cients of both HM1 and 2. There is no formation of a TEV at the stroke
reversal, in contrast to HM1 and 2.

In general, the PIV data shows the time history of the ow topology di�ers distinctly. The vortical ow
evolution is very di�erent comparing the three motions. This was also reected in the time history of the
forces, although the average force coe�cients are of the same order of magnitude, i.e. within a 20 % range
with respect to each other.
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Figure 10: Vorticity and streamline plots for HM1 base at half span, CT = 2:79 and jCLatj = 3:00
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Figure 11: Vorticity and streamline plots for HM2 base at half span, CT = 2:64 and jCLatj = 2:98
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Figure 12: Vorticity and streamline plots for Sine base at half span, CT = 2:39 and jCLatj = 2:39
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VII. Summary and conclusions

There are a number of ways to convert a apping motion to a pitch and plunge motions. In this paper
two ways of converting the apping motion of the Agrius Convolvuli to a pitch-plunge motion are presented
and tested. The �rst motion, HM1, ignores the loss of elevation angle and simply translates the apping
angle into a plunge motion by using a reference speed at 75% of the span and uses the feathering angle as
the pitch angle. The second motion is similar but incorporates a correction for the loss of elevation angle
by adding the elevation angle to the feathering angle as a kind of e�ective angle of attack. A third motion
is a pure sinusoidal motion with the same Reynolds number and reduced frequency, i.e. 4; 800 and 0:38
respectively (cf. Agrius Convolvuli).

The thrust production and its e�ciency have been measured For HM1, HM2 and Sine the average thrust
coe�cients are 2:79, 2:64 and 2:39 respectively. For all motion the force coe�cients on average are larger
than the thrust coe�cient of a real moth needed to hover, but they are of the some order of magnitude.
There are several factors increasing the thrust coe�cient of the pitch plunge motion compared to the apping
motion. The speed of the root is non-zero, which leads to a big contribution since here the chord is at its
largest. The average speed over the airfoil is larger since it moves in its entirety, rather than just apping.
And last the swept area is larger for the pitch plunging motion compared to the apping motion.

Hover motion one produces more thrust than hover motion two and the pure sinusoidal motion. The
di�erence between HM1 and HM2 are small, the pure sinusoidal motion produces roughly 14 % less thrust.
The force history plots di�er strongly from one another, indicating a unique vortical ow evolution comparing
the three cases. Hover motion one produces a more constant thrust coe�cient, i.e. compared to the other
motions it has a less steep gradient overall. The force history of hover motion two shows two peaks where the
force coe�cient is approcimately 4. For the purely sinusoidal motion the force coe�cient has a very small
peak in the beginning of the stroke and a large peak near 0:3 t� where the force coe�cient is approximately
6. The propulsion e�ciencies are all of the same order of magnitude, approximately 0:48.

The PIV data reveals detailed information about the ow evolution. For HM1 there is one leading edge
vortex formed during the entire stroke. Per half cycle there two TEV’s created, one at the beginning and
one right before stroke reversal. The second hover motion, HM2, has a slightly di�erent ow topology. Two
LEV’s are formed, one at the beginning of the stroke that detaches as the pitching angle increases further,
the second one is formed when the pitch angles starts to increase again. Similarly as for HM1 there are two
TEV’s per half cycle. The sine motion starts out stalled and then forms one large LEV. There is only one
TEV, starting vortex, at the beginning of the stroke. Clearly, the vortical ow evolution is unique to all
three cases, as was the case for the force history.
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