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Abstract

Recent years have seen an increasing interestaroMiir Vehicles (MAVs). MAVs are small
(micro sized) aircraft and find their applicatiom & multitude of commercial, industrial and
military purposes. To perform their missions MAVhosald be small sized, have good
manoeuvrability, be well controllable and have addk flight envelope. When flying in small
confinements, the ability to fly at low airspeedida have good manoeuvrability is critical. One
type of MAVs, the flapping-wing MAV, particularlyds attractive characteristics for flight in
confined spaces.

DelFly is a biplane flapping-wing MAV designed abdilt at Delft University of Technology.
DelFly is able to hover and has an onboard canweralfservation and vision-based control. For
the DelFly project a top-down approach is followadhere from the study of a relative large
model experience and theoretical insights can beedathat can assist to create smaller,
functional versions of the DelFly. The ultimate aohthe DelFly project is to improve the
design to a very small full autonomous aircraft.

For the current experimental investigation, forod dow field measurements were performed
on a hovering DelFly IlI, since this model has aalrdlight envelope and proven flight

performance. The flow field is studied using paetionage velocimetry. Due to the flexible

wings there is a strong fluid structure interactithrerefore also the in-flight wing deformation

is determined. The aerodynamic mechanism generttings on the DelFly are related to those
found in insect flight. Since leading edge vorti¢egVSs) in insect flight are identified as the

most important unsteady aerodynamic mechanism enfwiift generation for insects, the

development of these for the DelFly are very irgBng. The vortex development is studied for
various wings, at various flapping frequencies andarious spanwise positions.

For the DelFly wing a conical LEV is developed,rsStey at out-board spanwise positions,
approximately halfway during the translation. ThiSV grows larger and is shed along the
chord and at this time a new LEV starts to growthat leading edge. This second LEV is
dissipated at the end of the out-stroke during wotgtion, but at the end of the in-stroke this
LEV moves above the wings and interacts with thenter-rotating LEV from the mirror wing.
Inside the vortex tube a spanwise velocity compbpoettboard is present. The shedding of the
initial vortex and start of a second LEV is not g@detely consistent with LEV development for
insect flight (which typically operate at a loweeyolds number).

The vortex size and strength varies at differeatjfiencies. The LEV strength (circulation) is
decreased for higher flapping frequencies (while thailing edge vortex (TEV) strength
increases for higher flapping frequencies). An @ase in LEV circulation at equal flapping
frequency could also be seen for a high aspedai watig (33% increased AR), which has the
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same stiffener orientation, but a reduced wing @h®his, therefore, is probably an effect of the
decreased Reynolds number.

Another important aerodynamic mechanism increatingst generation for the DelFly, is the
clap-and-peel mechanism, identified in previous resedfchFrom the recorded in-flight wing
deformation it could be seen that during the stéithe out-stroke the flexible biplane wings
peel apart at the leading edge, while they clapttoay at the trailing edge. The peeling of the
wings creates a down flow as well as a spanwise ifheboard and the clap of the wings creates
a downward momentum jet. The down flow suppredsed EV, while the generation of a TEV
is postponed as long as the clap of the trailirgeeds not completed.

A more power efficient wing, resulting from a wingeometry study performed by
Bruggemar?, is compared with the original DelFly Il wing. Fnothe in-flight wing
deformation it could be seen, that the more outdhpéaced stiffeners give the improved wing
more rigidity at these positions during wing ratati The flow field measurements show the
original wing to have a larger LEV during the otrieke. The improved wing shows a stronger
down flow, decreasing LEV size, which might be dni¢he more rigid wing rotation. While the
research of Bruggeman showed the improved wingaie lthe same thrust production as the
original wing, the presented research showed aedeerin thrust, which could be due to various
causes, like small variations in wing mounting] fension and/or deterioration of the driving
mechanism. The cause of the consistently lower p@@esumption over the whole flap cycle
remains unclear, however.
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Description
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velocity component in x,y,z-direction respectively
velocity

Description
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Chapter 1

Introduction

Recent years have seen an increasing interestaroMiir Vehicles (MAVs). MAVs are small
(micro sized) aircraft and find their applicatiom & multitude of commercial, industrial and
military purposes, like observation and search r@sdue missions. To perform these missions
MAV:s should be small sized, have good manoeuvigbliie well controllable and have a broad
flight envelope. When flying in small confinemenlike for example, a building struck by an
earthquake in search of survivors, the ability bp &t low airspeed and to have good
manoeuvrability is critical.

MAVs come in various types, like conventional fixethg aircraft and rotary aircraft. A third
type of MAV has attractive characteristics for fiign confined spaces; the flapping-wing MAV.
Flapping-wing MAVs (ornithopters) may have the #@bito hover like rotary aircraft, while
they lack the high speed rotating blades that maydangerous and are easily damaged.
Flapping-wing MAVS, therefore, are an interestiegearch subject. These MAVs are different
from conventional fixed wing aircraft as they u$eit flapping wings both for a means of
propulsion (thrust) as for a means to sustain fl{gjft). This poses high requirements on their
wing design. Since flapping-wing MAVs are quite ehvmuch of the exact aerodynamics
related to flapping wings and most efficient wingpgetry is relatively still unknown. Nature,
however, already provides excellent examples oflisfiegping-wing flyers: insects. Insects
evolved their flapping wings in the course of noifls of years, so it is logical to draw
inspiration from them when developing flapping-wik@Vs.

In 2005 a student team at Delft University of Tedbgy designed and built an MAV inspired
by dragonflies. This resulted in a biplane flappwigg MAYV, called DelFly. DelFly is able to
hover and has an onboard camera for observatiorvigiwh-based control. Since the start of
the DelFly project, it has been successful at warioompetitions and evolved into a better
model called DelFly I, see figure 1.1. DelFly # already capable of some autonomous flight
and the goal is to keep improving the design taesy small fully autonomous aircraft. The
latest model, the DelFly micro, weighs only 3 graangl has a wing span of just 200 mm.

The success of the DelFly project has triggere@stigations into the various aspects of this
flapping-wing MAV. Among these, also research irtftte aerodynamic and aeroelastic
behaviour of the DelFly wings is conducted, whére presented work is considered to be part
of.
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Figure 1.1.The flapping MAV DelFly Il © Jaap Oldenkamp

1.1 Motivation

The study of the aerodynamics is an important pathe research on the DelFly. Contrary to
fixed wing aircraft the DelFly’s flapping wing desi leads to various unsteady aerodynamic
phenomena and due to the flexible Mylar foil wirtlgere is a strong fluid structure interaction.
A better understanding of these effects can helpntierstand and further improve the DelFly
design. In the recent past, aerodynamic researstbéen performed by De Clerébinto lift
generation during the flap cycle of the DelFlyThis has been done by using an experimental
technique calledParticle Image Velocimetry (PIV). During this research a high speed camera
captured images of particles seeded in the airnardlie DelFly illuminated by a laser. The
images were used to study the instantaneous welfieitd which could be related to the lift
force at that moment, as obtained by simultaneausef measurements. The existence of
vortices developing during the flapping cycle wasndnstrated and the DelFly specifiap-
and-peel mechanism was shown to be effective in enhandfhdol the DelFly 1l. Although
providing valuable first insights in the flow aralthe DelFly wing during flapping, the PIV
research also encountered some problems withrgleictions and poor repeatability due to the
fragility of the model. The construction of a newelBly model and modification of the
experimental PIV set-up could help solve theselprob. The opportunity to improve the model
construction and the experimental aerodynamic amalgupported the need for continued
research on this subject.

The new study on the aerodynamics and aeroelgstimiesented in this report, focuses on
vortex development. The goal of this new researitihoe:

Gain a better understanding of the aerodynamic mechanisms generating forces on a
hovering flapping-wing MAV. With the purpose to further improveit.

For the research, again PIV is used as experimeatdinique to perform the flow field
measurements. A new experimental set-up is consttpevhich again considers a full-scale
DelFly 1l model in hovering condition (vertical) h€ set-up contains two perpendicular placed
force sensors, which makes it possible to perfoftnahd drag measurements. The set-up also
enables power measurements and allows the DelFehio be controlled from a computer.
Since leading edge vortices in insect flight arenified as the most important unsteady
aerodynamic mechanism enhancing lift generationn&ects, the development of these vortices
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for the DelFly are very interesting. The vortex elepment is studied for various wings, at
various flapping frequencies and at various spagpisitions.

Parallel and closely related to the presented relseas the research carried out by Bart
Bruggemar?. During the research of Bruggeman a more robudtraare efficient driving
mechanism was developed. Also a wing geometry stadybeen carried out. Thrust and power
measurements were performed on the same experinier@measuring set-up as used in the
presented research. An optimization study resutednew, more efficient wing. In the current
aerodynamic study both the original DelFly 1l wiagd the improved wing were investigated.

1.2 Thesis outline

The report has the following structure. In cha@ernumber of fundamental aspects of flapping
wing aerodynamics are discussed. Since the flapiigig of DelFly can be related to that of
insects, this chapter discusses some of the aesodgrand aeroelastic mechanisms related to
insect flight. The third chapter presents the nedeaubject: the DelFly Il. In this chapter the
DelFly’s design and flight kinematics are descrileedl also some of the previous research
performed on the DelFly is summarized. The foutlpter gives a brief explanation of the
basic working principle of the (stereoscopic) P\éthod used for the flow measurements. In
chapter five the experimental set-up is describBie specific application of PIV to this
research is described and also the set-up of tike B;md power measurements is described. The
sixth chapter discusses the results of the forcasarements and the flow field investigations.
The concluding chapter summarizes the findingshafpter 6 and gives recommendations for
further research on the DelFly.
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Chapter 2

Flapping wing aerodynamics

The lift generation from the flapping wings of DBIHs based on the same aerodynamic
principles as that of flapping wing insects. Ind#ight has been studied for many years, but it is
only since the last decades the basic aerodynameitisid it has been understood. This chapter
discusses some of these studies and some of fieeedif aerodynamic mechanisms that have
been identified in these studies.

2.1 Introduction to flapping flight

The aerodynamics of flapping flight differs gredflgm that of fixed wings. According to fixed
wing theory, insects cannot even produce enouglolifustain flight!. Although insect flight
has been studied for a long time, the small sizkhagh stroke frequency of insect flight made
it a difficult subject to investigaté. Only since the availability of high speed camehesflight
kinematics and flow behaviour started to be underkt A thorough investigation of the
kinematics of free flying insects that relied ogtispeed film was done by Ellington (1984)
Later the research of Ellingtoat al. (1996)°!, using smoke visualization on a tethered
hawkmoth and a mechanical model, revealed integggtihenomena like a leading edge vortex
enhancing lift.

Recently, the need for small autonomous flyersafemial reconnaissance has increased interest
in MAVs of all sorts®. As these vehicles typically operate under coadéisimilar to that of
(large) insects, this has promoted flapping fligasearch even further. Various aspects of
flapping flight have been investigated on robotimgvmodels, as described in the work of
Ellington (1999), Birch et al. (2004), Singhet al. (2005)® and many others. Reviews on
the v?grlgg)ﬁjs aspects of flapping flight were madeSane (2003} and Lehmann (2004 and
2008).

The advent of PIV as a new experimental flow diagicdechnique provided the opportunity to
quantify the entire instantaneous flow field aroumdlapping wing. At the same time, the
increase in computational power made it possiblep&oform more accurate numerical
simulations of flapping flight. These powerful acaimplementary approaches for flow analysis
allow to study the details of flapping flight. Reteesearch using PIV done by Anseirial.
(2009)™, have shown the aerodynamics of a rotating wingawespond to CFD results of
Wilkins and Knowles (20072
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2.1.1Wing kinematics

Insects use a reciprocating wing motion for flijfit This motion may be decomposed in three
motions: sweeping (fore and aft movement), heayum and down movement) and pitching
(changing incidence angle). In figure 2.1 a schamapresentation of the wing motion is
shown. A complete flap cycle consists of twiceans$iation (a down-stroke and an up-stroke)
and twice a rotation (termed pronation at the erti@down-stroke and supination at the end of
the up-stroke). During the translation the wingwetc sweeping and heaving motion and
almost no pitching. While at the end of a half-k&r@uring stroke reversal (rotation) the wing
pitches rapidly. The exact wing kinematics varigemag different insects and for different flight
manoeuvres. Insects may change their stroke amgge of attack and wing rotatigfi.

Net Force

Pronation Supination

Downstroke
<~

Upstroke

\“&

Figure 2.1.Insect wing motion. The black lines representgbsition of the
wing cross-section, with the leading edge marketh vé solid circle.
Adapted from Singlet al.

2.1.2 Aerodynamic mechanisms

The work of Dickinsoret al. (1999)* identifies three mechanisms enhancing the aeradigna
performance of insects: delayed stall (known addhding edge vortex effect), rotational forces
and wake capture. A fourth mechanism, already iestipreviously by Weis-Fogh in 19%9

is the clap-and-fling mechanism. This wing-wingenaiction is found on some insects during
dorsal wing rotation. In the remainder of this deagthese four mechanisms of flapping flight
are described. In paragraph 2.2 the occurrencdesding edge vortex due to the delayed stall
effect during the translational motion of flappifigght is described. In paragraph 2.3 the
rotational forces enhancing lift during wing rotatiare discussed. In paragraph 2.4 wing-wake
interaction, or wake capture, is described. The-alad-fling mechanism during dorsal stroke
reversal is described in paragraph 2.5. Finallyesefffects of wing flexibility in flapping flight
are discussed in paragraph 2.6.

2.2 The Leading Edge Vortex

In insect flight most lift is produced during thenslational motion of the winy. During the
translation there is a gradual build-up of lift and the airfoil. The same happens for fixed wing
aircraft when starting to move forward. Accordirgthe Kutta-Zhoukowskii theorem which
relates lift to circulation, with increasing lifts the circulation grows™. Kelvin's law states
that the total amount of angular momentum in thérerflow field remains constant. In
consequence, the bound circulation around theilaisftvalanced by a starting vortex of equal
strength, see figure 2.2.
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%\@

Figure 2.2.An impulsive started airfoil sheds a starting eart

In insect flight there is an additional mechanismehhance the lift. Due to a thin airfoil, the
flow can separate directly from the leading edgehigh angle of attacks. Instead of stalling
completely, the stall is delayed during the flagpimotion and the flow reattaches further down
the airfoil, to form aleading edge vortex (LEV). This extra vorticity adds to the bound
circulation of the airfoil to enhance the [t In contrast to blunt airfoils where the flow stay
attached on the upper side of the airfoil and foanssiction peak on the nose, the LEV forms a
suction force on the upper surface that increas#slift and drad’, see figure 2.3.

A B Lift

Result FNormal

FResuIt: FSucti0n+ FNorma

Figure 2.3. Leading edge suction. The sharp diversion of flwund a

blunt airfoil (A) results in a suction force thdtg the normal force towards
the leading edge. While the leading edge vortea trin airfoil (B) gives an

extra suction force parallel to the normal forceirgy rise to extra lift and
drag. Adapted from Saffé

The LEV is already well known to enhance the lift delta wing aircraft. A spanwise flow at
these aircraft due to a favourable pressure gradieng the leading edge is one of the reasons
why a stable LEV is presefif!. Insect flight, however deals with much lower Relgs
numbers. At Reynolds numbers of ordef &gtensive research has been done to investigate th
LEV in the flight of the hawkmothiManduca Sexta ™%, |t was found that the LEV started
from a condition of dynamic stall and formed a cahieading edge spiral vortex analogous to
delta wing aircraft. An explanation for the stayilof the LEV is that a spiralling axial flow
within the vortex core transports energy into ipevortex. Later research by Birehal.!” on a
robotic wing showed the LEV flow structure and spese flow to depend on Reynolds number.
Where a spanwise flow &e = 1400 was present, butk = 120 it was not observed. The LEV
on various insects may therefore appear as (oobwaosed of) several various flow structures.
Figure 2.4A shows the LEV conical structure axdbed for the hawkmoth, while figure 2.4B
shows an LEV structure found for a butterfly whéhe LEV spans across the body and a
spanwise flow in the LEV core is absé&fit
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Figure 2.4. Two LEV structures. (A) Structure described byirigfton and
Birch for a hawkmoth, where the LEV is a conicalapwith spanwise flow
in the vortex core. (B) Structure found by Sryglagd Thomas for a
butterfly, where a single LEV is extending acro$e tthorax and no

significant spanwise flow is present. Adapted flamphreyet al. 2!

2.3 Rotational forces and the Kramer effect

The previous paragraph described that most ofithduring insect flight is generated during
the translation. Direct measurements on a tethityedy fruit fly, Drosophila melanogaster,
however, have shown that peak forces are produsgdgdwing rotatiort”. This might mean
that insects also use wing rotation as a lift eshrgnmechanism. Force measurements on a
dynamically scaled robotic wing based on a frujtlily Dickinsonet al. ™! show these force
peaks to depend on the timing of the rotation. Winenwing starts and finishes the rotation
before it reverses direction, termed advanced iomtata high lift peak can be seen during
rotation. But when the wing starts the rotatioreafttroke reversal, so when already starting the
next stroke, which is termed delayed rotationegutts in a negative lift peak. Insects show
rather symmetrical rotation, which also resultfoirte peaks during rotation, see figure 2.5.

An explanation for the rotational forces may lietle dynamic location of the rotational axis.
During advanced rotation the rotational axis appearbe at the leading edge. This will add
positive rotational circulation to the translatibe&culation which results in a lift peak at the
end of each stroke. For delayed rotation, theimstat axis lies at the trailing edge. This, on its
turn, will add a negative rotational circulation ttee translational circulation and result in a
negative lift peak?.

Another rotational phenomenon is the Kramer eftetied after M. Kramer who first described
it in 19321, This effect is the ability of a rotating airfdid experience higher lift coefficients
than the maximum steady lift coefficidfit A steadily increasing angle of attack with a posi
rotational spin gives an increase in maximum Ildefficient and vice versa. Interesting to note
is that while in this and some other literaturersas Lehmann (2004} a distinction is made
between the two mechanisms above, some othertliteranerge them together, termed either
rotational forces (Sane and Dickinson, 268or Kramer effect (Sane, 2063.
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<¢— downstroke
upstroke —p
translational )
component total lift
0.50 ( /
=3
&= 0.251
£

o
[N

Rotational lift [N]
o

o
(V)

cycles

Figure 2.5. Lift force measured on a dynamically scaled rabeating based
on a fruit fly Re = 136). Measured lift (red) shows force peaks durin
rotation compared with an estimated translationddblue) for symmetrical
rotation (above). The rotational lift (below) isetldifference between the
measured and predicted force. Peaks attributedt&tional circulation are
indicated with black dots, peaks attributed to we&pture are indicated with
white dots. Adapted from Dickinsa al. **

2.4 Wing-wake interaction

Due to the nature of flapping flight a wing encaarstits own wake. This is the case especially
during hovering, since without free-stream velgcigrtices are shed in the wake more slowly
and remain in the vicinity of the wings. The intgian of the wing with its own wake might
have a positive effect on the lift generation. Timechanism, termed wake capture or wing-
wake interaction, has been studied on a robotic fijuby Dickinsonet al.*®. During stroke
reversal vorticity on the leading and trailing edgiehed. These vortices are thought to create an
inter-vortex jet that the wing encounters afteolstrreversal and enhance lift generation, as can
be seen in figure 2.6.

The direction of this extra lift force again depsndn the wing position. The lift force
contribution will be positive when the wake is aapd when the wing is already rotated
(advanced rotation), while it is negative for deldyrotation. The wing wake interaction was
found to be different from the rotational forceschbed in the previous section, since this force
is also present when the wing was stopped at tHeoetranslatiod®. Forces attributed to the
wake capture mechanism are also depicted in figure
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Figure 2.6.Wing-wake interaction. LEV and TEV during transtat(B) are
shed during rotation (C) and create an inter vostesam at the start of the
back stroke enhancing lift (D). Adapted from Lehm&

2.5 Clap-and-fling

Another mechanism that is considered to enhanteslithe clap-and-fling mechanism. This
mechanism has first been described by Weis-Fodl9#3'® and has since then been found on
various insects that maximize their wing stroke alpwing physical contact between their
wings at the end of the up-stroRe This mechanism may also be found in biplane iiobot
aircraft such as DelFly. Here the clap-and-flingpissent between the upper and lower wings
during the end of the in-stroke and beginning efalt-stroke.

A schematic representation of the clap-and-flinghiswn in figure 2.7. At the end of the up-

stroke (B) the leading edges of the wings touclh exdicer before they pronate. The wings rotate
around their leading edges until the wings arellg@), where air is expelled down from the

closing gap to form a momentum jet enhancing When the gap between the wings is closed
the circulation of both wings cancel each other dtis ensures that the trailing edge vorticity
is greatly attenuated or even absent. Since tiign¢r@&dge vorticity shed as a stopping vortex,
slows down the build-up of circulation during thexh stroke, called the Wagner effect, lift is

built up more rapidiy?!.
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Figure 2.7. Schematic representation of the clap-and-fling maesm. At
the end of the up-stroke (B) the wings clap toge(@® and fling apart (D).
Adapted from Lehmany”

During the second part of the motion the wings ptenaround their trailing edges and the
leading edges fling apart (D). This creates a loesgure region between the wings, which
causes air to be sucked in and which is thougbivi® an initial impulse to the start of the build-
up of new circulation, generating a stronger LEMisIcirculation is opposite on both wings, so
Kelvin's law is satisfied and in this phase thex@o need for a starting vor

The relative benefit of clap-and-fling depends b wing kinematic8®. Insects flapping with
a smaller stroke angle have relatively more adggtiom clap-and-fling. Research of
Lehmann and Pick” on a robotic wing based on a fruit fly with a fikstroke angle (160°) and
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geometric angle of attack (50°) show the aerodyndmanefit of clap-and-fling also to vary for
different heaving patterns. The increase in vdrtfoace changes from 1.4% to 17.4% for
varying heaving patterns. Figure 2.8 shows theicadrforce for the depicted pear-shaped
heaving pattern. For this pattern the increaseentical force is 5.8%. It can be seen that the
largest force increase is due to a peak durindititgephase.
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Figure 2.8. Vertical force measured on a robotic fruit fly wishowing

clap-and-fling (red) compared with the same winghaiit clap-and-fling
(black). In the heaving pattern (above) the greyia® shows the location
where the clap-and-fling takes place. Adapted ft@mann and Pick”

Research by Lehmaret al. ?®, using force and PIV measurements shows that ffeet eof
clap-and-fling is not limited to the dorsal stroleersal, but alters the whole spatio-temperal
structure of the wake during the whole flap cydteom the PIV analysis (see figure 2.9) a
reduced downflow during the clap phase was obseduedto the presence of an image wing
(A), which is thought to attenuate the verticalcrDuring the fling a strong fluid influx was
observed, interacting with the vortices from thestqoke (C) and new LEVs during the down-
stroke (D), enhancing the vertical force. Also qward flow is present at the trailing edge
during the end of the fling (D) where fluid is bgisucked into the opening gap.

Fluid velocity (cm s71)
0 3 6 9 121518212427 30

N 4  a

Figure 2.9. Flow field images from the PIV analysis during ttlap-and-
fling on a robotic fruit fly wing Re = 134). Adapted from Lehmaranal. !
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2.6 Wing flexibility effects in flapping flight

In the description of the fling, as presented ia pinevious paragraph, the wings rotate around
their trailing edge. Investigations on the fruit fh tethered flight and on several other insects
have shown the wings to rotate around their leaditgg™®. Flexibility of the wings allows the
wings to peel apart under influence of a stronglfkiructure interaction. This kinematic pattern
has been termed clap-and-peel. During the peekldstic wings physically touch, closing the
gap between the wings and preventing fluid froom@peiucked upward. In this sense it could be
said that the actual clap, where the trailing eddag together, is postponed such that the clap
and the peel take place simultaneously. A numecaalparison of clap-and-peel with clap-and-
fling at low Reynolds nhumber&¢ < 64) shows that the flexibility of the wings magduce drag
and improve liff?".

The wing deformation in insects and flapping-wingAWt is usually a passive phenomenon,
meaning that it is not actively controlled, but tlesult of the inertial, elastic and aerodynamic
forces acting on the wings. Observations of thegvkimematics of the hawkmoth at 15% air
density by Combes and Danffél revealed that the wing deformation is due mainlelastic-
inertial forces, where aerodynamic forces only pdayninor role as a means of dampening
mechanism. High speed camera images of the DefFlyacuum, on the other hand, revealed
that aerodynamic forces are important for the BDelving deformation (see paragraph 3.3).
Since the DelFly has relatively large and thin Myfail wings, in-flight wing deformation is
severe. Besides the clap-and-peel mechanism, véxgoifity is thought to also affect force
production in other manners. Tests on the origDelFly revealed that increased spanwise
flexibility, which makes a heaving motion possibleas positive effects on DelFly flight
performance. Recent measurements performed by eteath al. *® confirm the positive effect
of spanwise flexibility.

The effect of chordwise flexibility has also beewdstigated. Numerical resealé#?® has
shown chordwise flexibility to also have a positieffect on force production. Investigations
into the flow structure revealed a more attache¥ k& a flexible wing, which could explain
the larger force production. Experimental researcheal hawkmoth wings by Mountcastle and
Daniel® show that fresh (more elastic) wings cause stnrodgenward fluid flows, and hence
are more beneficial to lift than dry (more stiffings. A detailed data base of wings with
varying wing elasticity was generated by Ztea@l.*® The experiments were performed on a
robotic wing atRe = 2000, where it was shown that aerodynamic focoesd be controlled by
altering the flexibility of the trailing edge. Herewas found that a wing at moderate angle of
attack with a more rigid trailing edge generatedyda vortices and therefore increased
aerodynamic forces. In the context of the presevdstigation, the effect of wing flexibility on
DelFly has been investigated by changing the wiiffgsers location and orientation, as can be
read in chapter 3.



Chapter 3

The flapping MAV DelFly

DelFly is a bio-inspired ornithopter designed andtlat Delft University of Technology (DUT).
The DelFly project started as a student designeptan 2005. The first version of DelFly, a
vision based flapping MAV, won the price for the sh@xotic design during the EMAYV '05
competition in the summer of 200%. Since that moment, the interest and research into
flapping MAVSs has increased at DUT. For the Delpitgject a top-down approach is followed,
where from the study of a relative large model eigoee and theoretical insights can be gained,
that can assist to create smaller, functional vessiof the DelFI{*?. New research led to an
improved version of DelFly, called the DelFly lgesfigure 3.1. For DelFly Il the wing span
had decreased from 330 mm to 280 mm and the wamhtbeen reduced from 22 g to 17 g.
Furthermore the V-tail had been abandoned in faedux more conventional cross-tail. This
meant the DelFly Il was more stable and betterrodable.

Figure 3.1.The flapping MAV DelFly Il in flight © Jaap Oldeaknp

In 2008, a further down scaled version of DelFlysveeveloped, DelFly Micro. This version
has 100 mm span and weighs only 3 g, while it stillries an onboard camera. This small
flapping MAV is capable of forward flight, but is inot yet capable to hover. DelFly II, on the
other hand, is able to hover and is more stabl¢Flp#l has been the subject of much of the
previous research, making it a proven and welktésbnfiguration. This is the reason why also
the subject of the current study is chosen to beD#@lFly 11, in this report further referenced as
simply DelFly.
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This chapter will describe the DelFly Il design aoehstruction and discusses some of the
previous research performed on DelFly. In parag@&fhthe design of DelFly is described; its

dimensions, the wing configuration, the driving tm@aism and materials used for construction.
In paragraph 3.2 the DelFly flight kinematics aesctibed, while paragraph 3.3 summarizes
some elements of the previous research performewéstigate the aerodynamic behaviour of
the DelFly.

3.1 DelFly design

The DelFly has a biplane flapping wing design. Titeén fuselage is a light carbon tube and the
front part is a sandwich construction from 2.5 matsh wood and carbon cldtfl. The crank-
shaft mechanism operating the wings is driven byushless motor for low resistance. Another
advantage of this type of motor is that it allowsrenaccurate measurements to the motor, while
measurements to a brushed motor would prevent @ecoreasurements due to heating and fast
ageing of this type of mot&. The motor drives pushrods up and down via a geanlith gear
ratio 1:20. The pushrods are connected to hingeshich the wing leading edges are mounted,
see figure 3.2.

Figure 3.2. Photo of the DelFly showing the driving mechanismith a
camera mounted on the front © Jaap Oldenkamp

The wing and tail surface is made out of 5 mictdoiok Mylar foil. The wings have D-shaped
carbon rods (0.7 x 1.4 mm) as leading edges anditige foil is reinforced by carbon stiffeners
(00.28 mm)*Y. The wings are placed under a small positive dileahgle,, of 12 degrees
and have a maximum flap angle, of 44 degrees. Past resedfchhas shown that the most
power efficient operation occurs at a maximum flapgle of approximately 30 degrees,
however in its present configuration the DelFly laasaximum flap angle of 44 degrees to
maximize the payload lifting capability. The layocand dimensions of the DelFly wing are
given in figure 3.3. DelFly has a semi sfamf 140 mm and a semi wing arSaf 112 cm.
More complete specifications are given in apperdix
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Figure 3.3.DelFly wing layout, showing dimensions and stife(dashed)

3.1.1 Similarity parameters

Dimensionless parameters characterising the fkgiematics and aerodynamics of the DelFly,
allow for a meaningful comparison to be made teptMAVs or to insects. This report uses the
same conventions as used by EllingtinAs dimensionless measure for the flight speee, th
flight velocity is divided by the mean wing tip eeity. By analogy to propeller theory this is
called the advance ratib

J= (3.1)

For the DelFly,J varies from 3.0 during maximum forward velocity @ofor hovering, see
paragraph 3.2.

Unsteady aerodynamic mechanisms in flapping fligre also affected by viscous forces,
expressed by the scaling of the Reynolds nuffibdthe Reynolds numbeRe, is the ratio of
inertial forces to viscous forces in a fluid. TheyRolds number is defined here based on the
mean chord length and the mean wing tip velocity:

v,
v

Re= (3.2)

The Reynolds number range at which the DelFly dpsraaries from approximately 38,000
during maximum forward flight to 15,000 during hoivg flight.

Other similarity parameters of importance for flaggpflight are the Strouhal numbe®, and
Rossby numbeiRo. The latter relates the inertial forces to Cosidtirces and is defined &%;

/2
Ro= \2/‘
Q°RC

(3.3)

Where Q is the mean angular velocity. The Strouhal numbenon-dimensional frequency,
based on wing flapping amplitudeand mean tip velocity:

g=" (3.4)

t




16 The flapping MAV DelFly

The value of the Strouhal number is known to havenaportant influence on the structure of
the vortex wake produced by flapping flight andnde on thrust generatiG. Many animals,
among birds, insects and bats, cruise at a naraoger of Strouhal number, between 0.2 and
0.4P% A minimum Strouhal number for thrust productiaastbeen identified as approximately
0.06"%. DelFly flies at Stouhal numbers in the rangeraximately 0.16 for maximum flight
velocity to 0.49 for hovering flight, see appengix

3.2 Flight kinematics

The DelFly has a broad flight envelope, capablé& of/s forward flight, hovering and even up
to 1 m/s backward flight?. The range in terms of advance ratio is 3.0 teidich is large
compared to insect flight. The maximum advance i larger insect like the bumble bee and
the hawkmoth, is typically in the order of 0

In forward flight the relative velocity on the wing determined by the flight velocityW/{ign),

the flap velocity Vnap, determined by the flapping frequency) and the meash velocity
(Vaoun) . The flight velocity is related to the orientatiohthe DelFly, at large forward velocity
the DelFly is positioned almost horizontally and flap plane is close to vertical. The thrust, by
definition oriented along the fuselage, is primatised to overcome drag, while much of the lift
(to overcome body weight) is generated by the flighlocity, similar to conventional fixed
wings, see figure 3.4. The flapping frequency igragimately 11 Hz for level flight..

Lift
Vrelative
Thrust d \
" Viiight —>l
‘ ——~— Vﬂap
/Xfé‘ Vdown ¢

Figure 3.4. Side view of DelFly in level flight, with an indition of the
wing chord orientation during the flapping motiavhere the bottom of the
leading edge is indicated with a triangle. Alsoidatied is the orientation of
the force and velocity vectors, with arbitrary \wcize

For hovering flight the DelFly is oriented vertigahnd the flap plane is horizontal, see figure
3.5. The relative velocity is now only determingdtbe flap velocity and downwash. The thrust
vector is also tilted in vertical direction andrisw the provider of the lift force. The wing
motion is symmetrical and aerodynamic forces onvttmgs in the horizontal plane cancel each
other out. The flapping frequency needs to be asmd for sustained hovering flight and is
approximately 13 Hz.
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Figure 3.5.Side view of DelFly in hovering flight, with andication of the
wing chord orientation during the flapping motiavhere the bottom of the
leading edge is indicated with a triangle. Alsoitadied is the orientation of
the force and velocity vectors, with arbitrary \wcize

3.3 Research and development

From the start in 2005 the DelFly project has b&dject of research to improve it on various
fields of interest. From the development of DelRlyn 2006, this version of the DelFly has
been the main research platform. This researcHdob® various structural improvements, as
well as improvements in the area of aerodynamiak @mtrol and stability. Because of its
stable flight, DelFly is especially suited for exipgents with autonomous flight. Recently, at
the IMAV 2010, full autonomous vision-based flightis been demonstrat&d. In this
paragraph some of the relevant research on DedFliscussed.

3.3.1 Aerodynamics and aeroelasticity

During each wing beat of the DelFly, its wings ambjected to severe passive wing deformation.
Research into the wing deformation under normal ander vacuum conditions performed
independently by Bradshaw in 2088 and by Groen and Bruggeman in 2010 has shown that
both aerodynamic forces as well as elastic-ineftides are important. Figure 3.6 shows high
speed images of the wing deformation in air andaicuum. Under vacuum conditions the wing
surface behaves more rigid in chordwise directiod during wing rotation the elastic inertial
forces cause the trailing edge to overshoot théomaif the leading edge due to the lack of
aerodynamic dampening. When air is present, thedgeamic forces cause the wing to heave
and show chordwise deformation. A detailed desoripof the in flight wing shape is found in
paragraph 6.2.

The wing deformation due to aerodynamic forcespeeial apparent during wing rotation. The
flexible structure of the wing gives rise to thapland-peel mechanism during the wing rotation
preceding the out-stroke, see paragraph 2.6. Aeardic research performed by De Clercq in
2009™ using PIV focussed on the clap-and-peel mecharigra.research has shown that the
most important augmentation in lift generation i do the peel motion during the out-stroke.
This gives a more gradual build-up of the circaatiwhich is thought to prevent an unstable
LEV from shedding. The PIV analysis revealed a canvortex structure above the leading
edges during the out-stroke. At the moment theitepddges clap together an upward fluid
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motion was observed. During the clap of the trgikiges, a momentum jet augmenting the lift
was present at some positions along the span. dlwavdard expelled fluid was thought to roll
up in two vortices. During the rotation precedihg in-stroke an LEV was thought to form and
together with the shedding of a starting vortexaere the thrust during the in-stroke. This LEV
was, however, not visible due to optical blockagehe wing itself.

Figure 3.6.High speed images of the DelFly flapping at 12itdair and in
vacuum at various percentages of the flap cycleedna cross-section of the
wing chord is sketched at approximately 50% wingrsprhe phase in the
flap cycle is indicated witht. At t=0 the leading edges touch, with
0 <1 < 0.5 being the out-stroke and &3 < 1 the in-stroke
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3.3.2 Performance improvements

Parallel with the research presented in this repmrstructural research into performance
improvement was performed by Bart BruggefiarDuring the research of Bruggeman a new
driving mechanism was developed and a wing geomstngly was performed in order to
optimize wing performance.
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Figure 3.7. Stiffener location and orientation of the originging (A) is
changed for the improved wing (B), while the wingface area and layout
is kept unchanged

For the wing geometry study a systematic approaak fellowed, where the location and
orientation of the stiffeners was varied, while estiparameters such as wing area and wing
shape were kept constant. Force and power consumptiere measured on the same
experimental set-up as described in chapter 5. Aasnre of performance the ratio of thrust
over power consumption was used. The improved wesglting from the wing geometry study
(see figure 3.7) showed a 5% improvement in thimgtewer ratio with respect to the original
DelFly wing. The difference between the originatlamproved wing is especially found in the
more favourable power consumption. The thrust gdimer of both wings is approximately
equal (at the same flapping frequency) but the awpd wing has a 5% reduction in power
consumption.

The influence of stiffener thickness was also itigesed. Increasing the stiffener thickness
resulted in a higher thrust generation, but a loteust-to-power ratio. Also fixing the
stiffeners to the leading edge led to a higherdhrhut lower thrust-to-power ratio, which is
therefore thought to be an effect of the increagdthess. Changing the area distribution to a
more bat-like appearance had a positive effecherthirust-to-power ratio, but the wing did not
reach the thrust level needed for sustaining hogdtight.

During the research of Bruggeman also a new drivilchanism was developed. The new
driving mechanism is made from polycarbonate, aadufactured using injection molding, see

figure 3.8. This mechanical made driving mechansmuch more robust, better reproducible,

35% lighter and is made with smaller toleranceanttine original handmade mechanism. Since
the motor and gears operate in the same planedsrtges, the new driving mechanism is also
more efficient. Important to note is that the reskalescribed in the remaining chapters of this
report was performed with the original driving manksm, since the new driving mechanism

was not available at that time.
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Figure 3.8.Photo of the DelFly showing the improved drivingechanism

The improvements in power consumption from the aege of Bruggeman are summarised in
figure 3.9 (for these measurements the thrust géineris approximately equal at the same
flapping frequency). For the DelFly model operataig flapping frequency of 13 Hz (hovering

conditions), the improved mechanism resulted i0% power reduction and the improved wing
for a 5% power reduction. In total an improvemeh26% in the thrust-to-power ratio was

obtained.
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Figure 3.9. Average power consumption, showing the improvesémm
the new wings and new driving mechanism

The measurements performed in vacuum conditiorSriogn and Bruggeman made it possible
to estimate which percentage of the power consumisi due to mechanical losses and elastic-
inertial effects. These results are also showrigaré 3.9. For the improved wing mounted on
the improved mechanism flapping at 13 Hz, the pawquired to overcome the elastic-inertial
forces is 8% of the total power consumption in &fre power required to drive the motor, gears
and hinges accounts for 16% of the total power wonsion in air.
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The aerodynamic power, defined as the total poveersemption in air minus the power
consumption in vacuufi, is approximately constant for both the improved ariginal wing
along the operational frequency range and is 772%610f the total power consumption in air.
These results, for a DelFly operating at a stralgieaof 44 degrees, show a higher contribution
of the aerodynamic component than in the result®midshawet al. *%. The research of
Bradshawet al. showed the aerodynamic power to be approximat@dy for a stroke angle of
36 degrees and 20% for a stroke angle of 24 degfédes results of the new experiments
confirm this trend, that the relative contributiohthe aerodynamic sources to the total power
consumption increases with the stroke angle.
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Chapter 4

Particle Image Velocimetry

Particle Image Velocimetry (P1V) is a measuremeghhigue that has been successful since it
has been introduced about twenty years ago. Pé&hisn-intrusive measurement technique that
provides instantaneous information on the entirdooiy field within the domain of
observatio®®. Due to the non-intrusive nature and ability tomwhthe whole flow field,
unsteady aerodynamic features such as separatiovoaiices can be studied, which makes PIV
well suited for the investigation of flapping flighn chapter 2 already some research has been
described in which PIV was applied to flapping Hiig Also during previous aerodynamic
research on the DelFly carried out by De Cléfgghe flow around the flapping wings was
studied with PIV. The research described in thporeagain uses PIV as main experimental
measurement technique to further investigate tv field during the hovering flight of the
DelFly.

This chapter will briefly explain the basic opengtiprinciples of PIV in paragraph 4.1. In

paragraph 4.2 the three-component PIV method,ageopic PIV, which has been used in the
current research on the DelFly, is described. Fooee complete review of PIV one is referred
to Raffelet al.®®. The actual implementation of the PIV method ie fitesent experiments is

given in chapter 5.

4.1 Basic principles

PIV is based on the imaging of tracer particles tieve been seeded into the flow, see figure
4.1. The particles need to be small enough to Insidered non-intrusive to the flow and are
considered to follow the flow without slip. The peles are illuminated by a light sheet,
typically from a laser source, since they providagh energy light source. The laser gives two
light pulses during each of which the light scattkby the particles is captured in two separate
images by a digital camera. The digital recordirage dived in small subareas called
‘interrogation aread®®. The displacement of the particles between the tmages is
determined with statistical methods (cross-cori@dt where it is assumed that the particles
within the interrogation area have moved homogesigourhe local velocity vector in the
imaging plane is then calculated by taking intoocact the time separation between the two
illuminations and the magnification at imaging.
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PIV offers a non-intrusive velocity measurement.comtrast to measurement techniques that
use probes in the flow field, like pressure tubeba wires, PIV uses optical techniques. This
prevents the local flow field to be disturbed by tmeasurement itself. Another advantage of
PIV is that it provides information on the wholestantaneous flow field. Because of the large
special resolution, large structures in the flowm t@ detected, even in unsteady flows. Other
measurement techniques (by means of probes likevinetanemometry or optical techniques
like Laser Doppler Velocimetry) determine the vélpin a single point. They, however, do so
with an often (much) higher temporal resolutioneTiemporal resolution (frame rate of the
images) of PIV measurements is restricted by thexifpations of the technical equipment,
notably the laser repetition rate and the camerameaead-out speed.

PIV determines the particle velocity instead of tmtual flow velocity. The fluid velocity
measurement is therefore indirect, where it is mgsuthat the particles follow the flow without
slip. The particles should therefore be small agidtlenough (ideally the particles should have
the same density as the fluid) in order to havenallsresponse time to variations in the fluid
velocity. Response times of gquin particle in a strong decelerating air flow (stepponse) are
in the order of 1Qus®®® and should therefore especially be considered wdeafing with high
speed air flows and shockwaves.

Opposing the size requirement the particles shalslol possess good light scattering behaviour.
The determination of the particle displacement ftbm PIV images is related to the contrast of
the particles with respect to the background. Talpiacer particles used in air flows are fluid
particles such as water based droplets or oil dts@ind solid particles such as titanium dioxide
(TiO,). TiO, particles posses good scattering behaviour, leualap hazardous when inhaled, so
should only be used in a closed-loop air flow. Tight scattering also depends on observation
angle. Figure 4.2 shows the polar distributionhef $cattered light intensity for an oil particle in
air for light with wave length of 532 nHf.
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Figure 4.2. Light scattering by a lum oil particle in air. Adapted from
Raffel et al.

Care and experience are required in the realizatiangood PIV experiment, which involves a

number of choices on the construction of the setn@ on the values of some typical PIV

experimental parameters. The illumination and wgngeometry may impose restrictions, such
that some parts of the flow field information cam Ibst due to reflections or blockage of the

light sheet. When setting up a PIV experiment diignment of the laser sheet in the focal plane
of the camera is important, as well as the geouoatcalibration of the laser sheet optics and the
imaging equipment.

The imaging system is characterized by the focagtle of the imaging optics (lens), the
aperture numbef; (given by the focal length divided by the apertaliemeter) and the
magnificationM of the measurement plane on the image plane @eldew)®®. The aperture
number is important in determining the image sizpasticles (for a calculation of the aperture
number and particle image size for the presentarebe see paragraph 5.5). Since the particles
are geometrically small, the image size is largidtermined by the diffraction effect. A higher
aperture number leads to a larger particle image. Sio permit a good determination of the
velocity, it is important that the image size oparticle on the chip of the digital camera is
larger than one pixel. When smaller, the particépldcement and hence the velocity can only
be determined in discrete steps. This effect ieddpeak locking’. A good image size for the
particles is approximately 2 pixels, in that casle-pixel accuracy can be obtained.

The laser pulse time should be short enough todastweaking and the time between the two
pulses should be long enough to distinguish loveciges and short enough to prevent the out
of plane velocity component to move the particlasaf the light sheet, which deteriorates the
correlation between the two images. The most comitiamination device used for PIV
experiments is the solid-state frequency-doubledYN@, that emits laser light with a
wavelength of 532 nif’.. It produces pulse energy ranging between 10 mJlah With a very
short pulse duration (between 5 and 15 ns) thisument is suited to illuminate flows without
any limit on the flow speed. The repetition rateNaf: YAG systems ranges between 10 and 50
Hz. This low repetition rate poses a limitationp@rforming time-resolved experiments. As an
alternative, also high speed PIV systems are dlaijlavhich use a Nd:YLF laser. Nd:YLF
lasers are capable of emitting pulses of energydmt 10 and 30 mJ at a repetition rate of 1 to
5 kHz. When there is no need for a high repetitrate, the Nd:YAG provides better
illumination of the particles. Because of the hetilemination, the camera diaphragm can be
smaller which means a higher aperture number asldieance of peak locking. To capture the
images at a framing rate that matches the lasemitiation rate, also different camera
technologies are available: relatively slow, bighhguality CCD-cameras and the much faster
CMOS cameras.
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4.2 Stereoscopic PIV

A drawback of the ‘classical’ (i.e. planar) PIV et is the fact that it is only capable of
recording the projection of the velocity vectorarihe plane of the light shé&. Information
about the out-of-plane velocity component is loshile the measured in-plane velocity
components are affected by a perspective error.nflwe cameras are used in a stereoscopic
set-up the perspective projection can be usedttaaxhe out-of-plane velocity component, see
figure 4.3.

Camera 1l Camera 2

Figure 4.3.Stereo viewing in the XZ-plane. Adapted from Rbéeal.

The obligue camera angle results in a misalignmeetiveen the focal plane and the

measurement plane. To correct this, the cameraidemsunted in a device that can tilt it from

the image plane such that the focal plane and memsut plane are aligned (the Scheimpflug
condition). The perspective distortion of the relmar images is corrected with the use of a
calibration plate with a dotted pattern, see figurke

Figure 4.4.Two-level calibration plate. From Raffedal.

The calibration plate is placed in the measuremkarte and images are taken of the calibration
plate. The pattern on the calibration plate carubed to relate the image dimensions to the
actual geometric dimensions. An algorithm can beerthat maps the pattern on the recorded
image, to an aligned raster of dots on a reconsimuicmage, see figure 4.5. Once the mapping
algorithm is determined it can be applied to retoies all recorded images.
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Figure 4.5. The mapping algorithm maps the recorded imagé) (lefo a
corrected image (right). Adapted from Raféehl. =2

A small misalignment between the calibration pktd the measurement plane may still lead to
calibration errors. To compensate for these remgimeirrors, a further calibration step can be
applied. This method referred to as ‘self-calilmati uses cross-correlation of images taken at
the same moment by both stereoscopic placed canerasther warp the corrected images

such that the images of both cameras are exaajlyeal.
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Chapter 5

Experimental set-up

In chapter 2 the aerodynamic mechanisms of flapgiigint are described. Much is still
unknown about how these mechanisms work in progidifi for the DelFly and how the
aerodynamic performance of the DelFly may be impdoMn chapter 3 a new wing has been
described which provides the DelFly with an impmrbvhrust-to-power ratio. To gain a better
understanding of the aerodynamic mechanisms dthimflapping flight of DelFly Il in general,
as well as to compare the original DelFly Il wingthwthe improved wing an experimental
investigation has been conducted. During these uneaents stereoscopic PIV is used to study
the flow field structure. Simultaneously the upwéotce generated by the DelFly is measured
as well as the power consumption.

In paragraph 5.1 the experimental set-up with theara orientation is described and in
paragraph 5.2 the two experimental campaigns \Wiir test matrices are described. Paragraph
5.3 discusses the force measurement and DelFlyatdyt means of a micro controller board.
The PIV equipment used during the experiments seriteed in paragraph 5.4 and the settings
used for this equipment can be found in paragraph 5

5.1 Introduction to the experimental set-up

Experience gained by previous research carriecbouthe DelFly Il by De Clercq in 2009
was exploited in setting up the new experimentshéresearch of De Clercq the flow field of a
hovering DelFly was studied while at the same tiiorees were measured. The choice was
made for the hovering flight regime, since all girgenerated by flapping is needed to stay
airborne. From this perspective hovering flighthe most demanding flight mode within the
flight envelope. Also in comparison to forward fitg unsteady flow features like vortices are
expected to be more dominant within the flow. Tlegvffield was studied using high speed PIV
measurements. The upward force (thrust) was mehsigiag strain gauge based load cells. A
micro controller board was used for the controltlud DelFly, the processing of the force
measurements and the triggering of the PIV systdm. focus of the research has been on the
clap-and-peel mechanism. With this reason the labeet was oriented such that it was
perpendicular to the symmetry plane between theugppd lower wing, see figure 5.1. The PIV
measurements were performed with a high speednsystaking a time resolved series of 500
images at a frequency of 1000 Hz. The measuremeate performed at four spanwise
locations (25%, 50%, 75% and 100% of the span)fanthree different fields of view. As an
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alternative also phase-locked measurements wefermed at a span of 75%, where the flow
field was averaged over 150 images.

X
T_E
Laser sheet ‘

Cameras
horzontal in line

DelFly

under fixed angle Q

Figure 5.1. Top view of the experimental set-up as used byChscq
with the cameras placed horizontal, where the ithation by the laser is
from below, hence perpendicular to the figure plane

Also the current research considers the hoverightflset-up, since the previous research has
left enough room for improvement and a lot of fleatures remained unclear. A large problem
encountered during the previous research was #a leght directly reflecting from the wing
surface to the cameras. This meant that a larggoparf the flow field remained unknown. A
further drawback of this viewing approach, was that laser sheet orientation remained fixed
with respect to the DelFly body. This implied tHat different wing positions the relative
spanwise position of the measurement plane vafibdrefore, in the present investigation a
phase-locked visualization approach was adaptederavithe laser sheet is oriented
perpendicular to the wing surface and the cameaplaced parallel to the leading edge, see
figure 5.2. With this viewing approach direct refiens are significantly minimized and also
measurements can be done on a constant span.

L

Laser sheet

Cameras
vertical in line

|: CAM1,2,3

DelFly
under variable angl

Figure 5.2. Top view of the experimental set-up with the caameplaced
vertical, where the illumination by the laser isorfr below, hence
perpendicular to the figure plane
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Results from the previous research showed the filglh around the biplane wing configuration
to be symmetrical. This implied that for the cutressearch, the PIV measurements could be
limited to the flow field around only one of thengis. The DelFly model is rotated in discrete
steps of ten degrees, such that the upper wingnigaige remains perpendicular to the laser
sheet. The current research studies vortex devaopend wing shape. With this set-up the
leading edge vortex development is visible withay optical blockage from the wing itself.

Since reflections were a large problem during threvipus research the phase-locked
measurements yielded better results than the @sawed measurements. Phase-locked images
can be post processed better and for the flow dialdverage can be taken to partially cancel the
effect of spurious velocity vectors caused by atitens. So for the current research the choice is
made to perform the measurements only in a phagedomanner. Another advantage of phase-
locked measurements is that it does not longerimedhe high speed PIV system. The low
speed PIV system uses a laser with a higher emevgl/per pulse. This gives better illuminated
images, so particle visibility increases and pestking (see paragraph 4.1) reduces.

5.2 The experimental campaigns

For the present research a new experimental setgbuilt. This set-up is designed such that a
full-scale DelFly can be fixed to the constructenmd with relative ease can be exchanged with
another model. The set-up has two perpendiculdalyepl force sensors to measure forces both
in the thrust and normal direction, making the wget-also suited for forward flight
measurements. For the hovering set-up it is sefiicto only consider the force in thrust
direction. The in-flight orientation for a hoveririgelFly is vertical; hence the model is also
placed vertically in the set-up. For hovering fligthe upward force is equal to the thrust
generated by flapping, which is also the lift tlsgproduced.

Figure 5.3. The experimental set-up with highlighted the ¢ DelFly I
model showing the orientation of the laser plah@&dtcamera not visible)

The experiments are conducted in two campaignshénfirst campaign a tailless DelFly Il
model with the original DelFly Il wing is mountedh dhe set-up. The set-up is placed in an
enclosed space which can be filled with seeding [Biser illuminates the model from below
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and the region of interest is imaged by three camesee figure 5.3. A third camera is added to
the stereoscopic PIV system to have some redund@ncppe with areas where reflections
obscure the particles. Using the three camerasethnee 2-dimensional flow fields can be
calculated, with the velocity components in the sseament plane. Using a stereoscopic PIV
configuration between different camera pairs, idigaoh three flow fields can be calculated
with an out-of-plane velocity component.

y O
Z Laser sheet

300 mm
DelFly model
! 0 530 mm 340 mm E CAM3
k E E :5 G
9= 295° 300 mm

{7

Figure 5.4. Front view of the camera set-up during first ekpental
campaign, where the illumination by the laser @frbelow, hence from the
bottom of the figure

The angles between the cameras are 29.5 degredigae® 5.4. According to research of
Lawson™ on an approximately similar PIV set-up, the idealgle between cameras for
stereoscopic PIV lies between 40 and 60 degreessifg stereoscopic PIV between camera 1
and camera 2 will satisfy this criterion, while nggicamera 3 in the stereoscopic PIV will result
in an increase in the root-mean-square-error ferott-of-plane velocity component to 5% for
small particle displacements, which for the curneagearch is still acceptable since no exact
quantification of the out-of-plane velocity compaohé sought.

During this first campaign 50 phase-locked imagestaken at each phase. The flap cycle is
sampled at intervals of 4% of the complete flageythe flapping frequency is initially chosen
to be 13 Hz, which corresponds to the flappingdesgy of a hovering DelFly. However during
the measurements the model could no longer suppsrfrequency due to wear. Most of the
measurements are therefore performed at a reduegaeihcy of 11 Hz. The measurements are
performed at five spanwise positions between 60 measured from the root of the wing and
the wing tip, which is at 140 mm from the root bétwing. Measurements done closer to the
root suffered from large reflections, since a largeea of the wing is illuminated by the laser.
The influence of frequency and span is investigateal limited number of positions during flap
cycle. The complete test matrix can be found itet&bl.
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Table 5.1.Test matrix for the first experimental campaign

Wing Flapping frequency  Spanwise distance Number of
from root measurements
Original wing 13 Hz 100 mm 10
Original wing 11 Hz 140 mm 15
Original wing 11 Hz 120 mm 26
Original wing 11 Hz 100 mm 26
Original wing 11 Hz 80 mm 2
Original wing 11 Hz 60 mm 1
Original wing 9 Hz 100 mm 14

For the second experimental campaign again a gail@elFly Il model is used, this time
equipped with the improved DelFly Il wing, whichshheen described in paragraph 3.3. To
further investigate the effect of the Reynolds namtalso a series of measurements was
conducted on a high aspect ratio wing, which hasnaller chord length. Measurements are
conducted in the same way as done in the first aggnp Additional measurements are
performed with the DelFly model placed with thede@ edge down to have unobstructed
illumination of the flow around the leading edgdudy of flow field and force production
showed this to have no effect, since inertial amedions during flapping are of higher order
than the gravitational acceleration. A preliminatydy of the results from the first campaign
showed that the middle camera yields little extifarimation, so this camera was omitted in the
second campaign. The anglehas been reduced to 19.7 degrees such that itmests the
minimum criteriort*”, see figure 5.5. With this set-up two 2-dimensidtmav fields and, using
both cameras in a stereoscopic configurationhadle velocity components in the measurement
plane can be determined. At every phase again &8eplocked images are taken. The flapping
frequency is varied from 9 Hz to 13 Hz and the sps@ position of the measurement plane is
again varied from 60 mm to 140 mm, as can be sed#meitest matrix in table 5.2. Based on the
analysis of the preliminary results from the ficdmpaign, the number of phase-locked
positions during the flap cycle has been increaBedling the translational phase of the flap
cycle measurements are now performed at interd&%ooof the flap cycle.

y
z Laser sheet

205 mm
DelFly model

% , 573 mm
\ N8

0=19.7°

D

205 mm

1 .m
Figure 5.5. Front view of the camera set-up during second rxgatal

campaign, where the illumination by the laser @frbelow, hence from the
bottom of the figure
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Table 5.2.Test matrix for the second experimental campaign

Wing Flapping frequency  Spanwise distance Number of
from root measurements
Improved wing 13 Hz 140 mm 37
Improved wing 13 Hz 120 mm 37
Improved wing 13 Hz 100 mm 37
Improved wing 13 Hz 80 mm 8
Improved wing 13 Hz 60 mm 8
Improved wing 11 Hz 120 mm 37
Improved wing 11 Hz 100 mm 37
Improved wing 9 Hz 100 mm 37
High AR wing 13 Hz 140 mm 8
High AR wing 13 Hz 120 mm 8
High AR wing 13 Hz 100 mm 37
High AR wing 13 Hz 80 mm 8
High AR wing 13 Hz 60 mm 8
High AR wing 11 Hz 100 mm 37

5.3 Force measurements and DelFly control

For the force measurements and DelFly control,stoon made micro controller board has been
used. The micro controller board is used to guamaat high and constant sampling frequency
and is connected to a PC with a serial conneciitve. controller board has a PID-controller
which operates the DelFly motor controller and oalst the wing flapping frequency. The
flapping frequency is measured by counting the mptdses. Every motor revolution requires
three motor pulses and given a gear ratio of 1:2Qah of 60 pulses per flap cycle are recorded.
The DelFly model is also equipped with a Hall sengloich gives a pulse once every flap cycle
to compensate for drift. These measurements apeuaksd by the controller board to generate a
triggering pulse for the PIV system. For the phas&ed measurement, triggering needs to be
done every time the wing is at the same positiorthia flap cycle. Since wing flapping
frequency varies by 10% during each flap cycle, mha@tor pulses are used to provide an
accurate measurement of the wing position. The maxi measurement frequency of the PIV
system is approximately 4 Hz, so the PIV systemniggered once every four flap cycles to be
able to do measurements at a flapping frequendy ap Hz.

Zemic load cells are used to measure the forceth@mbelFly model. The sensors are of the
type Q70x5x9-H with a capacity of 200 gf (=1.96 &fid use strain gauges as sensing element.
The sensors are connected to a PICAS amplifieesy$tom Peekel Instruments. This high
accuracy measurement system amplifies the measnotasigmal by approximately a factor of
2000. The PICAS analog output provides the comrddoard with a -5 V to 5 V signal for a
measured range of -0.981 N to 0.981 N. The coetrddbard has a 10 bit A/D-converter which
brings the measurement resolution to 1.92 mN. HEmescontroller board also measures the
DelFly motor supply voltage and current providedabgeparate power supply. This makes it
possible to determine the power consumption ofDaH-ly. All measurements are carried out
with a sampling frequency of 1860 Hz. Measuremargsrecorded in log-files and send to a PC
for data analysis.
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To obtain a reliable description of the phase-ayedaflow, the measurements were performed
over a time period of 10 seconds. Since the exmarisnare carried out at flapping frequencies
ranging from 9 Hz to 13 Hz, the data acquisitioriqueincludes 90 to 130 flap cycles. The data
collected over this period has been averaged per ghase, to find the statistical mean. To
determine the statistical uncertainty of this meatue, the standard deviation or root-mean-
square belonging to the average value is calculaid) the following equation:

I o\2
a—\/n—_lz“(x X) (5.1)

i=1

WhereX is the mean value over data points. The standard deviation is a measurg¢hg
variety of the data. Investigations of the thruatadhave shown this data to be distributed
normally. This implies 68% of the data points havealue within once the standard deviation
from the mean value and 95% have a value withigawhe standard deviation from the mean
value. The results from the force measurementdiaceissed in paragraph 6.3.

5.4 PIV instrumentation

During the PIV experiments specific instrumentatisrused. A seeding generator is used to
distribute the tracer particles in the air. A lageused to illuminate the particles. Cameras are
used to take the images, which are processed bygaled software. In this paragraph the

equipment used for the PIV experiments is described

5.4.1 Seeding generator

The particles used for the PIV experiment are gardrby a SAFEX fog generator. The fog
generator produces a non-toxic water based fog &dlmid named SAFEX normal power mix.
The fog droplets have a mean diameter pirl

5.4.2 Laser

The laser used as light source for the experimsntee Quantel Twins CFR-400. The laser
system is a double pulsed Nd:YAG laser. The lasedyces infrared light at a wavelength of
1064 nm. A harmonic generator halves the wavelett32 nm, which is green light in the

visible spectrum. The maximum power is 200 mJ pasgand the pulse duration is 7 ns. The
maximum repetition rate of the two pulses is 30 ktmyever the camera data transfer limits the
overall data acquisition rate to 4 Hz.

5.4.3 Cameras

For the first experimental campaign three camesasg lheen used. The top and bottom cameras
in the experimental set-up, described in paragray) are LaVision Imager Intense CCD
cameras. The middle camera is a PCO SensiCam QEc@@Bra. For the second experimental
campaign the middle camera has been omitted.

The LaVision Imager Intense is a high dynamic 12bitled CCD camera with a progressive
scan sensor. The CCD chip has a resolution of ¥3IB10 pixels with a pixel size of 6.4 x
6.45um, the total size of the CCD chip is 8.9 mm x 6. M.nThe camera has a double shutter
feature, with an interframe time of minimal 500n0shable PIV measurements. The image rate
is 10 frames per second, so when operated in dahbiiter mode the measurement frequency is
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limited to 5 Hz. Both the top and bottom cameraeayeipped with a lens with a focal length of

35 mm and a daylight filter. The cameras are caeetn PCl-Boards mounted in a PC via a
serial interface. For one camera a double-coashblecis used and for the other camera a fiber
optic cable.

The PCO SensiCam QE is a similar 12 bit cooled @@dera. The CCD chip has a resolution
of 1280 x 1024 pixels with a pixel size of @i x 6.7um, the total size of the CCD chip is 8.6
mm X 6.9 mm. This camera has also a double shigé¢ure. The image rate is 8 frames per
second. The maximum data acquisition rate is auioally limited by the software based on
the maximum image rate of all cameras, so for lestherimental campaigns the measurement
frequency is limited to approximately 4 Hz. The eamis equipped with a lens with a focal
length of 50 mm and a daylight filter. The cameradnnected to a PCI-Board via a fiber optic
cable.

5.4.4PTU

The simultaneous triggering of the laser and casisraontrolled by the Programmable Timing
Unit (PTU) Version 9 of LaVision. The PTU is moudten a PC and connected to the PCI
boards of the cameras and the triggering cablbeofaser. The PTU receives an external trigger
from the DelFly controller board and, taking intocaunt the various time delays, sends a
triggering signal to the laser and cameras. The BTtbntrolled by the software DaVis 7.2 of
LaVision.

5.4.5 Software

All aspects of particle illumination, image receorgiand image post processing were performed
with the software DaVis 7.2 of LaVision. The progranakes it possible to control various
settings like laser power and the separation timevéen two subsequent images. The post
processing function uses correlation to calculagevelocity field from the stereo PIV images.
Velocity field data is exported to MATLAB (The Matforks, inc.) for creating velocity plots
and further post processing.

5.5 PIV settings

In this paragraph the camera settings and lastngefre described, as well as the image post
processing.

5.5.1 Camera and laser settings

The research focus is on the study of vortex dgreémt and wing deformation. So the field of
view should include the full cord length of the giand some extra space to see the vortices at
the trailing and leading edge. Taking into accdbetfact that the largest wing chord is 88 mm,
the field of view for the experiments is set to Iffth x 145 mm. The cameras are positioned
such that the highest resolution is in verticakdiion, so along the chord.

The particle image size should be about 2 pixelavimid peak-locking, the tendency to round
off the measured velocity in discrete steps, semgpaph 4.1. Since the particles are
geometrically small, the effective image size igédy determined by the diffraction effect. The
effective particle image Sizde, is determined by:
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dy =yM @ *+d,,° 5.2
eff p diff

Where d, is the mean particle diameter of un, dq4s the particle image size due to the
diffraction effect andv the magnification, defined as the image size digitly the object size.
Based on a vertical resolution of 1376 pixels waitbixel size of 6.4um, the magnification is:

" :1376D6.45310’ M. 5 061 (5.3)
145010° m

Using equation 5.2, the necessaky; for an effective particle size of 12/8n (2 pixels) is
calculated to be 12,8m. The equation for diffraction siZ& is:

gy =2.440 [T, [{ 1+ M) (5.4)

Where/ is the wavelength of the laser aipdthe camera aperture number. From equation 5.4 it
can be seen that the particle image size can eotled by setting the camera aperture number.
The necessary aperture number, defined as thebeiticeen focal length and aperture diameter,
for an effective image size of 2 pixels can be waled using equation 5.4 to be 9.4.

During the experiments tHeof 9.4 has been used as an indicative value Bocimera setting.
The actual aperture setting is a compromise betvggend particle visibility and low wing
reflection intensity. The experimental set-up haseras looking at the wing from above, from
the side and from below, while the laser illumisafeom below. Light scatters from the
particles primarily in forward direction, secondary backward direction and even less in
sideward direction, see figure 4.2. The partickbiiity can be increased by opening the camera
diaphragm or by increasing the laser output powereasing the laser output power to high
levels, however, could also damage the cameras Wiy direct reflections from the wing.
The final camera settings used for the experimeanisbe found in table 5.3.

Table 5.3.PIV settings

camera 1 camera 2 camera 3
CCD resolution (pixels) 1376 x 1040 1376 x 1040 1280 x 1024
pixel size 6.45um 6.45um 6.7um
Camera settings field of view 145 x 110 mfm 145 x 110 mh 145 x 110 mrh
maghnification M 0.061 0.061 0.057
lens focal length 35 mm 35 mm 50 mm
aperture numbefy 11 8 5.6
pulse duration 7ns
, pulse seperation, dt 256
Laser settings wave lengthg 532 nm
laser sheet thickness 2.5 mm £0.5 mm
interrogation window 32 x 32 pixels
Post processing overlap 50%

number of images 50
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To have good correlation during the post processihghe images it is important that the
majority of the particles are in the same intertmgawindow at both images. This can be done
by setting the time separation between two expasooe too large. On the other hand, the time
separation should be set large enough to obtaimrge | enough dynamic range in the
displacement in order to be able to capture slowbving fluid features. For the maximum
separation time the in-plane particle displacemsnadvised to be no more than ¥ of the
interrogation window?®. Furthermore, the out-of-plane particle displacehould be less
than % of the laser sheet thickness. The lasetlt shiekness, used for the experiments, is 2.5
mm. Using previous research and preliminary resadisa reference the maximum in-plane
velocity is 5.0 m/s and the maximum out-of-plantouity is 2.5 m/s. The separation time is set
to be 250us. For these velocities and time separation, thgirmam particle displacement
becomes:

:Vmax,in— plane

=V

max,out—of —plane

In-plane: d [eit (M =5.0(R500010° 00.06% 11.8pixe

(&t = 2.5[250110° = 0.625mi

max,in—plane

Out-of-plane: d

max,out—of —plane

With this setting, the maximum out-of-plane disglaent meets the displacement criterion,
since it is ¥ of the laser sheet thickness. Theriogation window used to have a good
correlation for the in-plane displacement is ddsaxtiin the section 5.5.2.

5.5.2Image post processing

For every measurement 50 image pairs are takewgmeera. These raw images are first pre-
processed before correlation. To remove the statikground the minimum intensity image of

the whole measurement set is subtracted from eweage individually. This removes the part

of the image present in all images. Furthermorertreges are normalized by dividing them by
the average intensity image to remove the reflastivom the wing. A comparison between a
raw image and pre-processed image, in figure Hiéws that the most prominent reflections

have been removed, while particle visibility hasténproved.

Figure 5.6. Result from image pre-processing by extracting immimm
intensity and normalization: Raw image (left), Precessed image (right)
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In order to compensate for the camera viewing angle respect to the measurement plane the
camera images have been calibrated with the use adlibration plate and by using self-
calibration, see paragraph 4.2. For the self-caiibn images have been taken without the
DelFly model installed, so only tracer particles ahown. Images from two cameras, taken at
the same moment are correlated. This allows thevacé to use window shift and window
deformation to exactly align the images of both esams, which is necessary for successful
stereoscopic PIV. When using the experimental pewith three cameras, the stereoscopic
calibration has to be performed for each of thedtpossible camera pairs.

The pre-processed and corrected images are sulglyguarelated to extract the velocity field.
The images are correlated using a multi-pass fonctThe interrogation window for the first
pass is 128 x 128 pixels with an overlap of 50%e Valocity vector found in this pass is used
as a reference for the next pass. The integratiodow size is reduced from 128 x 128 pixels
to 64 x 64 pixels to 32 x 32 pixels in the subsedjyasses. A median filter is used to remove
spurious vectors.

The instantaneous velocity field found for everyaga pair is a combination of a cyclic flow
component and additional random unsteady flow featuCyclic flow indicates that unsteady
flow features, like moving vortices, are presenttts same location for each phase-locked
measurement. To extract the cyclic flow, the avenagjocity field of each set of phase-locked
measurements is calculated. When more instantaneelogity fields are included in the
calculation for the average velocity field, the siw@ment error reduces. As the ambition was
to investigate the vortex development for many wayyparameters (such as phase angle,
spanwise position, flapping frequency etc.), thargitly of the number of measurements was
considered more important than the error redudtioreach measurement. Visual inspection of
the flow field revealed that including more than Bifstantaneous velocity fields for the
calculation of an average velocity field resulted little improvement. To have some
redundancy, the final velocity field used for thesults in the next chapter is formed from an
average of 50 instantaneous velocity fields.

The statistical uncertainty is determined by th&udation of the standard deviation, again
calculated by equation 5.1. Investigations of theults show the standard deviation to be
approximately 0.1 m/s (10% of the average veloaity)most locations within the flow field.
The standard deviation on locations where the #taws vortices is significantly larger, up to
2 m/s, which is of the same order as the vorterorees. This shows that the flow at vortex
locations varies due to random fluctuations andtdube fact that the vortices, although present
during each phase-lock measurement, still varhtlign shape, in size and in exact location.
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Chapter 6

Results

In chapter 5 the experimental campaigns conduatetthe flapping MAV, DelFly Il, have been
described. The experiments were performed on tHierent wing sets, in two subsequent
measurement campaigns. In this chapter the resfulte experiments will be discussed.

In the first introductory paragraph the geometrytaf three different wings is described. To get
an impression of the DelFly wing motion, the PI\perments are also used to visualize the in-
flight wing deformation. In paragraph 6.2 the wigdgformation for both the original wing and
the improved wing is shown. Force measurements wamrged out simultaneously with the PIV
measurements. The results from the force measuteraendiscussed in paragraph 6.3. Finally
in paragraph 6.4 the results from the PIV measunésnare discussed. The instantaneous flow
field during hovering is shown at various phasethefflap cycle, where the focus is especially
on vortex generation and development.

6.1 Introduction

The experiments on the DelFly set-up were perforinggvo campaigns. In the first campaign
experiments were carried out on the original Delaiyng and in the second campaign the
improved DelFly wing and a high aspect ratio vansid the improved DelFly wing were used.
The layout of the three wings is shown in figurg. 6.
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Figure 6.1.The wing layout for: the original DelFly wing (Ahe improved
DelFly wing (B) and the high aspect ratio wing (C)

The improved wing has the same wing shape and diimes as the original DelFly Il wing,
with both having a mean chord length of 80 mm ansemi wing area of 112 dnThe
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difference between the original and improved wisigni the location and orientation of the two
carbon stiffeners. For the improved wing the stiéfies are placed more out-board and come
together at the leading edge. The high aspect watig has a similar stiffener orientation as the
improved wing, but a 20 mm shorter chord lengthrdtae whole span, which gives it a mean
chord length of 60 mm. The aspect ratio is incréasiéh 33% from 3.5 for the improved wing
to 4.7 for the high aspect ratio wing and the seimg area is decreased with 25% to 84.cm

The PIV measurements were performed in a planeepdrpular to the leading edge at five
locations along the span. In terms of the semi sRathese are, measured from the wing root,
at 60 mm (0.4R), at 80 mm (0.5R), at 100 mm (0.7R), at 120 mm (0.88) and at the wing tip
at 140 mm R), see figure 6.2. Furthermore, measurements wer®rmed at three flapping
frequencies; 9 Hz, 11 Hz and 13 Hz. The measuresngate performed during the complete
flap cycle, where the phase is indicated with timethsionless time = t/T, whereT is the
period of the flap cycle.

< 140 mm (1.08) N
B 120 mm (0.8R)
< 100 mm (0.7R)
< 80 mm (0.5R)
< 60 mm (0.48) R

~
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Figure 6.2. The spanwise cross-sections of the measuremems plah the
DelFly wing. Dashed lines represent the stiffendns the original
configuration and dotted lines the stiffeners ia itmproved configuration

6.2 In-flight wing shape

The wings described in the previous paragraph adenfrom Mylar foil with carbon stiffeners
and a D-shaped carbon rod for the leading edge.ifHfigght wing shape is determined by
aerodynamic, elastic and inertial forces. The agrarhic forces are in turn influenced by the
wing shape, leading to a complex fluid-structurteriaction. Determination of the in-flight wing
shape is important to help explain aerodynamiccédfeThey can also be used as input for
numerical flow simulations of flapping flight or asbenchmark for future full fluid-structure
interaction simulations.
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The in-flight wing shape is extracted from the imagaken with the PIV cameras. Using the
PIV set-up at low laser intensity without seediag;ross-section of the wing is illuminated. In
figure 6.3 the wing shape of the original DelFlyngiiat various moments during the flap cycle
is shown as function of the non-dimensional timelhe cross-sections are taken at spanwise
location,b = 0.71R and at a wing flapping frequency of 11 Hz. Thessreections in figure 6.3
show the foil folded over the D-shaped leading eciydon rod. The orientation of the carbon
rod gives rigidity in the stroke direction but alls the leading edge to bend up and down (in
chordwise direction) more easily. This enables whieg to show a heaving motion during
flapping, shown by the leading edge path in fig6rg. Experience from tests with various
leading edges has shown this to have a positieetedin the thrust generation.

Out-stroke In-stroke
=05 0 0.5 =

W KN

Figure 6.3. Cross-sections of the original wing during a fleycle at a
flapping frequency of 11 Hz at a spanwise locatibf.71R. Loaded with an
average thrust of 0.15 N

—

Another feature shown in figure 6.3 is the clap-peél, as described in paragraphs 2.5 and 2.6.
During the out-stroke, from= 0 tor = 0.30, while the leading edges move apart, thpupnd
lower wing surfaces peel apart and at the traibdge the wing foil claps together. Since the
leading edges are the part of the wing being driwethe flapping mechanism, the wing motion
can be seen as a forced displacement of the leadigg where the rest of the wing is being
dragged behind, like a flag being waved, hencestihting the large impact of the wing
flexibility.

Out-stroke In-stroke
T=05

N W

Figure 6.4. Cross-sections of the improved wing during a ftaple at a
flapping frequency of 11 Hz at a spanwise locatdf.71R. Loaded with an
average thrust of 0.14 N
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While comparing the in-flight wing shape of theganial wing with that of the improved wing,
see figure 6.4, it can be seen that the origindFReaving is more flexible during the rotation
(r = 0.5 to 0.6) than the improved wing. The stiffenen the improved wing are placed more
out-board compared to the stiffeners on the origiving. This gives the improved wing more
rigidity at locations near the wing tips. The mélexible behaviour of the wing during rotation
could also be due to a difference in foil tensicaised by differences in the mounting of the
wings to the DelFly body. The wing shape of bothgs during the translation (both in-stroke
as out-stroke) is comparable.

Out-stroke In-stroke
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Figure 6.5. Cross-sections of the improved wing during a ftyple at a
flapping frequency of 13 Hz at a spanwise locatbf.71R. Loaded with an
average thrust of 0.17 N. The red lines represkeatléading edge and
trailing edge paths for a flapping frequency ofHZA
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—S————

Investigations of the wing shape of the improvedgvat a flapping frequency of 13 Hz show
increased wing deformation, see figure 6.5. At higftapping frequency the wing shows an
increased heaving motion and increased ‘flaggimbis results in a smaller geometric angle of
attack and increased chambering during translatitvere is noticed that the trailing edge path
has moved up for the higher flapping frequency.

6.3 Force measurements on the hovering DelFly

During the PIV measurements, simultaneous forcesarements were performed. Using
perpendicular placed force sensors the force insthdirection and in normal direction were
measured. For the hovering set-up the thrust ime@fas the upward force along the DelFly
body and the normal force is the force perpendicidahe body in the symmetry plane of the
DelFly. During the measurements a micro controllas used to keep the flapping frequency
constant. For the force measurements a period setonds is considered from the moment a
steady state has been reached for the flappingédrexry. The measurements are carried out at a
sampling frequency of 1860 Hz, which provides thpartunity to examine the average force as
well as the force variation over a flap cycle. Aalked description of the experimental set-up,
which was also used during the research of Brugg&haan be found in chapter 5.

6.3.1 Average force generation

For hovering flight it is expected that the reswdtiforce is directed along the DelFly body, i.e.
in thrust direction, due to the symmetric placenarthe flapping wings. Measurements of the
force in normal direction show that the averagedat a flapping frequency of 11Hz is just 1.2
mN. This means the force in normal direction islé@san 1% of the average force in thrust
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direction, which is typically 0.1-0.2 N (see figudes). Together with the result that the standard
deviation of the measurement in normal directio..s MmN, which is of the same order of the
measurement resolution (1.95 mN), the force in @mbrdirection is assumed essentially zero.
For the remainder of the chapter therefore onlythinest will be considered.

Flapping fight produces periodically varying forcésor the DelFly to stay airborne during
hovering the net thrust should be large enoughotmier its weight, which is approximately
0.17 N for an average model. To determine thehrest production, the average thrust per flap
cycle is calculated. In general it can be said thataverage thrust production per cycle is very
constant for a constant flapping frequency. Thadded deviation is of the order of 1.5 mN,
while the standard deviation for the average flaggrequency is of the order of 0.04 Hz.

02r Original Wing
——— Improved Wing
High aspect ratio Wing

0.15f
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<
|_
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Flapping frequency [HZz]

Figure 6.6.Average thrust per flap cycle for the measuredysin

In figure 6.6 the average thrust per flapping cyslplotted versus flapping frequency. It can be
seen that the thrust shows a linear increase waphpiing frequency. This is the case for all
tested wings. The high aspect ratio wing shows% fhtust reduction at a flapping frequency
of 11 Hz compared to the original wing. The imprdweing shows an 8.2% lower thrust
compared to the original wing at a flapping frequenf 11 Hz. This seems inconsistent with
the research of Bruggem&h conducted in order to find an improved wing, paeagraph 3.3.
Results from the research of Bruggeman and fromaetkirust measurements performed at a
later stage suggested the original and improvedywinhave approximately the same thrust
production, at the level of the original wing igdire 6.6. It is therefore assumed that the thrust
generation for both wings is approximately equatduse the driving parameters (wing area,
flapping frequency and stroke angle) are kept @misiThe cause of the fact that the results of
measurements performed on the same wing can végcisuse the DelFly is handmade, which
makes it difficult to reproduce wing properties ethga There are small variations in wing
construction, wing mounting on the body and différkevels of degradation of the wings and
driving mechanism. After few hours of operationg thelFly wings loose elasticity, this may
cause a thrust reduction of about 5%. The influeaotdoil tension on thrust and power
consumption is also significant. Measurements perédl at a later stage show a 5% thrust
reduction for wings at high foil tension due toféiences in wing mounting. However, foil
tension has not been measured during the testsiltbbdn this paragraph. Altogether these
differences could easily add up to a relative larggation in thrust measurements, even when
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performed on the same wing types. This thereforddcaccount for the difference of 8.2% in
thrust production, found between the original angrioved wing in the current research.

The driving parameter for the wing performance aesle, as performed by Bruggeman, was the
ratio of the thrust and power consumption (throspower ratio). It was found that, although
the improved wing shows a comparable thrust geioerathe improved wing does show a
significant reduction in power consumption. Evendayiven required thrust the improved wing
has a smaller power consumption than the originagwloes. In figure 6.7 the thrust-to-power
ratio is plotted versus the flapping frequencycdh be seen that for these measurements the
improved wing has a 30% increase in thrust-to-posaéo. This is significantly more than the
5% increase in thrust-to-power ratio found by Breiggn and is due to an extreme lower power
consumption of the improved wing, related to thedo thrust generation. In figure 6.7 it can
also be seen that the high aspect ratio wing hghtlsi lower thrust-to-power ratio than the
improved wing. A result shared by the researchrogBeman.
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Figure 6.7.Thrust-to-Power ratio for the measured wings

6.3.2 Force generation during one flap cycle

To relate thrust and power consumption to the matzeous flow field, examined by the PIV
measurements, their development during a flap ctobeild be studied. Unfortunately the thrust
measurements suffered from severe mechanical resena the force measurement system.
The high accuracy force sensors act as a relataalyspring. Together with the DelFly model
the natural frequency of the whole system lies iwitthe measurement range. The severe
resonance make it impossible to examine the tlygisération from the raw measurement data,
since the thrust generation due to aerodynamictsffis obstructed by high frequency, high
amplitude force fluctuations.

To be able to make an assessment about which filucduations are contributed to
aerodynamic effects and which are due to mecham&sdnance, extra measurements were
performed under near-vacuum condition (60 to 70t@&Xxclude the effect of the aerodynamic
forces. For these experiments the DelFly set-up mvasnted in the test section of the HTFD
wind tunnel at the high speed lab of TU Delft. Tampare the measurements in vacuum and air
the frequency spectra are studied. The frequenegtisp of the thrust measurements of the
original wing at 12 Hz in air and vacuum are pldtie figure 6.8.
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From the vacuum tests it became obvious that bedide DelFly model and sensors, the
complete construction as well as the mass of thewsnding air contributes to the resonance.
Because of the complex nature and high amplitudbefibrations it is not possible to extract
the specific vibrations caused by the resonancéy M first two modes of force oscillations

(twice the forcing frequency) can be ascribed wgrtainty to aerodynamic forces, as is

illustrated by the peaks at 12 Hz and 24 Hz inrfg6.8.
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Figure 6.8. Frequency spectra (based on Fast Fourier Transjoofthe
thrust measurements for the original wing at 12iHair (A) and in vacuum

conditions (B)

To eliminate the high frequency resonance, a logsgiter has been constructed. The passive
low pass filter, based on a Fourier transformatttag a cut-off frequency of twice the forcing
frequency. A disadvantage of using this filter matt all aerodynamically related thrust
fluctuations with a small characteristic time alsodiltered out.
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Figure 6.9. Average filtered thrust generated by the improwaog during
one flap cycle for various frequencies
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In figure 6.9 the average filtered thrust for otepfcycle is shown for the improved wing at
various frequencies. It can be seen that the thrasttwo peaks during the translation. The
thrust peak during the out-stroke is higher thandhe for the in-stroke. This is due to the clap-
and-peel effect which takes place during the 8% of the flap cycle, as is shown in figure 6.3.
These results correspond to findings during previmsearch!. Measurements performed by
Bruggemar¥ confirm an increase in thrust due to clap-and-pEeése measurements show that
this aero-elastic effect generates on average 8% thoust. The measurements were performed
by comparing the average thrust per flap cycletierimproved wing in normal (biplane) wing
configuration with that of a single wing configuicat.

In figure 6.10 the thrust during a flap cycle istptd for the original wing and improved wing.
When comparing the thrust generated by the origiriag) with that of the improved wing little
differences are found. Figure 6.9 shows a slighijher thrust for the original wing during the
out-stroke. In section 6.3.1 it was already fouhdt tthe original wing generates on average
8.2% extra thrust. Since the low pass filter algtered the small thrust fluctuations, the
difference seen in figure 6.10 cannot be said tgdrerated by just the out-stroke with certainty.
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Figure 6.10.Average filtered thrust for the  Figure 6.11.Average power consumption
improved wing and original wing during for the imped wing and original wing
one flap cycle af = 11 Hz during one flap cycle dt= 11 Hz

As shown in section 6.3.1, the main difference leetwthe original wing and improved wing is
found in the power consumption. For the measuresnehthe power consumption it was not
necessary to use a filter, so fluctuations withreals characteristic time are preserved. The
power consumption is a measure for the forcesribatl to be overcome, like the losses in the
driving mechanism, the elastic-inertial forces dmel aerodynamic forces, lift (thrust) and drag.
The aerodynamic drag for each wing cannot be medsnrthe set-up, because of symmetry the
drag of both wings cancel each other, so the iaguibrce in normal direction is approximately
zero.

In figure 6.11 the power consumption is plotted thoe original wing and the improved wing.

The power consumption during a flap cycle resemtilesthrust generation, with peaks during

the translation of the wing (in- and out-stroke) the power consumption also small peaks are
shown at the beginning of the translation. Thegeadso shown in the thrust generation when
the low pass filter is set to a higher cut-off negcy. These could therefore be due to
aerodynamic effects, like the effect seen in rigithg rotation (see paragraph 2.3). But the
peaks could also be an elastic-inertial effecthef wing rotation or a mechanical effect due to
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slip in the push rods of the driving mechanism.fiure 6.11 it can also be seen that the
improved wing has a consistently lower power corgion over the whole flap cycle. This
could mean an overall improvement in drag, butesithe power consumption is also improved
during the rotation of the wing the improvementiso found in an overall increase in elastic
and mechanical efficiency.

6.4 PIV measurements on the hovering DelFly

The flow field around the DelFly wings is studiesing stereoscopic PIV, which provides all
three velocity components in the plane of the Iabeet. The in-plane velocity components are
used to investigate the vortex dynamics in theseestional plane normal to the wing leading
edge. The out-of-plane velocity component reprasémt velocity component parallel to the
leading edge and is discussed in section 6.4.8hik paragraph the flow field and vortex
dynamics are studied for various wings, at variteygping frequencies and at various spanwise
locations.

6.4.1 Flow field during one flap cycle

The average flapping frequency needed to genetdtfieisnt lift (thrust) to sustain hovering
flight is approximately 13 Hz. The vortex developrhat spanwise locations ORAnd 0.8Ris
monitored at 34 moments during the flap cycle hiis section, therefore, the choice is made to
describe the flow field and vortex developmenttfoe improved wing flapping at 13 Hz and at
spanwise location 0.RL Vortex development for the other measurements sii@vn in
appendix C.

In figure 6.12 the velocity vector field at thre@ments during the flap cycle is shown. Velocity
field A is at the half way during the in-stroke,lagty field B is at the end of in-stroke and
velocity field C is halfway during the out-strolgote that in the first case the second wing is
not in view. For this and for all other figures tledt wing is studied, this is the wing placed
perpendicular to the measurement plane, see figireAs a result, the right wing (dashed)
disappears from the field of view at certain morsethiiring the flap cycle. For the out-stroke
the wing moves to the left and for the in-stroke Wing moves to the right. The vectors show
the local velocity direction and magnitude and theekground colour shows the absolute
velocity (absolute length the of the in-plane vélpcomponents). Masks are applied at regions
where the PIV image was obscured by reflectiontherimage of the wings, which makes the
velocity measurement unreliable. In figure 6.12lag and trailing edge vortices are shown as
a high velocity swirling motion around a low velgccore. The vortices are characterized by a
circular streamline pattern. In figure 6.13 theesatnlines corresponding to the velocity field
images in figure 6.12 are plotted. Looking at tltreamlines the vortices are now more clearly
recognized as circular patterns.
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Figure 6.12.Velocity vector field at three moments during ftep cycle:
halfway during the in-stroke (A), at the end of thestroke (B) and halfway
during the out-stroke (C). Background shows absdluplane velocity, with
\v|=vu?+v* . The measurement plane is oriented perpendicolahe left

wing at spanwise location 0.R1 Cross-sections of the wing at the
measurement plane are shown for the left wing cloodtinuous line) and
right wing (dashed line)

Figure 6.13. Streamlines corresponding to the velocity vectetd§ as
shown in figure 6.12

For the investigation of the vortex development tortices need to be indentified and
quantified. Vortex strength can be quantified bicakation of the vorticity (curl of the velocity
vector field). The vorticity however, does not onhdentify vortex cores but also shearing
motion within the flow. The location of vortex cereand vortex strength are therefore
determined from the swirling strength, which isceddited according to the method of R.J.
Adrian et al.*! (see appendix B). The swirling strength of a Iawirling motion is quantified
by 14, the positive imaginary part of the eigenvalu¢hef local velocity gradient tensor.
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Figure 6.14.Swirling strength at various moments during tfaoftycle for
the improved wing flapping at 13 Hz and at spanwiseation 0.7R.

Showing leading edge vortices (LEV) and trailinggedvortices (TEV),
generated during the out-stroke (1) and in-strége $wirling direction as
indicated in the figure is distracted from the oitp vector field images
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In figure 6.14 the swirling strength at various nemts during the flap cycle is shown, for the
improved wing. The two cameras provide two flowld& Since these two flow fields provide
complementary information, the swirling strengthfigure 6.14 is composed from PIV data
from both flow fields. In figure 6.14 the leadingdge vortex (LEV) and trailing edge vortex
(TEV) development is shown. It can be seen thatwagl during the out-stroke an LEV is
generated (C). This vortex grows larger along therd towards the trailing edge and another
LEV starts to grow from the leading edge (D). Tagdr LEV grows while the vorticity of the
first LEV is dissipated (E). At the end of the aiteke (F) when the wing decelerates for
rotation the LEV decreases in strength. At the tiaigig of the in-stroke (G) the LEV from the
out-stroke appears to be dissipated. Also appraeimaalfway during the in-stroke an LEV is
generated (l). Again the LEV grows larger and isdskowards the trailing edge, while a new
LEV starts to grow (J). This LEV grows (K) untildHeading edges touch (L). At the beginning
of the out-stroke the vortices move above the tgaeidge (A), interact and dissipate when the
leading edges start moving apart again (B).

The LEV development seems approximately the samédith in-stroke and out-stroke. The
LEV during the out-stroke appears more close tovtireg surface. This could be due to the
downward velocity generated by the peel, which i®anbe angle of attack. Furthermore it can
be seen that while the LEVs from the out-strokeai@napproximately at the same place and are
dissipated during rotation, the LEVs from the iroke travel above the wing where they
interact with each other. The LEVs start halfwayinly the translation, so not during the
rotation as was theorized in previous the resédrofithe DelFly (see paragraph 3.3).

During both in-stroke and out-stroke also a trgiledge vortex (or starting vortex) is generated.
These strong TEVs dissipate more slowly and arelglshed into the wake. During the out-

stroke the development of the TEV is postponed tduthe clap-and-peel. When the trailing

edges separate the TEV appears to start from alearfipid structure (D). This vortex appears

to grow larger by merging with shed vorticity frotine trailing edge as long as the wing is
translating (E-F). During the in-stroke the TEV daogart at the trailing edge () and grows
larger and is shed from the trailing edge durimgstation (J).

The LEV development does not appear to be completehsistent with that described for
insect flight®l”. This could be due to the relative high Reynoldmber. DelFly operates at a
Reynolds number of 15,000 (see section 3.1.1) whgects fly at Reynolds numbers varying
from 10 to 10,000. The higher Reynolds number ctnddhe cause that the initial vortex has
given enough time to grow relatively large, paghed and another LEV is grown.

6.4.2 Flow field for clap-and-peel

In paragraph 6.3 it was shown that the clap-andlgfésct generates extra thrust during the out-
stroke. The clap-and-peel also affects the vorexebbpment. As can be been seen in figure
6.14, the LEVs at the end of the in-stroke movevahihe wings and the LEVs during the out-
stroke appear closer to the wing surface due textea downward flow during the peel. The
generation of a TEV is postponed during the clagHagel phase of the out-stroke, but is visible
at the end of the out-stroke. Previous resedron the DelFly reports no TEV during the out-
stroke. This could be due to the angle of the nreasent plane. During the previous research
the measurement plane was fixed with respect tontbdel (see figure 5.1). For the current
investigation the plane of view remains perpendicutb the leading edge, which makes the
angle at the end of the out-stroke the angle wapect to the referred previous research 45
degrees. The TEV is, therefore, suggested to beerfrom a complex 3-dimensional flow,
which is further investigated in section 6.4.5.
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Figure 6.15.Velocity vector field at three moments during thap-and-peel
for the improved wing flapping at 13 Hz and at spise location 0.7R

In figure 6.15 the velocity vector field during thkap-and-peel is shown. In figure 6.15A it can
be seen that the upward flow at the end of therisks, previously” ascribed to the clapping of
the leading edges, may be (completely) due theaatien of the two opposing LEVs from the
in-stroke. The flow field during the clap-and-péelfigure 6.15 is comparable with the flow
field results from Lehman®® for clap-and-fling in figure 2.9, performed withgid wings at
lower Reynolds numbers. The LEVs from the in-strbledhave in the same manner, for both
mechanisms the LEVs are moving above the leadiggsdrhe flow field at the leading edge at
the start of the peel (figure 6.15B) shows the sateraction between the LEVs from the in-
stroke and air moving into the gap created by #wipg/flinging motion.

The flow field during the clap of the trailing edgis different. In figure 2.9 during the clap of
the rigid wings little downward velocity is showmhile at the end of the fling an upward flow
into the low pressure region between the wingsutinothe gap at the trailing edges is shown.
For the clap-and-peel, the flexible wings close fa® between the wings, so no upward
velocity is shown. The clap of the trailing edgepostponed to a later stage and in figure 6.15C,
a clear downward momentum jet is shown. The pe#dcitg of the downward momentum jet is
found to be 5.0 m/s + 0.5 m/s for the improved watig span of 0.7R At a spanwise location

of 0.86R the momentum jet due to the clap, is also visibléhe velocity vector field images
(although slightly earlier in the flap cycle) widipproximately the same downward velocity.

6.4.3 Flow field for different wings

The flow field has been studied for three differaumgs, as described in figure 6.1. The flow
field for the improved wing has been discussedh&revious sections. In this section the flow
field around the improved wing is compared with fllogv field around the original DelFly wing
and the high aspect ratio wing.

The original DelFly wing has the same surface aed wing shape, but different stiffener
layout. In paragraph 6.2 it could be seen thainkéght wing deformation during translation is
comparable with that of the improved wing, onlyidgrrotation the improved wing appeared
more rigid, due to the more out-board stiffeneatamn. In paragraph 6.3 the thrust generation
also appeared similar for both wings. The mainedéhce between the original and improved
wing is found in the power consumption which ishe&g for the original wing. To investigate
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the difference in flow field and vortex developmettie velocity vector field and swirling
strength during the complete flap cycle has beediet. The velocity vector field and the
vortex development during the in-stroke appearedaimilar for both wings. For the flow field

during the out-stroke some differences are found.

Figure 6.16.Swirling strength halfway during the out-stroke foe original
wing (A) and the improved wing (B) flapping at 1% ldt spanwise location

0.8R

In figure 6.16 the swirling strength at the endtloé peel (halfway during the out-stoke) is
compared for the original and improved wing, forflapping frequency of 11 Hz and at
spanwise location 0.86 It can be seen that the LEV is closer to the wsngface for the
improved wing. When the velocity vector fields the same moment are compared, it can be
seen that the vacuum effect between the peelingsvaeems to create a stronger downward
velocity for the improved wing, see figure 6.17 ifflowers the angle of attack and is thought to
create a more attached LEV. The found differencéhen flow field could explain the slight
increase in thrust during the out-stroke as sedigime 6.10. The increased peel effect may be
ascribed to the more rigid wing rotation of the mowyed wing. But, as explained in paragraph
6.3, a difference in foil tension between the wingsld also be of influence, as this also affects
thrust generation. For the difference in power comstion between the original and improved
wing over the whole flap cycle, as shown in figuelO, no satisfactory aerodynamic
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explanation could be found from the flow field istigation.
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Figure 6.17. Velocity vector field halfway during the out-steior the
original wing (A) and the improved wing (B) flapgirat 11 Hz at spanwise
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The high aspect ratio wing has the same stiffeagout as the improved wing, but has a
reduced chord length of 20 mm over the whole spatause of its smaller chord length the
high aspect ratio wing will operate at a lower Rags number, for a given flapping frequency.

Considering hovering flight at a flapping frequenaiy 13 Hz, the Reynolds number for the

improved DelFly wing is of order 15,000, while tReynolds number for the high aspect ratio
wing is of order 11,000. The differences in aimflaround the wings are not considered to be
only due to a Reynolds effect (which is an indigatodf inertial forces versus viscous forces).
Other similarity parameters like the Strouhal numéned Rossby number will also play a role,

but an important effect is the aero-elastic eff&@hanging the wing size will change the in-

flight wing deformation and hence create a diffém@nflow.

When looking at the in-flight wing motion of theghi aspect ratio wing, it can be seen that the
clap-and-peel is finished at an earlier momenttdutae shorter chord length. When looking at
the vortex development, it can be seen that foh libé in-stroke and out-stroke the LEV
appears to be stronger. This is illustrated inrig6.18. In figure 6.18 the swirling strength is
shown for the high aspect ratio wing flapping at H3 at spanwise location 0.R1When
comparing the LEV at the end of the out-strokegurfe 6.18A with figure 6.14E, it can be seen
that the LEV is larger and stronger. The same easald for the LEV at the end of the in-stroke
(figure 6.18C versus figure 6.14L). The TEV seemdb¢ equal in strength but this is more
difficult to compare, since for the high aspectaating the TEV is shed at an earlier moment.
For the in-stroke this is shown in figure 6.18BeTFEV is shown to be shedat 0.74, while
the TEV for the improved wing is shed 4% latery at0.78. After the large TEV is shed, more
small pockets of vorticity are shed form the trajliedge and combine with the large TEV.
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Figure 6.18. Swirling strength at the end of the out-stroke, (Aalfway
during the in-stroke (B) and at the end of thetiale (C) for the high aspect
ratio wing flapping at 13 Hz at spanwise locationl®

30 50 30 50 -50 -30 -10 10

x—axis [mm]

30 50

To get an indication of the complete vortex strangite circulation is calculated for the LEVs
at the end of the translation, since at this pdive LEV is considered to be completely
developed and is most clearly visible. The cal¢oiabf the circulation is not very accurate.
The value found for the circulation is affectedthg chosen vortex region, the presence of the
counter rotating vortex and shear layer near thywsurface. The average velocity vector field
found also has a rather large standard deviatiothatvortex region and is obscured by
reflections at the wing surface. The calculationtled circulation within the presented work
should therefore be considered not an accurateyvblit it can serve as an indication useful for
comparison. For the calculation of the circulati®neferred to appendix B.
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Figure 6.19. Vorticity plot at the end of the in-stroke for timgh aspect
ratio wing (A) and the improved wing (B) flapping &3 Hz at spanwise
location 0.7R, with indicated the vortex region over which thecglation is
calculated

In figure 6.18 it could be seen that the LEVs at éimd of the translation are larger for the high
aspect ratio wing compared with the improved wifige circulation is calculated at the end of
the translation. In figure 6.19 the vortex regisriridicated for the calculation of the circulation
at the end of the in-stroke. For the improved witihg LEV circulation at the end of the in-
stroke is 260 chfs while for the high aspect ratio wing the cirtida found for the investigated
region is 452 chts. This is a clear increase in circulation (of @b®0%). For the LEV at the
end of the out-stroke the circulation is calculatedhe same manner. The value found for the
circulation is overall higher, but still there isckear increase in circulation for the high aspect
ratio wing: 546 crffs for the improved wing and 754 & for the high aspect ratio wing (an
increase of about 40%).

6.4.4 Effect of flapping frequency

The flow field is studied for the improved wingtatee different flapping frequencies. For the
same reasons as explained in section 6.4.3, charbn flapping frequency does not only
change aerodynamic conditions, but changes theendnero-elastic system. When considering
the in-flight wing deformation it can be said thathigh flapping frequencies the geometric
angle of attack during translation is decreasedilé\dt higher flapping frequency also extra
heaving motion is observed.

The development of the LEV at the lower flappingdinencies is comparable with the LEV
development at 13 Hz, shown in figure 6.14. Agaurimg translation the LEV grows, is
(partially) shed and another LEV is grown. In figu8.20 the swirling strength is shown for the
different frequencies, halfway during the out-seqR-C) and halfway during the in-stroke (D-
F). During the in-stroke, the LEV at reduced freagies appears stronger and more detached
from the wing surface. Since this is also the dasdhe high aspect ratio wing with reduced
chord length, this therefore may be consideredssipte effect of the reduced Reynolds number.
The stronger LEVs also move above the leading edgése end of the in-stroke. For reduced
frequencies, however, there is increased intenadietween the LEVs and air flowing into the
gap between the wings at the start of the out-strok
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For the out-stroke the LEV development is affedbydan increased clap-and-peel effect for
higher flapping frequency. At reduced frequency L8/ again appears larger, but the local
velocity is smaller. An increased downward airflamd smaller geometric angle of attack
during the peel at higher frequency seems to ctheséEV to be closer to the wing surface,
figure 6.20 (A-C).
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Figure 6.20. Swirling strength halfway during the out-stroke-CA and
halfway during the in-stroke (D-F) for the improvedng at spanwise
location 0.7R, flapping at 9 Hz, at 11 Hz and at 13 Hz

The TEV development is also altered at reducedufrrqgy. In figure 6.20 (D-F) it can be seen
that at 13 Hz the TEV is being formed, at 11 Hz T8/ is being shed and at 9Hz the TEV is
already shed. Contrary to what is found for the | .EMe TEV appears weaker at reduced
flapping frequencies. To get an impression of tlogtex strength, again the circulation is
calculated at the end of the in-stroke. In figur216the vortex region is indicated where the
circulation is calculated. The circulation of th&\W at the end of the in-stroke is indeed
increased for reduced flapping frequencies: 268/<for 13 Hz, 362 cffs for 11 Hz and 419
cn/s for 9 Hz. The circulation of the TEV is decredser reduced frequencies: 506 Zsnfor

13 Hz, 426 crfis for 11 Hz and 389 cifs for 9 Hz. As can be seen in figure 6.21 theutérion

at the trailing edge is calculated for the maintewr Since the TEV at reduced frequency is
released at an earlier stage of the translatiotra g@pockets of vorticity are shed during the
remainder of the translation. When these are takém account the differences in TEV
circulation are somewhat reduced.

For the out-stroke, the increase in vortex siz@ Bz seems to be compensated by the increase
in vortex velocity. The circulation of the LEV #ite end of the out-stroke seems approximately
equal at all three flapping frequencies: about &ad's.
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Figure 6.21.Vorticity plot at the end of the in-stroke for thmproved wing
at spanwise location 0.RLflapping at 9 Hz (A), at 11 Hz (B) and at 13 Hz
(C), with indicated the vortex region over whicle tirculation is calculated

6.4.5Flow field for varying spanwise location

The flow field has been studied at five spanwismlimns, see figure 6.2. The measurements in
this section are performed on the improved winggdlag at 13 Hz. The wing is tapered, so the
chord length varies for the various measuremeniso e character of the flapping motion
give the more out-board locations a higher veloditying translation. Furthermore the wing
deformation is more severe for out-board locatigirsce the wing surface is fixed at the root it
deforms more under aerodynamic loads at the mdrbaard locations.

Examination of the spanwise variation of the vortiexelopment shows a conical growth from
spanwise locations near the root to the tip. Atwlireg tip, however, all vortices are no longer
present in the investigated flow region. During thestroke the LEV starts to develop at the
out-board locations as soon as the translatiotsstBine same can be said for the TEV. In figure
6.22, the swirling strength is shown halfway durihg in-stroke.
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Figure 6.22. The swirling strength halfway during the in-strofke= 0.74)
for the improved wing flapping at 13 Hz at threerspise locations: 0.5¥

x—axis [mm]

(A), 0.71R (B) and 0.8R (C)

In figure 6.22 it can be seen the LEV is alreadyspnt at 0.88, while it is still developing at
0.7IR and is not visible at 0.5% The TEV shows the same behaviour. Since the [E\drimed
at an earlier stage it also grows large sooneruétboard locations and shows the partial
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shedding and growth of a second LEV more clearhe TEV is shed sooner at the more out-
board locations, but while the TEV cannot follove ttnailing edge at 0.%6and 0.7R, it does
seem to remain close to the trailing edge at R.8® figure 6.23 the spanwise vortex
development is sketched for three moments duriagrtstroke.

Figure 6.23.Sketch of the spanwise vortex development dumrstiioke for
the improved wing flapping at 13 Hz, where the @akline is an indication
of the vortex tube and the red arrow an indicatibthe spanwise flow in the
vortex tube

During the out-stroke the vortices also start teallgp at the out-board locations, since the local
translational velocity is larger. The clap-and-péeiwever, affects the remainder of the vortex
development. The LEV seems more suppressed duetdawn flow, see figure 6.24. At the

end of the translation, the downward velocity camebi with the wing deformation gives the

wing such a reduced angle of attack, that no flewasation is visible at spanwise location
0.8R
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Figure 6.24.The swirling strength halfway during the out-sedk = 0.24)
for the improved wing flapping at 13 Hz at threerspise locations: 0.5¥
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The development of the TEV is postponed during dla@-and-peel. After the clap-and-peel,
when the wings are physically separated, the TE®sdwt start at the wing trailing edge. The
TEV seems to start from a wake region in betweenatimgs and appears in the field of view at
some distance form the trailing edge at the enthefout-stroke. The TEV appears at a later
stage for in-board locations and does not seenppear at spanwise position ORIIThe TEV
development is therefore theorized to be forkedembling a Y-shape) when viewed from the
top (looking down on the hovering DelFly). Possifilaure flow field measurements in a plane
parallel to the leading edge could reveal more ati®TEV development during the out-stroke.
In figure 6.25 the spanwise vortex developmenkietched for three moments during the out-
stroke.
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Figure 6.25. Sketch of the spanwise vortex development durimgstroke
for the improved wing flapping at 13 Hz, where ttashed line is an

indication of the vortex tube and the red arrowratication of the spanwise
flow in the vortex tube

6.4.6 Spanwise flow

The results from the stereoscopic PIV make it fbsdio investigate the out-of-plane velocity
component in the measurement plane. Investigatibrthe out-of-plane velocity for the
improved wing flapping at 13 Hz during the clap-grekl phase shows the vacuum region
created during the peel, to create not only a dibewm but also an air flow in-board between the
wings. At spanwise location 0.Rthe minimum spanwise velocity;mn, = -2.5 m/s = 0.2 m/s.
This air flow between the wings remains in in-bodnection during the in-stroke up until the
end of the in-stroke, when the leading edges neadgh att = 0.84. During the last part of the

flap cycle an out-board air flow is created betwdenwings when the wings clap together, with
Vymax = 1.0 m/s £ 0.2 m/s.

Investigations into the out-of-plane velocity irsétt flight”? show an axial flow present within
the LEV core for models of insect wings with Reyd®inumbers in the order of 1400. The
current research also shows the presence of dowalih the vortex cores. The axial flow within
the core of an LEV is more clearly visible at regdidrequencies where the LEV is larger
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Figure 6.26.Velocity vector field at three moments during the-stroke; at
the start (A), halfway (B) and at the end (C) of thut-stroke at spanwise
location 0.7R. The background colour shows the magnitude ofotiteof-
plane velocity component, where a positive veloistgn out-board flow
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In figure 6.26 the velocity vector field during tloet-stroke is shown for a flapping frequency
of 9 Hz, with the magnitude of the spanwise flonbaskground colour. The positive axial flow

in the LEV core is visible. The magnitude of théahflow as shown in the LEV at the end of

the in-stroke (figure 6.26A) is 1.5 m/s £ 0.7 midyich is of the same order as the maximum
translational velocity at that spanwise locatiomnriBg the start of the out-stroke (figure 6.26B)
the LEV cores from the in-stroke are clearly visiak they move above the leading edges.

In figure 6.27 the spanwise flow is shown for thestroke for a flapping frequency of 11 Hz.
Again the LEV appears to hold an axial flow indtsre. For the TEV an axial flow in its core is
not clearly visible. The vortex tube appears toeham angle with respect to the measurement
plane. This gives the vortex tube for one half aigpe spanwise flow and for the other half a
negative spanwise flow, but the spanwise flow i TfEV core seems to be negative, hence an
in-board flow. The skew TEV vortex tube could atigde seen in the previous section, when
investigating the vortex development at variousgpse locations.
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Figure 6.27.Velocity vector field at three moments during thestroke; at
the start (A), halfway (B) and at the end (C) oé tih-stroke at spanwise
location 0.7R. The background colour shows the magnitude ofotliteof-
plane velocity component, where a positive veloistgn out-board flow
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Chapter 7

Conclusions and recommendations

In chapter 6 the in-flight wing deformation, as has the results from the experimental force
and flow field measurements were discussed. Thaptem summarizes the findings from
chapter 6 and gives recommendations for furthezamef on the DelFly.

7.1 Conclusions

The goal of the thesis is stated in the introdurcte:

Gain a better understanding of the aerodynamic mechanisms generating forces on a hovering
flapping-wing MAV. With the purpose to further improve it.

In this paragraph the two most important aerodysanechanisms for the DelFly are discussed.
To further improve the DelFly, the effect of chamgiwing parameters was investigated, in
order to determine how this influences the aerodyoanechanisms and how this may affect
the DelFly’s overall performance. This is done loynparison of the three wings investigated in
chapter 6.

7.1.1Leading edge vortex development

An important aerodynamic mechanism generatingfdift flapping wing flight is theleading
edge vortex (LEV). The LEV originates from a dynamic stall @ff where the flow separates
from the leading edge for thin airfoils at high Bngf attack, but instead of resulting in a
complete stall, the flow reattaches further dowaalfrfoil to form a vortex that remains more or
less steady with respect to the wing. The vortexelbpment is studied for the DelFly wing
during hovering flight by investigation of the slirig strength of the flow field as measured in
the PIV experiments. For the DelFly wing an LEVgsnerated approximately halfway during
the translation. This LEV grows larger and is shiahg the chord and at this time a new LEV
starts to grow at the leading edge. This second iE¥issipated at the end of the out-stroke
during wing rotation, but at the end of the in-keahis LEV moves above the wings and
interacts with the counter-rotating LEV from therrai wing. This LEV development is not
completely consistent with that described for ingkght ®"!. The fact that the DelFly operates
at a higher Reynolds number than insects, couldhbecause of the shedding of the initial
vortex and start of a second.
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The LEV for the DelFly wing develops conically afpithe leading edge. The LEV is first
visible at out-board positions, where the transtatl velocity is higher, and at a later stage of
the flap cycle at more in-board locations. Sinoe tortices at out-board positions start at an
earlier stage, they grow larger and are also shed aarlier stage, where it is interesting to note
that the TEV is completely shed into the wake atario-board positions whereas it is able to
follow the trailing edge more out-board. The vortelse does not extend all the way to the wing
tip. While the LEV is still clearly visible at 0.86 it has disappeared at the wing tip. Here the
LEV vortex tube has probably become connectedéddifhvortex and bent towards the trailing
edge. Inside the vortex tube a spanwise velocitypament out-board is present, which is
approximately of the same magnitude of the maxinttanslational velocity at that spanwise
location.

The force measurements showed a linear increabest with flapping frequency. The thrust-
to-power ratio is approximately constant for theemgpional frequency range. The flow field
investigations showed the same trend in vortex ldpwmeent for all the flapping frequencies
where flow measurements were carried out (9 HzH%land 13 Hz). The vortex size and
strength, however, does vary at different frequemiciThe LEV strength (circulation) is
decreased for higher flapping frequencies, while TRV strength increases for higher flapping
frequencies.

7.1.2 Clap-and-peel mechanism

Another important aerodynamic mechanism for theFJelas identified in previous reseafth

is theclap-and-peel mechanism. From the recorded in-flight wing defation it could be seen
that during the start of the out-stroke the wingelmpart at the leading edge, while they clap
together at the trailing edge. The thrust measunésrghowed a higher translational peak during
the out-stroke, which is probably due to this dcayg-peel. Measurements performed by
Bruggemarf' showed an average increase in thrust of 8% fogsvthat use clap-and-peel, with
respect to isolated wings.

The flow field measurements showed that the pealfripe wings creates a down flow as well
as a spanwise flow in-board. In contrast to the-alad-fling experienced by rigid win§¥, no
upward flow is shown towards the suction area,esihe flexibility of the DelFly wings closes
the gap in between them. The clap of the wingstesea downward momentum jet, which is
also thought to increase thrust generation.

Vortex development is also affected by the clapjaeel. The LEV appears closer to the wing
surface due to the strong down flow, reducing tifiecéive angle of attack. At certain moments
during the out-stroke, this completely preventswfleeparation at the out-board spanwise
position. The TEV development is postponed durimg $tart of the out-stroke as long as the
clap of the trailing edges is not completed. A TiEWisible later during the out-stroke, but this
appears suddenly at some distance from the tradlilyg, as the measurement plane is rotated to
remain perpendicular to the wing surface. The TtE¥refore, might have a forked appearance,
starting from the wake region that exists in betwte wings after the clap.

7.1.3Wing comparison

The improved wing from the wing geometry study,fpened by Bruggemaf, has the same
wing layout as the original DelFly 1l wing. The flifence is found in the stiffener location and
orientation. From the in-flight wing deformationcibuld be seen, that the more out-board placed
stiffeners give the improved wing more rigiditythese positions during wing rotation. While
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the research of Bruggeman showed the improved teitgive the same thrust production as the
original wing, the presented research showed aedserin thrust, which could be due to various
causes, like small variations in wing mounting] fension and/or deterioration of the driving
mechanism. The improved wing does show a clearedserin power consumption, increasing
efficiency (thrust-to-power ratio). The cause a tonsistently lower power consumption over
the whole flap cycle remains unclear, however.

The flow field measurements show a difference anftbw fields of both wings during the clap-
and-peel. The LEV during the out-stroke appeargelafor the original wing. The improved
wing shows a stronger down flow, decreasing LE\é sizhich might be due to the more rigid
wing rotation.

The improved wing was also compared to a high dsp¢io wing (33% increased AR), which
has the same stiffener orientation, but a redudad whord. The high aspect ratio wing shows a
significant increase in LEV size and strength (diation) at equal flapping frequency. Although
in-flight wing deformation is also altered, thispsobably an effect of the decreased Reynolds
number.

7.2 Recommendations

Although a lot of new knowledge is gained during thvestigations described in this report, the
actual application of this knowledge in terms dlizng a significant improved wing is not yet
attained. The design of an optimal flapping wingesy complex, since many design parameters
can be altered. It is therefore recommended tooparfadditional research. Experimental
research on more different wings could help esthbd more clear connection between the
aerodynamic effects and wing performance. Also nigakresearch may be used to perform a
parametric wing geometry study. The in-flight widgformation shown in this report could be
used as input for numerical flow simulations opfténg flight or as a benchmark for future full
fluid-structure interaction simulations.

For future force measurements a more rigid experiateset-up should be used with stiffer
force sensors, to prevent mechanical resonandgedallithin the measurement range, which is
necessary to significantly reduce the vibratiorat thampered the current research. Without
mechanical resonance, small thrust variations dutie flap cycle can be investigated, such as
force peaks during wing rotation (rotational efcfThe measurements of the present research
also suffered from problems with repeatability,casated to the DelFly’s construction. Future
measurements should therefore be done on a DelBtehwith the new driving mechanism
resulting from the research of Bruggem@nand foil tension should be considered as this
proved to be of significant influence.

Future flow field investigations could focus on tex development for forward flight.
Combined with lift and drag measurements an op&dhiwing for this flight condition might
prove to be different from a wing optimized for leowmg. Since Reynolds effects were shown to
exist, investigations for the smaller DelFly Miarould lead to an optimization for its specific
Reynolds regime. As final recommendation, an ingasibn of tail effects is advised. The tail
has been omitted in the presented research, btaithie known to affect flight performance and
flight control. The presence of a tail could infhee the whole flow field and measurements
might help to optimize tail geometry, location amikntation with respect to the flapping wings.
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Appendix A

DelFly Il Specifications

Parameter Formula Value Unit
mass (including camera) m 171 g
flapping frequency range f 11-14 Hz
wing dihedral angle Y 12 deg
wing maximum stroke angle @ 44 deg
wing stroke amplitude A=2Rsin(¢/2) 105 mm
wing span b 280 mm
semi wing span R 140 mm
semi wing area S 11,195 mm
mean chord length c=S/R 79.96 mm
aspect ratio AR=b?/2S 3.50 -
wing loading mly/4S 3.72 Nint
mean wingtip velocity (at 13Hz hovering) Vi =2¢f R 280 m/s
maximum flight velocity (at 11 Hz) Vinax 7.00 m/s
Reynolds number af, Re=tV, /v 15,305 -
Reynolds number af__, Re=tV,_, /v 38,326 -
Strouhal number at, * S=fAlN, 0.49 .
Strouhal number &y, S="fAIV,,, 0.16 -

* For hovering conditions it would be better to uke mean down wash velocity to calculated
the Strouhal number, but an exact velocity caneotlitained from the experimental data and
a theoretical value from for example actuator dis&ory™ is also not very accurate for
biplane flapping wings.
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Appendix B

Vorticity and swirling strength calculations

Vortices or eddies of various size and strength bepresent within random fluid flows. These
structures are well known for years, but theredgyaneral consensus about how to define and
indentify them. One definition of a vortex propodey Kline and Robinson in 1989 is: “A
vortex exists when instantaneous streamlines mapptxa plane normal to the core exhibit a
roughly circular pattern, when viewed in a refeeframe moving with the center of the vortex
core”™ . In order to investigate vortex development, \o@si must be indentified and quantified
within a given flow field. The straight forward nmetd of using the out-of-plane component of
the vorticity vector does not provide a satisfymegult, since vorticity does not only identifies
vortex cores but also shearing motion within tleevil There exist many other methods that are
used in vortex identification. Most of them involam analysis of the local velocity gradient
tensor and its corresponding eigenvalues or theible®f pressuré'. Two examples of these
methods are discussed in the report of De Clékcghe first is the Q-method which uses the
second invariant of the velocity tensor to distisgubetween the shear and the rotation in a
flow. The second method uses the Hessian of preseysrovide information on local pressure
minima, which are found in vortex coréd

The current research uses the swirling strengthttier identification and quantification of
vortices, which is calculated according to the rodthf Adrianet al.*!. This method is readily
applied in the PIV software and performs well. Timsthod makes use of the eigenvalues of the
velocity gradient tensor. When the discriminantttod characteristic equation is positive, the
three-dimensional velocity gradient has one reggmialue 4;) and a pair of complex conjugate
eigenvaluesk * ilg). When this is true, the particle exhibits a swwg| spiral motion about the
eigenvector corresponding 4p The reciprocal of represents the period required for a particle
to swirl once about thg-axis. If the flow is a pure shear flow, the pddiorbits are infinitely-
long ellipses and the orbit period is also infinirresponding td; = 0. Thus,A; > 0
corresponds to shorter more circular ellipses viogtices or eddies. Vortex identification based
on swirling strength is frame independent, and du#seveal regions which contain significant
vorticity but are absent of any local swirling nusti(i.e. shear layers).

For two-dimensional flow fields the velocity gradigensor has either two real eigenvalues or
one pair of complex conjugate eigenvalues. In ¢thse an equivalent two-dimensional form is
used, which identifies vortices as iso-regiong.0#0.
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According to its definition the swirling strength ¢alculated from the eigenvalue of the velocity
gradient tensor:

o
ox 0

ov=| > ¥ (B.1)
v v
ox oy

The eigenvalue is calculated from the characteresjuation:

ER LR ®2
ox oy dy ox
A% - ou, v /l+a—u@—@@=0 (B.3)
ox oy oxdy dyox
2
poifou ov), [1fou ov)" duov, oudv (B.4)
2\ ox oy 4\ ox oy ox oy 0y ox

Writing the eigenvalue asi = A, *i/, , yields:

2
A = |- ou,ov) oudv_oudv (B.5)
4\ ox oy ox oy 0y 0x
2 2
J, = |-L[ouT, ov), Toudv oudv (B.6)
4\ 0x oy 20x 0y 0dy ox

To implement the swirling strength on the velocitgld the velocity gradient terms are
discretized according to a central difference saesae figure B.1.

@,, Uiy ~ Ui

(B.7)
0X X = X1
@: U W (B.8)
0 Vi~V
ﬂ: Vi) ~Vieg (B.9)
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ﬂ: Vi Vi (B.lO)
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B.1 Circulation of a vortex 75

y j+1 =
T_i

-1 -
i-1 i i+1

Figure B.1. The swirling strength and vorticity are calculatedlocation i,
from the velocity components on the other pointsicv are known from the
PIV analysis

B.1 Circulation of a vortex

Circulation is related to vorticity vi&’:
r=-[[eds (B.11)

For the in-plane circulation the out-of-plane vaityi component is used, where:

g =ou_ o (B.12)

dy o0x

The vorticity is again discretized according toeatcal difference scheme (see figure B.1). For
the calculation of the circulation of a vortex, iategral area is around the vortex core is taken.
This area is increased until the circulation reachpeak value.
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Vorticity and swirling strength calculations




Appendix C

Swirling strength measurements

In appendix C the swirling strength of the flowldies shown for some of the relevant PIV
measurements. The moment of the measurement vitileirflap cycle is depicted with the
dimensionless timea, where (x 1< 0.5 is the out-stroke and Ot <1 the in-stroke. The
figures show leading edge vortices (LEV) and tngiledge vortices (TEV), generated during
the out-stroke (1) and in-stroke (2). Velocity \@stand swirling directions are distracted from

flow field images.
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C.1 Improved wing at 9 Hz at 0.7R
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Figure C.1. Swirling strength at various moments during ttegftycle for
the improved wing flapping at 9 Hz and at spanwasation 0.7R
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C.2

Improved wing at 11 Hz at 0.7R
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Figure C.2. Swirling strength at various moments during ttegpftycle for
the improved wing flapping at 11 Hz and at spanwisation 0.7R
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C.3 Improved wing at 11 Hz at 0.8R
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Figure C.3. Swirling strength at various moments during ttegftycle for
the improved wing flapping at 11 Hz and at spanwisation 0.8&®
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C4

Improved wing at 13 Hz at 0.48
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Figure C.4. Swirling strength at various moments during ttegftycle for
the improved wing flapping at 13 Hz and at spanwisation 0.4R
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C.5 Improved wing at 13 Hz at 0.5R
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Figure C.5. Swirling strength at various moments during ttegpftycle for
the improved wing flapping at 13 Hz and at spanwisation 0.5R
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Figure C.6. Swirling strength at various moments during ttegpftycle for
the improved wing flapping at 13 Hz and at spanwisation 0.7R
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C.7 Improved wing at 13 Hz at 0.8R
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Figure C.7. Swirling strength at various moments during ttegpftycle for
the improved wing flapping at 13 Hz and at spanwisation 0.8&®
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C.8 Original wing at 11 Hz at 0.8®
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Figure C.8. Swirling strength at various moments during ttegpftycle for
the original wing flapping at 11 Hz and at spanwismtion 0.8®
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C.9 High aspect ratio wing at 11 Hz at 0.7R
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Figure C.9. Swirling strength at various moments during ttegftycle for
the high aspect ratio wing flapping at 11 Hz andp@nwise location 0.RL
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C.10 High aspect ratio wing at 13 Hz at 0. R

y-axis [mm]

y—axis [mm]

y—axis [mm]

1=0.06
LEV2 E @
40 N
1)
1
)
20 \
1
\
\
0 \
\
‘\
—20| TEV2 ‘
-40 o ) CE
ol D
-50 -30 -10 10 30 50
60 —
LEvy 1=0.30
) Q
20
,I
7
0 //
1’
1
NI
-40 TEV2
-60 @

-50 -30 -10 10 30 50
60 1=0.58
40 .

LEV1
20

0 TEVL
2
-40
-60

-50 -30 -10 10 30 50
60 1=0.82
%0 LEV2 _

i-
-
20
0

TEV2
-20 (gjiﬂuiyig
- @

TEV1
-60
-50 -30 -10 10 30 50
x—axis [mm]

B 60

LEV2 1=0.14
40
LEV1 =
20
0
-20
TEV2 TEV2
B
-60
50 -30 -10 10 30 50
E e LEVL 1=0.42
40 (’T@
20
0 TEV1
-20 @:..I "-
-40
-60
-50 -30 -10 10 30 50
H 60 1=0.66
0 N
20
0
TEV1
_20 @
-40
-60
50 -30 -10 10 30 50
K e LEV2 1=0.90
EN T
40 E \\I.“
20 N
‘\
\
0
By
20 ®17
TEV2
Y
-BOI m TEV1
-50 -30 -10 10 30 50
x—axis [mm]

Swirling strength A  [1/s]

|

0 200 400 600

800 1000

60
40

20

-60

L 60

40

20

%1 =0.
40 A o
LEV1 o LEVL
g
;

40 LEV1
20 L)

TEV2

-50 -30 -10 10 30 50

-50 -30 -10 10 30 50

1=0.74
LEV2

@ TEV1

TEV2 @

-50 -30 -10 10 30 50

1=0.98

LEV2 i LEV2
6

D)
\
1

E) TEV2

©

-50 -30 -10 10

x—axis [mm]

30 50

Figure C.10. Swirling strength at various moments during tfag ftycle for
the high aspect ratio wing flapping at 13 Hz andp@nwise location 0.RL
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Swirling strength measurements










