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People, we have perfectly ordinary plumbing.

Steven Vogel

Learn to sit back and observe. Not everything needs a reaction.
Unknown

If you want to know the truth of who you are, walk until not a person
knows your name. [...] A long stretch of road will teach you more about
yourself than a hundred years of quiet introspection.

Patrick Rothfuss

When everything seems to be going against you, remember that
the airplane takes off against the wind, not with it.
Henry Ford

If you can’t explain it simply, you don’t understand it well enough.
Albert Einstein
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Abstract

The aim of this investigation is to provide an experimental volumetric visualization of the near wake
topology of the vortex structures generated by a flapping-wing Micro Air Vehicle (MAV) by means of
large-scale Robotic PIV. This novel technique implements coaxial illumination and imaging in combi-
nation with the use of Helium Filled Soap Bubbles (HFSB) as tracing particles to achieve large mea-
surement volumes of the order of 10 liters. Information of different phases throughout the flapping
cycle is obtained by means of a phase-locked averaging procedure. The MAV used for this study is
called DelFly Il. It is a platform composed a two pairs of wings attached to a slip body with horizontal
and vertical tailplanes for stability and maneuverability. Measurements are performed at regular free-
flight scenarios within the DelFly flying envelope. The configurations selected have different reduces
frequencies which allows to analyze the effect of this important parameter. Same configurations are
also measured with and without the presence of the tails to see their influence of the wake topology.
In addition, experiments in both tethered and free-flight conditions have been performed, yielding an
unprecedented comparison between the aerodynamics of the two conditions.

The significance of the proposed project lies on the ability of assess the complete three-dimensional
wake of the DelFly II. This is the first experimental study performed that can achieve such measuring
volumes for any flapping-wing platform, to the knowledge of the present author. Another major benefit
of this study is the use of standard flight configuration to observe the wake structures when the MAV
is able to sustain level flight. Therefore, the proposed work is expected to be a relevant addition to the
understanding of the flapping-wing mechanism.

Vi
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R Radius of gyration of a wing [m]
Re Reynolds number [-]
Ro Rossby number [-]
S Symmetric part of Q-criterion [s72]
Str Strouhal number [-]
Us Freestream velocity [m/s]
Ubpax Maximum velocity of jet [m/s]
Ures Characteristic velocity [m/s]
Us Slip velocity [m/s]
u Velocity component in X direction [m/s]
VZyot Rotational velocity [m/s]
v Mean lateral velocity [m/s]
v Velocity component in Y direction [m/s]
Vhe Volume rates of helium [1/s]
XYZ:io01 Tool reference frame [mm]
XYZ amera Camera reference frame [mm]
Vb Y axis in the body coordinate system of the DelFly [mm]
Zy Minimum depth measured [mm]
Zymax Maximum depth measured [mm]



Introduction

An increasing interest in the development of Micro Air Vehicles (MAVs) has been seen in recent years
due to the wide range of missions where they can be employed: from searching and rescuing activities
to security and surveillance applications. These MAVs typically fly at low speeds or even in hovering
conditions, but high maneuverability and flight efficiency is desirable for wind gusts rejection and in-
creased flight endurance, respectively. Different classes of MAVs can be distinguished: fixed wings,
rotatory wings and flapping wings [57]. Well-established aircraft design concepts apply to fixed and
rotatory wing configurations, but these vehicle types suffer a detrimental effect on performance when
scaled down in size (see figure 1.1). On the other hand, natural fliers, serving as an inspiration to
flapping-wing designs, have shown extraordinary flight capabilities at low Reynolds numbers [16, 58] .
Thanks to new flow visualizations techniques that have become available (Particle Image Velocimetry
in particular), the characteristics of the flow of flapping wings has been better understood, identifying
several unsteady mechanisms [66, 78] . These unsteady mechanisms help enhancing the lift pro-
duction like for example clap-and-peel [4]. The understanding of the flow characteristics of flapping
wings and their relation to force generation has been investigated extensively on both natural fliers
and Flapping-Wing MAVs (FWMAVSs). Nevertheless, there are still no general models or theories that
completely describe the aerodynamics of flapping wings.
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Figure 1.1: Maximum lift coefficient vs. Reynolds number for different flying mechanisms. [62]



2 1. Introduction

The main objective of the project is to acquire a deeper fundamental understanding of aerodynamic
behavior of the flapping-wing mechanism by performing quantitative measurements on the wake of
a FWMAV. The specific flapping-wing MAV investigated in this study is the DelFly Il, which has been
design by TU Delft [21]. The main features of this MAV can be seen in figure 1.2. The DelFly consist
on a slim fuselage where two pairs of wings are attached as well as a vertical and horizontal tail for
stability and maneuverability. For further information about the DelFly characteristics, please refer to
section 2.3.

Figure 1.2: DelFly Il in free-flight conditions

Nowadays experiments are the most precise way to obtain information about the behaviour of the
flow around flapping wings. The PIV research done in the last years on the DelFly Il has always been
limited to planar and stereo PIV [60], so information is restricted to planes and special effort is required
to reconstruct a three-dimensional flow representation. With the information from 2D measurements,
the basic evolution of the vortices generated during a flapping cycle can be understood like in the case
of figure 1.3 were the leading and trailing edge vortices can be clearly seen.
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Figure 1.3: Swirling strength at various moments during the flap cycle, showing leading edge vortices (LEV) and trailing edge
vortices (TEV) during out-stroke (1) and during in-stroke (2) of the wing positioned on the left at the first time instant, figure
adapted from Groen et al. [38]



Nevertheless, due to the highly complex three-dimensional behaviour of flapping wings, a significant
part of the mechanism cannot be analyzed. Several studies have attempted to reconstruct the three-
dimensional wake from measurements performed on a limited space. One option for the reconstruction
is to assume the the wake is frozen, called Taylor’s hypothesis. The assumption implies that the vortex
structures shed by the flapping mechanism convect with a velocity equal to the freestream velocity.
In this way, the evolution of the vortex structures can be represented. However only the information
of structures seen by in the planar measurements is used so no other structures in the out of plane
direction can be found. This approach has been followed by Percin et al. [60], as shown in figure
2.12. However it has been shown that the Taylor’s hypothesis is not for the wake of flapping wings
as the induced velocities generated by the vortex structures themselves have a great influence on the
evolution of such structures along time and space [11].

14 0 14

Figure 1.4: Perspective view of the wake structures visualized by isosurfaces of Q/f? = 10 and colored by w, /f for two periods
of the flapping motion (flow is the positive z-direction) for the case of k = 0.47 (U = 3 m/s and f = 5.7 Hz) [60].

Another approach that was successfully implemented by Henningsson et al. is the use of using
MLOS-MART (multiplicative line of sight—multiplicative algebraic reconstruction technique) [40]. This
method allows to extent the information volume from 200 x 240 x 50 mm3 (streamwise, spanwise,
vertical) to 200 x 240 x 58 mm3. This increase in the volume cover is still insufficient. To characterize
the near-wake flow topology in a more appropriate and direct way, a volumetric flow measurement is
required of the complete wake.

Having into account the growing interest in flapping wings, the proposed research objective is:

"Investigate the flow behaviour in regular flight scenarios by means of volumetric flow
measurements of a Flapping-Wing Micro Air Vehicle along its complete wake
in a wind tunnel environment”

In order to tackle this project, a literature study has been performed to explore the existing knowl-
edge on the subject of flapping wings and present an overview of noteworthy studies related to flapping
wing aerodynamics. Both a general perspective of the topic and a more detailed explanation of the FW-
MAV used are exposed in chapter 2. The methodology to be employed to perform the volumetric flow
measurements is called Robotic Volumetric Velocimetry. The main advantage of this innovative mea-
suring technique is the ability of computing the three components of velocity of the particles embedded
in the flow in a volume of dimensions that are comparable to the dimensions of the DelFly Il. The
main aspects of PIV and an extensive description of the methodology to be used in this study will be
explained in chapter 3.

To fulfill the proposed research objective successfully, two experimental campaigns are arranged
and carried out. The set-up of both campaigns are presented in chapter 4. Afterwards, chapter 5 walks
through the complete process to follow from the data collected by the cameras and the final velocity
field on the complete volume. However, before any experimental campaigns could be accomplished,
a test to prove the capacity of the large-scale 3D PTV measurement technique to successfully capture
the studied unsteady flow is required. The results of such preliminary tests are exposed in chapter
6. Once the feasibility of the experiments is confirmed, the experimental campaigns took place. The
first campaign related to the measurement of the wake of the DelFly in tethered conditions. As the
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DelFly was attached to a support structure, experiments with and without tail were achieved. The
DelFly is placed in the wind tunnel stream resembling regular flight conditions of the FWMAV. This is
accomplished by setting three parameters: free-stream velocity, angle of attack of the body of the DelFly
and the flapping frequency of its wings. Three different configurations are tested and presented in
chapter 7. On the second experimental campaign, the DelFly is set to fly within the wind tunnel stream,
aiming to position itself, by means of an optical control system, at a certain location so measurements
can be taken. These second campaign allows to observe the difference between tethered and free-flight
conditions. Finally in chapter 8, conclusions of the obtained results are drawn and recommendations
are provided if this line of investigation should be further evaluated.



Literature review

2.1. Flapping wing aerodynamics

The main characteristics of flapping wing aerodynamics will be discussed to have an overview of the
main phenomena that occur during a flapping cycle. The flapping wings of the DelFly follow the same
principles for force generation, specifically lift and thrust, as flapping wing insects. Research related to
insect flight have been performed since many years, however the understanding of the basic aerody-
namic behaviour that comes with it has only been achieved in the last decades. The second part of this
section discusses specific terms and definitions commonly used when talking about flapping wings. A
summary of the specific aerodynamic phenomena that are observed in the unsteady flow generated by
flapping wings will follow in section 2.1.3. And to finalize this chapter, the most important parameters
that affect the flapping wings will be described in section 2.1.4.

2.1.1. Introduction to flapping flight
The wonders of the flow dynamics of flapping wings have been subject of research pursued from both a
biological and an engineering perspective. The interest from an engineering point of view is motivated
by the involvement of flapping wings in the development of Micro Air Vehicles (MAVSs) in recent years,
using bio-inspired designs. In today’s society, there is a growing demand for autonomous unmanned
aerial vehicles. This kind of vehicles has a miniature size and they are able to fly at significant low
velocities which raises the question if the same procedures and theories applied to the design and
analysis of more conventional aircraft of larger dimensions can be applied. The interest in this kind
of devices is due to the great range of different activities where they can be employed. For example,
MAVs can be used as an identification platform for search and rescue missions as well as exploration
of areas of difficult access or even for security applications. These MAVs should be able to fly at low
speeds or even in hovering conditions, they should also have high maneuverability and of course they
should be efficient. In this range of capabilities different classes of MAVs can be found depending on the
force generation mechanism: fixed wings, rotatory wings and flapping wings [57]. Fixed and rotatory
wings concepts have been developed greatly, as already well-established aircraft design theories can
be applied to these kind of models. However, it has been seen that these design suffer a detrimental
effect of their aerodynamic performance when the models are scaled down [7]. On the other hand, bio-
inspired flapping wing designs have shown extraordinary flight capabilities at low Reynolds numbers.
The French entomologist Antoine Magnan published in 1934 his book titled ‘Le Vol des Insectes’
[53]. In this publication he stated that when the conventional laws related to the aerodynamics of
fixed-wings were applied to flapping wings, there was no explanation about how insects were able to
fly. This shows the lack of understanding of the flapping wing mechanism not far in the past. In order to
tackle this problem, different approaches were followed. Flapping wings aerodynamics is often related
to revolving propeller blades as both generate lift by pushing air downwards. Successful theories for
the far-field wake of flapping wings were elaborated based on the extensive work already available on
rotor aerodynamics [31, 65]. However researches, like those of Sanjay Sane and Nathaniel Jacobson
[67], have not been able yet to derive near-field theories in this subject that can be applied to different
wing shapes, flight conditions, etc. Thanks to new flow visualizations techniques that have become

5
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available (Particle Image Velocimetry in particular), the characteristics of the flow of flapping wings can
be investigated in much more detail, supporting the identification of several unsteady flow mechanisms
[66, 78]. The improved understanding of the flow characteristics of flapping wings and their relation
to force generation has been investigated extensively on both natural fliers and flapping mechanisms.
This is possible due to the opportunity with these new technologies to measure the instantaneous flow
field around the moving wings combined with the increase in computational power which enables to
make more detailed and more reliable numerical flow simulations. Nevertheless, there are still no
general models or theories that completely describe the aerodynamics of flapping wings.

2.1.2. Terms and definitions

As a first introduction the main features of flapping wing motion are presented. The wings have several
degrees of freedom. It is usually considered that the wings are constricted to move in a plane, referred
to as the stroke plane. The stroke plane, for simplicity, is shown as perpendicular to the body but it
could also be placed at an angle. For the case of the DelFly the stroke plane is indeed perpendicular to
the direction of the body so this angle will not be taken into account in this explanation. The wings move
forwards and backwards on this stroke plane. This motion is called sweep. When the ventral side of
the wing is the one leading the motion that it is called the instroke while when the dorsal fin is leading
it is called the downstroke (see figure 2.1). When talking about the DelFly, the instroke is equal to the
part of the cycle when the two wings on each side (see figure 1.2) are coming towards each other and
the outstroke starts when they move apart. The stroke angle (¢) is defined as the instantaneous angle
between the leading edge of the wing and the y axis in the body coordinate system (y;), whereas the
stroke amplitude (@), is the total angular displacement of the wing in the stroke plane.

The wings can also rotate with respect to their leading, which is called pitch. Pitching motion is
most prominent during the change from one stroke to another in order to have always a positive angle
of attack of the wing surface with respect to the relative flow motion. When the pitch occurs in the
transitions from the upstroke to the downstroke, the motion is called pronation while viceversa is called
supination. The additional motion of the wings in the direction normal to the stroke plane is known as
heaving. The leading edge of the wings usually form an eight shape along a flapping cycle due to the
combination of the sweeping and heaving motions. This has a significant effect on the force generation
of flapping wings [68] .
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Figure 2.1: Schematic diagrams of body and wing coordinate systems and kinematics of flapping wing motion depicted on a
generic flapping wing entity [60]

Looking now into non-dimensional analysis of the flapping motion, three parameters need to be de-
fined as they are relevant to the flapping wing behaviour. The first well know parameter is the Reynolds
number. The Reynolds number is a dimensionless number that indicates the ratio between inertial and
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viscous forces, which means that it determines the importance of one effect with respect to the other.
The Reynolds number is usually defined as follows:

_ ererref
u

The density and dynamic viscosity of the fluid (p and ) correspond to air. The characteristic length
(Lrer), as in the case of fixed wing, is defined as the mean chord of the flapping wing (¢). The char-
acteristic velocity (U,.f) of the flow is not straightforward to define in the case of flapping wing flight.
Depending on the flight conditions to be studied, a certain reference velocity can be more suitable than
another. For example in forward flight it is reasonable to use the forward flight speed as reference.
However, for slow forward flight or hovering conditions it can be more appropriate to use the mean
wing (tip) velocity instead, as the flapping wing motion can generate higher speeds than the forward
flight velocity.

Another important nondimensional parameter for flapping wing flight is the Strouhal number that
is the ratio of the two inertia forces, the unsteady and the steady components. This leads to the ration
between the flapping velocity and the forward flight velocity as seen in equation 2.2. This parameter is
relevant when looking at the vortex shedding and vortex dynamics of the flow. The Strouhal number is
a function of the flapping frequency (f), the stroke amplitude (®), the span of a single wing (b) and the
forward velocity of the body (U,).

Re 2.1)

fob
Str = U (2.2)
The final important dimensionless parameter to be considered is the reduced frequency, that gives
a measure of the unsteadiness motion of a flapping wing. The reference length is also defined as the
chord of the wing but the reference velocity considered depends again on the flight conditions to be
analyzed. Either the forward flight velocity (U, = U, ) or the mean wing tip speed (U, = 2®fb) can
be used. If we consider forward flight conditions, the reduced frequency is defined as:

k
Uo

(2.3)

2.1.3. Important phenomena

Different unsteady mechanisms are present in flapping wing flight. Natural fliers take advantage of
all these different mechanisms to achieve high performance efficiency. The main mechanisms will be
discussed in this section. The five mechanisms listed can be classified in two categories. The first
three mechanisms relate to circulatory forces so that these mechanisms influence the circulation along
the wings. The last two mechanisms correspond to non-circulatory forces that are generated primarily
due to the momentum transfer from the fluid to the wings.

Leading edge vortex (delayed stall)

Flow separation along a wing is generally undesired in fixed wing configurations as it deteriorates
the wing performance (lower lift, higher drag). However in the case of flapping wings it leads to an
enhancement of force generation. For a thin airfoil, when flow detaches at the leading edge, there
is still a period of time duting which the leading edge vortex generated by flow separation reattaches
before the leading edge so that Kutta condition is still fulfilled. This leads to an increase of the lift force
produced as the leading edge vortex creates a low pressure region on the upper surface of the wing.
This process is called "delayed stall”.

As long as there is a stable attached LEV, this mechanism effectively increases the circulation
around the wing and therefore also the forces, lift and drag, that are generated. Nevertheless, at a
certain limit the LEV size is so large that reattachment is no longer attainable in 2D flow. When looking
at a 3D flow, in several studies a prolonged attachment of the LEV during the sweeping motion of the
wings has been seen [6, 28, 32] . This leads to a certain accordance in the presence of at attached
3D structure, even if the mechanism that stabilizes it is not yet fully understood. An sketch for different
insect wings was depicted by Bomphrey et al. in 2005 [8], as can be seen in figure 2.2. The shape of
the LEV changes significantly depending on the wing shape of the insect, making the behaviour harder
to characterize.
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Figure 2.2: Two LEV structures. (A) Structure described by Ellington and van den Berg for a hawkmoth [23, 32], where the LEV
is a conical spiral with spanwise flow in the vortex core. (B) Structure found by Srygley and Thomas for a butterfly [80], where a
single LEV is extending across the thorax and no significant spanwise flow is present. Adapted from Bomphrey et al. [8]

Rotational forces

Rotational forces are present mainly during the stroke reversal of the wings, when pronation and
supination happen. When a wing starts rotating, additional circulation on the wing must be generated to
fulfill the Kutta condition. Depending on the direction of the rotation the extra circulation will be added
or subtracted to the already existing circulation. The instant at which the rotation happens and the
direction of the motion play a key role on the generation of forces. The rotation of the wing can be
advanced, to increase the instantaneous angle of attack, or it can be delayed, producing a negative
lift during a short time. Experiments in a robotic fly apparatus [29] show the comparison between the
translational and rotational forces along a flapping cycle as seen in figure 2.3.
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Figure 2.3: Time history of lift and drag forces (measured forces are plotted in red, and forces predicted from translation force
coefficients are plotted in blue) in the first two plots. Difference between measured and estimated translational values of lift is
shown in the third plot as rotational lift. Last plot shows the translational (green) and rotational (purple) velocities of the wing [29]
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The final forces generated along the cycle were also plotted in this study (figure 2.4) to show the
evolution of the magnitude and direction of the lift force. This study analyzed advanced, symmetrical
and delayed rotation and it seems that the wing rotation is so important that a phase advance of 8 %
from delayed rotation to symmetrical can cause an increase in the mean lift generated of approximately
67%. This is important when greater forces are needed than on regular forward flight, such as during
maneuvers [29] or when carrying a payload similar to the weight of the body itself [54].
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Figure 2.4: Diagram of wing motion indicating magnitude and orientation of force vectors generated throughout the stroke [29]

Clap-and-fling motion

Clap-and-fling mechanism relates to the interaction between the flapping wings. This phenomenon
occurs when the wings are closed to each other, during the end of the upstroke, the pronation and
the beginning of the subsequent downstroke. When the wings are coming towards each other (A), a
v-shaped gap appears that during what is called the clap phase (B). Then when the leading edges are
closed together the wing rotates and the trailing edge of the wings come together as well (C). During the
fling phase, the leading edges start to move away from each other (D) and the flapping cycle continues
(E and F). A summary of the process can be seen in figure 2.5.
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Figure 2.5: Schematic representation of clap-and-fling motion by use of two rigid wing sections with the red arrows indicating the
direction of the wing motion and the blue arrows indicating the direction of the induced flow [62]

The additional force generation perceived as a consequence of this unsteady mechanism has sev-
eral different explanations proposed by several studies [49, 66] . It could be caused by the momentum
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jet generated during C were flow is pushed downwards. The fact that a large LEV is formed during the
fling (D) can cause an increase in the circulation of the wings. But also the starting vortex formed during
the stroke reversal (D and E) is attenuated due to the proximity between wings. When the wings are
flexible instead of rigid, they may display a strong deformation especially during the fling phase, and
consequently the mechanism is called clap-and-peel. The flexibility of the wings plays a crucial role in
the force generation of flapping wings. Lower drag and higher lift forces can be achieved with flexible
wings compared to rigid ones [62] . The deformation acts in favor of enhancing the probable causes of
force generations explained above.

Wake capture

The motion of flapping wings, as it has been explained, generates a series of vortex structures that
are shed into the wake. When the wake structures do not convect fast enough away from the body,
the wing passes through the same region on the following cycle and it will encounter areas of high
energy content (figure 2.6). A transfer of momentum from the fluid to the wing will take place. The
final increase in force generation due to this mechanism is highly variable as it depends on the rate
of convection of the wake and on the sign on the vorticity regions that are crossed by the wing. This
mechanism becomes more important on hovering conditions as in forward flight the convection of the
wake structures does not allow a strong wing-wake interaction.
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Figure 2.6: Wake capture mechanism evolution sequence indicated from A to F [66]

Added mass

When the flapping wing accelerates during the cycle, the fluid adjacent to the wings is also accel-
erated. This will lead to an increase in the apparent inertia of the moving wings as the mass of the
accelerated fluid should also be considered. This is called added or virtual mass. The contribution of
such phenomenon is hard to quantify.

2.1.4. Parameters influencing flapping wing aerodynamics

Flapping wing aerodynamics is a combination of several complex phenomena so many parameters
affect the aerodynamic performance. This is the main reason why it is difficult to design an FWMAV
that can operate in very different scenarios. The wing deformation has been already established above
as one cause for thrust and lift increase. But in the same matter the deformation of the wings depends
of the flexibility of the wing structure and also the wing kinematics that depend on the rotational speed of
the wings, the free stream velocity and the interaction between the air and the wings [56]. This becomes
a problem of fluid-structure interaction [24] that is computationally very expensive to accurately simulate
numerically.

Lentink & Dickinson experimentally studied the dynamic scaling parameters of revolving wings that
are responsible for the enhanced LEV. The analysis showed the potential stabilizing effect that wing
kinematics have on the LEV generated on revolving wings. In addition to the Reynolds number, they
chose two further governing non-dimensional numbers for this study: the Rossby number (Ro) that
indicates the Corioris acceleration and the dimensionless stroke amplitude (A*) which relates to the
level of unsteadiness of the flow. The Rossby number in revolving wings is defined as Ro = R/c where
R is the radius of gyration of the wing which in this case is set to the wingtip radius and c is the mean
aerodynamic chord. The dimensionless stroke amplitude is defined as A* = ®R/c where @ is the stroke
amplitude. To determine the effect of these parameters in LEV stabilization, a set of experiments was
carried out. Using both flow visualization and force measurements, they concluded that Ro, and not
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A=, appears to explain LEV stability. In figure 2.7, different flow patterns around a revolving wing can
be observed on the left picture, represented by the Reynolds number of the flight, the Rossby number
and the dimensionless stroke amplitude.
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Figure 2.7: Left:Cartoon of basic flow structures for different values of A*, Ro and Re (left) and Rossby number based on wing
tip radius for natural flyers (right) [50]

Force augmentation decreased with increasing Ro, which is consistent with the general prediction
that the LEV is stabilized at low Ro. In the plot on the right a large set of data is presented where the
Rossby number of animal wings assuming zero advance ratio is plotted as a function of body mass
of the animal. It can be seen that the Rossby number does relate strongly to the size of the weight of
the animal. Apart from the freestream velocity and wing kinematics, the direction at which the flapping
wings are facing the flow. This means that the body angle of attack can affect the aerodynamics forces
and this parameter is probably coupled with the other flight parameters already explained. This coupling
of different parameters has been verified to occur in the DelFly [46].

Other factors that can affect the behaviour of flapping wings are the dynamics of the animal or
MAV, that lead to non-stationary flight conditions. Different maneouver such as turns change greatly
the force generation as well for example an external phenomena such as gusts. However this kind of
conditions are difficult to simulate both numerically and experimentally and the force measurement or
flow visualization becomes even more complex. This is out of the scope of this study.

2.2. Numerical vs. Experimental approach

From the previous section, it is clearly noticed that the study of flapping flight is very complex and it
depends on many different factors. In order to tackle this problem in a systematic, different approaches
have been followed. Flapping wings aerodynamics is often related to revolving propeller blades as both
generate lift by pushing air downwards. The flapping cycle can be simplified if it is divided in two half-
strokes and each is assumed to be represented by the motion of a revolving wing. Under high angle of
attack, a regular translating wing generates a well know Karman street, however it has been observed
that the stable LEV mentioned above is also generated for revolving wings [35]. A leading-edge vortex
(LEV) is generated as a consequence of flow separation at high angles of attack which leads to a low
pressure region where strong suction forces perpendicular to the wing surface appear. Usherwood
and Ellington [81] studied these phenomenon on hawkmoth wings at a Reynolds number of 8,000. A
translating wing could sustain a maximum lift coefficient of 0.71 while the revolving wing could go up
to 1.75. It can be stated then that a key element for the enhanced aerodynamic force generation is the
rotational inertial mechanisms of the flapping wings.

Successful theories for the far-field wake of flapping wings were elaborated based on the extensive
work already available on rotor aerodynamics [31, 65]. However researches have not been able yet to
derive near-field theories in this subject that can be applied to different wing shapes, flight conditions,
etc [67]. Comparisons between the results from experimental campaigns and the widely used quasi-
steady lift models have been discussed by Gutierrez [39]. Depending of the quasi-steady model used,
different values of lift-based weight support are computed. The final lift calculates also depends to
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a great extend on the wake measurement location behind the animal (x = ¢) and the flight speed
(U). There is an extensive variety of flight conditions that are covered by natural fliers. The shape
of the wings influences as well the aerodynamics of flapping wings. This adds an extra complexity
to any model as it does not only have to be dependent on flow conditions but also on the shape and
aspect ratio of the wing [77]. The poor performance of these models is confirmed and it also shows the
sensitivity of these models to the input parameters. The main conclusion that can be extracted from
this study is that the flapping wing mechanism is very complex and thus no general theory has been
found to accurately model the aerodynamics of flapping wings.

2.2.1. Numerical studies

Apart from analytical models, CFD simulations of flow around flapping wings have been carried out.
CFD provides detailed and complete flow information that can help in the understanding of the flow
characteristics near the wing. One of the main limiting factors of CFD simulations is the way the wings
are modeled. Real flapping wings are flexible so that their deformation along the flapping cycle cannot
be disregarded [12]. The use of fluid-structure interaction methods to study the influence of the flow
on the wing shapes should be developed in order to make this approach closer to the real behaviour
of the flow and the vortex structures generated. Another option that has been explored is the use of
deformation patterns from experimental measurements to take this effect into account and proceed to
make numerical simulations with that data [26, 59]. CFD solutions have the advantage of providing
information of the velocity field around the flapping wings as well as the pressure distribution along the
wing surface, as seen in figure 2.8. The main structures explained previously can be seen in the left
side of the figure, structures such as the tip vortex, the leading edge vortex and the trailing edge vortex.
With this information, a better link can be made from the aerodynamic behaviour obtained to the forces
generated by the wings. Deng at al. measured the deformation of the wings of the DelFly, the same
kind of MAV that will be studied in this project [25]. The experiments and simulations carried out showed
how the flexibility of the wings are directly related to the force generation. The efficiency and the force
generated by the flapping wings of the DelFly increase when the flexibility of the wings increases as
well. The main effect influenced by the flexibility of the wings is the clap-and-fling mechanisms which
is present in the DelFly aerodynamics. Interesting results can be reached following the combination
of experiments and CFD. However, the CFD computations are still dependent on the experimental
information from the motion of the wings to be able to analyzed the flow around flapping wings. This
leads to the conclusion that experiments are the most direct and accurate way to study the flapping
wing mechanism.
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Figure 2.8: Instantaneous streamlines, iso-vorticity surface and pressure contours on the upper surface of flapping wings in
biplane configuration at each half stroke. [59]

Experiments have been done using natural fliers such as birds and insects and also using MAVs
or simplified models that are not able to fly. There are two main kinds of experiments that can be
performed with natural fliers. The first one regards the experiments done with a tethered subject, so
the insect for example is rigidly fixed at a certain position resembling the normal flight conditions of
the animal [9, 10]. The other possibility is letting the animal fly freely across the measuring space and
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measure the footprint of the vortex structures generated during the flapping [13, 39]. This last approach
implies quite a complex set up which also includes extensive training as well as the design of protection
garment for the animal to be tested in case that laser light illumination is used.

2.2.2. Experiments on natural fliers

Focusing on experiments done in tethered conditions, several experiments lead by Bomphrey can be
pointed out. The use of digital PIV measuements allowed the first time ever empirical measurements
of the downwash distribution produced by a tethered (restrained) desert locust [8]. Before a factor
(k > 1) was added into the actuator disc models to account for efficiency difference (theory assumes
uniform downwash accerelation), but this factor had no base. Actuator disk models are the standard
model used by the animal flight community. The wing can be thought of as deflecting a circular jet of
diameter b (span) downward with velocity 2w. Lift estimation according to measurements are 10 times
higher than theory. With the same digital PIV technique, the first leading-edge vortex was captured in
2D measurement planes of a tethered Tobacco Hawkmoth [9]. The wing length of such insect is ap-
proximately 52 mm and it was fixed with a body angle of 28° from the horizontal plane. The subtraction
of the free-stream was performed in order to reveal the focus of the LEV along the wing. The kind of
vortex structures that were determined can be seen in figure 2.9. Looking at the velocity profiles of
cross sections through the loops shed into the wake it seems that the vortex core of the tip vortices
can be well defined as the distance between peaks in rotational velocity (vertical velocity when looking
at figure 2.10, part C). The velocity profiles found are similar to the ones that could be found on ideal

vortex rings and their cores.
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Figure 2.9: Production of a vortex loop with cross-sections of the loop core (Vo = 3.5 m/s) of a tethered Tobacco Hawkmoth [9]

Experiments in free flight conditions have been carried out as well in recent years. The quantity
of such experiments is smaller compared to the ones performed with tethered conditions due to the
increased complexity of the systems involved. For example, Gutierrez et al. performed stereo PIV
measurements in still air on the wake of a parrot [39]. Safety garment needed to be designed for the
animal to avoid the harmful effect of some equipment such as the laser light. In addition, colorless
and odorless fog (size of 1um) had to be used. The absence of 3D velocity data resolved in time and
space leads to the use of simplified quasi-steady lift models in the majority of animal flight studies in
order to derive aerodynamic models to estimate forces generated by the wings. A comparison is done
in this study between the three commonly used quasy-steady lift models: Kutta-Joukowski theorem,
vortex ring model and actuator disk model.Vortex breakdown was found in the measurements which
violated the "frozen turbulence” hypothesis, so the three methods used are not valid or they build up
on assumption that is not correct in this case. The quasi-steady lift can be estimated by means of wind
tunnel experiments. However when discussing studies in still air, like this one, the estimation of the
quasi-steady force can only be performed for the associated stroke phase that is captured by the laser
light when the bird flies through the laser sheet. For the case of the parrot, it is observed that lift is
mainly created on the downstroke where two large tip vortices are generated.
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Figure 2.10: Velocity profiles through ideal and measured vortex loops (V,, = 1.2 m/s) of a tethered Tobacco Hawkmoth [9]

Apart from planar measurements, some experiments on 3D volumes have been accomplished.
This is the case in a study of a desert locust with tomographic PIV measurements, one of the first
experiments done with tomo-PIV in flapping wings [11]. The insect is fixed in a position similar to its
normal flight conditions. The lack of detail provided by planar or stero PIV lead to a poor visualization of
the wake structures, which motivated the use of tomo-PIV instead to be able to observe wake elements
undetected until then. The experimental set-up consisted of four high-speed cameras recording at 1
kHz and the seeding particles used are olive oil droplets. The measuring volume that could be achieved
by this technique was limited to a thickness of 4 mm, measured in the longitudinal direction, in order to
be able to cover all the wake in width and height (60 x 80 x 4 mm?3). The small thickness makes the use
of Taylor’s hypothesis inevitable to propagate the flow information downstream in order to describe the
full wake, and the investigation revealed that the use of Taylor’s hypothesis introduces errors on wake
morphology which can lead to erroneous force calculations based of such information. The Taylor’s
hypothesis assumes a homogeneous, frozen, turbulent wake so that the wake structures are convected
with a constant velocity equal to the free-stream. To correct for this, wake deformation was taken into
account in this case by looking at the angle of the Q-criterion [43] iso-surfaces and matching them from
one measurement to the next. With wake deformation applied, the shape of the wake structures was
found to change significantly. This leads to the conclusion that volumes captured at subsequent time
intervals do not allow to reliably compose the actual three-dimensional wake shape and a large volume
imaging technique would be desired that can properly capture the longitudinal extent of the wake. This
cannot be achieved by regular tomo-PIV as discussed by Scarano et al. [71], however, in view of the
volume restrictions. Looking at the results shown in figure 2.11, the vortices generated by the wing
during the upstroke have the opposite direction as the one in the downstroke due to the change in the
effective angle of attack seen by the wings, generating positive or negative force consequently. As the
desert locust has four wings, the period where the final force is negative is very short as when two
wings are generated negative lift the others create a positive one.
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Figure 2.11: A: The phase-averaged vortex wake of a representative individual with six planes corresponding to snapshots
through the stroke cycle at t/T = 0, 0.2, 0.4, 0.6, 0.8 and 1.0 (where t represents the current time-step within the wingbeat,
and T is the wingbeat period). B: Grey vortex wake: phase-averaged vortex wake of a desert locust reconstructed from stacking
successive wake volume acquisitions. The coloured wake, coloured by vorticity in the freestream axis, w,, has been subjected
to vertical (z-axis) realigned of the volumes, based on the largest vortex structures found in each volume to indicate direction of
wake deformation. [11]

To overcome the measuring volume limitations, in the current study, large-scale Robotic Volumetric
PIV is used, instead of regular stereo or tomo-P1V, to visualize the entire 3D wake structures without
necessity to rely on any hypothesis to reconstruct them. Another difficulty of experiments with insects
is the difficulty to repeat the measurements at the same conditions, due to the inherent unpredictability
of animal behaviour. This can be generalized to all experiments done with natural fliers, which reduces
drastically the range of configurations that can be studied and the number of parameters that can be
changed. These issues are less critical when mechanical flapping mechanisms or MAVs are used in-
stead. As explained by Cunis et al. [19], the measurements with MAVs have the potential to bring more
consistent and repeatable data. This is a crucial step towards a deeper and broad understanding of
the flapping wing mechanism. Multiple bio-inspired FWMAV designs have been developed worldwide,
designed by different institutes like the RoboBee from Harvard University [17] or the Nano Humming-
bird from AeroVironment [48]. Both of these designs are tailless, while others like the DelFly Il, made
by Delft University of Technology [20], have a conventional tail for stability and controlability.
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Nevertheless, due to the highly complex three-dimensional behaviour of flapping wings, a significant
part of the mechanism cannot be analyzed. Several studies have attempted to reconstruct the three-
dimensional wake from measurements performed on a limited space. One option for the reconstruction
is to assume the the wake is frozen, called Taylor’s hypothesis. The assumption implies that the vortex
structures shed by the flapping mechanism convect with a velocity equal to the freestream velocity.
In this way, the evolution of the vortex structures can be represented. However only the information
of structures seen by in the planar measurements is used so no other structures in the out of plane
direction can be found. This approach has been followed by Percin et al. [60], as shown in figure
2.12. However it has been shown that the Taylor’s hypothesis is not for the wake of flapping wings
as the induced velocities generated by the vortex structures themselves have a great influence on the
evolution of such structures along time and space [11].
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Figure 2.12: Perspective view of the wake structures visualized by isosurfaces of Q = f? = 10 and colored by w,/f for two
periods of the flapping motion (flow is the positive z-direction) for the case of k = 0.47 (U = 3 m/s and f = 5.7 Hz) [60].

2.3. The DelFly Il

The DelFly Il is a biplane MAV designed and manufactured at TU Delft [21]. The DelFly project was
originated in 2005 as a design synthesis project for students. The objective of such project was to
‘design a flapping wing UAV of less than 50 grams with on-board camera that will impress the jury
of the European Micro Air Vehicle conference and competitions 2005’. In 2006, the DelFly Il project
was established. The goal for this second project focused on decreasing the size of the FWMAV. One
year later, the DelFly 1l was presented and succesfully exceeded the project’s goals: not only the wing
span was reduced to 28 cm, but also there was a significant extensions of the flight envelope. The
DelFly Il is able to hover, fly forward at 7 m/s and even fly backwards at -1 m/s. It has two full-span
wings, arranged in cross configuration, that move alternately towards and away from each other when
flapping (see figure 2.13) to generate both thrust and lift, taking advantage of the clap-and-fling wing-
interaction effect [4]. The wings of the DelFly are made of 15 micron thin Mylar foil reinforced with carbon
fiber stringers that makes the wings highly deformable, a characteristic that was found to enhance
significantly the aerodynamic performance of the MAV [61]. It is also equipped with horizontal and
vertical tail planes and its corresponding control surfaces, elevator and rudder, which make the DelFly
a stable and controllable system relying on tail actuation. The DelFly MAV used in the experiments is
the most recent design. The lay-out and dimensions of a half-wing of the MAV can be seen in figure
2.13. The weight of the DelFly is around 25 g and the distance from the leading edge of the wings to
the trailing edge of the tail is 21.5 cm approximately. The total span of the wings is 28 cm, while the tail
has a span of 17 cm.

2.3.1. Experimental capabilities of DelFly Il

As in the case of natural fliers, measurements on MAVs can be done in fixed (tethered) conditions or
in free flight conditions. The research done on the DelFly in fixed conditions is quite extensive. These
static measurements are less complex to be performed and, with the help of a force balance, the forces
generated by the flapping wings can be measured simultaneously to the flow visualization. This allows
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Figure 2.13: The Delfly MAV used in the experiments (left). The dimensions of a single half-wing, including the location of the
stiffeners (middle). The location of the leading edges of the wings in front view.

valuable information to be obtained of the possible relation between wing motion, wing deformation, flow
behavior and resulting force generation. The complexities encountered when modeling and simulating
the interaction between flexible wings and the wake itself contribute to the limited possibilities to use
computational approaches for the investigation of flexible biplane flapping wing configurations. This
is why predominantly experimental studies have been performed on the DelFly. The PIV research
carried out in previous years on the DelFly has always been limited to planar (2C and stereo) PIV
[18, 37], so information is restricted to a plane. In addition, the optical access is limited when looking
directly at the flow around the wings. The wings may block or reflect the laser light and a convenient
solution for this may be a phase-averaged procedure where the camera or set of cameras used for
the PIV measurements are directed in the plane perpendicular to the laser sheet. As the wings also
move along time, the images needs to be acquired at the exact time that the wings pass through a

certain phase. Such an experimental set-up adopted by the studies of Groen [38] and De Clercq [18]
is illustrated in figure 2.14.

FoV \

Figure 2.14: Schematic representation of the experiment arrangement [18]

2.3.2. Planar and Stereo PIV measurements

On the experiments performed by Groen [38], a Hall sensor is used to measure the flapping frequency
and to generate the triggering pulse for the PIV system. PIV measurements are done in a phase-
lock manner (50 phase-lock images per phase location - 34 different locations). To keep the laser
sheet oriented perpendicular to the wing for investigating the different phases, the DelFly is rotated
along its body axis. The DelFly used has no tail. Only the flow around one wing was measured at
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a constant spanwise location. The tracer particles used are fog particles of approximately 1 um of
diameter, like other regular PIV tracer particles. The study focuses on the flapping wing behaviour at
the hovering flight regime, which is the most demanding configuration for the DelFly. Two force sensors
are used to understand the performance of different wing models and the influence of the stiffness,
orientation and shape of the stiffeners that configure the wing (see figure 2.15). Then stereo PIV
measurements are made to investigate in more detail what the effect that increases the performance of
the DelFly is. An aeroelastic study is also performed by measuring the deformation of the wings at the
span location where stereo-PI1V is carried out. This study allowed to find an improved wing geometry,
which is currently used in the the latest DelFly design. The clap-and-feel mechanism is studied by
comparing the thrust produced by a biplane configuration and twice the thrust generated by a single
wing. Thrust generated during the out-stroke is higher than during the in-stroke, probably due to the
clap-and-peel effect at the beginning of the out-stroke. Improvement of the new wing decreased mainly
the power consumption, while maintaining the lift production capacity. The results of the deformation
measurements could be used to understand aerodynamic effects, but also as an input for numerical
flow simulations (see figure 2.16). The path of the leading edge describes a figure of eight, due to
passive wing deformation, which has been assumed to have a positive effect on thrust generation.

140mm

58mm

30mm

8

65mm 75mm

Figure 2.15: DelFly wing schematic representation of different stiffener location [37]
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Figure 2.16: DelFly cross-section wing deformation along a flapping cycle at a wing flapping frequency of 11 Hz at a spanwise
location of 100 mm from the root (0.71b) [37]
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Figure 2.17: Swirling strength at various moments during the flapping cycle, showing leading edge vortices (LEV) and trailing
edge vortices (TEV) during out-stroke (1) and during in-stroke (2). The swirling direction is taken from velocity field images. [37]
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Investigation of the vortex dynamics in the cross-sectional plane normal to the wing leading edge
is shown in figure 2.17. Swirling strength instead of vorticity is used to show the vortex structures as
vorticity does not identify vortex cores only but also shearing motion within the flow [2]. Different LEV
and TEV can be seen along the flapping cycle in figure 2.17. During the outstroke a LEV is formed but
at the beginning of the instroke it dissipates, but a new LEV is again generated halfway through the
instroke. When the leading edge of the wings are closed again at the beginning of the outstroke, the
leading edges interact and then move apart again. Some vortex shedding is observed which suggests,
compared to insect flight, that the LEV of this MAV is not as stable [5, 32]. The growth of the LEV
according to measurements at different spanwise locations seems to increase from root to tip fo the
wings, such that the LEV develops a conical shape.

2.3.3. 3D wake reconstruction

One option to obtain three-dimensional information on the flow structure is to measure different planes
subsequently, and synchronize the data of the different planes with the flapping phase. Evidently such
an approach requires extensive measurements to be performed and a careful synchronization and inter-
polation of the datasets. A simpler but more approximate approach reconstructs the three-dimensional
structure of the wake from the time-resolved data obtained in a single wake plane, by using a convec-
tion model (Taylor’s hypothesis), as has been done for the DelFly by Percin et al. [60] . This approach
assumes that the wake structures generated by the flapping wings of the DelFly are convected with a
velocity equal to the free stream, neglecting the induced velocities produced by the acceleration gener-
ated by the clap-and-fling and the wake vortices themselves. This assumption may be reasonable for
a zero angle of attack forward-flight configuration, allowing to visualize the main structures that can be
seen in the wake of the MAV. The usual coherent vortical structures around flapping wings are: leading
edge vortex (LEV), tip vortex (TV), root vortex (RV) and trailing edge vortex (TEV). The study of Birch
and Dickinson [6] showed the importance of the TV for the stabilization of the LEV. Tip vortices are
not well captured in 2D as the shape is greatly three-dimensional. In figure 2.18, the resulting wake
reconstruction for a forward flight configuration is presented. The tip vortices generated by the four
wings and the starting trailing edge vortex connected to the tip vortex are revealed.
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Figure 2.18: Perspective view of the wake structures visualized by isosurfaces of Q/f? = 10 and colored by w,/f for two periods
of the flapping motion (flow is the positive z-direction) for the case of k = 0.47 (U, = 3 m/s and f = 5.7 Hz) [60]

With this technique it was also possible to assess the interaction between the vortex structures at
different reduced frequencies, when changing the flow velocity and/or flapping frequency (figure 2.19).
It was concluded that an increase in reduced frequency will lead to a stronger interaction between the
vortices, which is linked as well with the enhancement of the clap-and-fling mechanism. Another varia-
tion between the different reduced frequency cases depicted, it is the time lag between the generation
of vortical structures along the flapping cycle. It seems that the formation and convection times of the
vortical structures generated in the wake differ as the reduced frequency changes and thus a phase
shift is appreciated. Therefore the convection time of the spatiotemporal reconstruction is dependent
on the free stream and also the induced velocities. As the flapping frequency becomes higher, the
circulation along the wing increases as well and the formation of the TEV is delayed. The authors sus-
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pects that likely origin of this fact is the wing deformation. The leading edge has a fixed motion but the
flexible wing is affected greatly by the wing inertia. This would explain that the freestream velocity and
the flapping frequency enhance the amount of deformation of the wings which consequently generates
a delay and a time shift on the wake structures.
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Figure 2.19: Side view of the wake structures visualized by isosurfaces of Q/f? = 15 and colored by w,/f for two periods of
the flapping motion (flow is the positive z-direction) for a range of reduced frequencies [60]

However the use of Taylor’s hypothesis on which this three-dimensional rendering relies fails to rep-
resent the wake at realistic flight conditions where the angle of attack is quite high and so the interaction
between the velocities induced by the wing and the free stream is too complex to be accounted for by
the simple convection model underlying the Taylor’s hypothesis.

Similar experiments have also been performed for another DelFly design, the DelFly Micro. The
DelFly Micro has three wing interactions compared to two for the DelFly Il. Not only the two pair of
wings have a clap-and-peel mechanism, but also the two upper wings of the DelFly meet each other
at the end of the outstroke as shown in figure 2.20.

Measuring the motion of the leading edge of the wings, it was concluded that the aerodynamic forces



22 2. Literature review

Qutstroke N e S /
(Peel) I >~_"\ T~ C ‘ ; 1 — y .<1>
T T ] gt
T Upper Wing b
e 2 -~ s B ) 3 '.r
Instroke ' s = ' ' - -— |-
(Clap) s - - :
Lower Wing - ’

Fig.2 Schematic front view of DelFly Micro wings during flapping.

Figure 2.20: Schematic front view of DelFly Micro wings during flapping [27]

produce a dampening effect on the wing motion. The experiments showed that thrust (measured by
force balance) seems to increases quadratically with flapping frequency, having two peaks though the
flapping cycle (figure 2.21). The first one occurs during the middle of the instroke while the second one
with higher magnitude happens at the middle of the outstroke. As previously stated, in this experiment
was also confirmed that the flexibility of the wings played an important role in the thrust generation.
Peel is substantially more effective in creating a circulation around the wings than the rigid movement
of the wing. In figure 2.21, the right picture shows the evolution of the vortices generated during a cycle.
It can be seen how two counter-rotating vortices are shed on the leading edges of the upper and lower
wings. The sign of these vortices changes sign corresponding to the opposite movement of the wings
during instroke and outstroke.
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Figure 2.21: Thrust generation and power consumption (left) in two flapping cycles and out-of-plane vorticity (right) on wing
at different flapping moments, measurement plane at 4 cm from wing root in spanwise direction, f = 20 Hz, for tx = T =
[0.05, 0.22, 0.32, 0.72, 0.82, 0.95] [27]

Talking about wake reconstruction, the same procedure is followed as before, relying on a con-
vection model based on the Taylor’s hypothesis. Looking at the reconstruction of figure 2.22, there
predominant wake structures are seen. They have a “U” shape that consist of two counter-rotating 3D
vortices that interact with each other when the wings come together. The three structures correspond
to the three clap-and-peel mechanisms identified in this MAV.

2.3.4. Experiments in free flight conditions

The first flow visualization experiments to be carried out with a freely flying flapping-wing robot have
been successfully performed on the DelFly [47] , proving the methodology that will be followed in this
study as well. The main characteristic of this methodology is the combination of stereo-PIV and a control
system for autonomous flight in a wind tunnel environment. With a set of 13 cameras, an OptiTrack
system is placed in the hall of the wind tunnel which has an open test section of 2.45 x 2.45 m?. LED
markers are placed on the PIV cameras and other equipment, such as the calibration plate, to know
their position in space. The DelFly is also located through markers around the wings and body. This
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Figure 2.22: Spatial temporal reconstruction of wake of the DelFly Micro wings, f
a)perspectiveview, b)sideview, c)topview,andd) frontview.

visual system is used to control the DelFly motion through an on-board autopilot. The DelFly is set
to hover at a certain location while a certain free stream velocity is blown from the wind tunnel. This
effectively will represent the flight conditions obtain as when the DelFly would fly at that same velocity
through space. When the free stream velocity is set to a determined value, two other important flight
parameters are also directly fixed, as they are dependent on each other, such relations can be found
in figure 2.23 [46]. These parameters are the flapping frequency of the wings and the angle of attack
of the body with respect to the free stream. Stereo-PIV measurements at an acquisition frequency of 5
kHz are performed in the wake of the DelFly, at 150 mm from the tail, to avoid reflections and shadows.
Taylor hypothesis is used to reconstruct the spatio-temporal evolution of the wake as it was previously
explained [62].

The variation in the position of the DelFly increases with increasing free stream velocity as the
DelFly becomes more difficult to control. At low speeds, the pitch angle is larger (50.5° — 68.6°) and
so the wake goes downwards and it is not captured by the PIV system. Thus, the need to use higher
velocities appears so the pitch is decreased (33.8° — 28.7°). For low speeds, PIV measurements could
be triggered for 49-65 % of the attempts while at high speeds only 3-4.8 %. Roll and yaw angles are
present in the experiments due to imperfections on the hand made DelFly. Figure 2.24 shows the
experimental results of the 3D representation of the wake vortex structures at a reduced frequency
k=1.25(U =2.4m/s at f = 12Hz). 12 cycles are captured with 400 frames per cycle. Helicity is used
for the detection of the vortex cores. There is a very prominent red structure (positive helicity) which
is the tip vortex on the top wing and then a blue one (negative helicity) which is the tip vortex of the
bottom wing. Both are structures formed during the instroke, while the outstroke is not well captured.
Good qualitative agreement is found between the free-flight and the tethered wake flow structures.

Another way to performed free flight experiments is to make the FWMAV pass through the measur-
ing space. This philosophy has been used successfully to measured the wake of a cyclist [79], called
the ’ring of fire’ concept. Research performed by del Estal et al. used the same idea for the DelFly,
aiming to visualize the unsteady flow structures around the MAV in true free flight [22]. The DelFly Il is
driven by an automatic flight control system in a trajectory through the test space. Flow visualization
was achieved with particle image velocimetry (PIV) using helium-filled soap bubbles (HFSB) as tracer
particles [72]. The flight speed used for the experiments was around 1m/s, with the pitch angle and
the flapping frequency being around 60° and 14Hz, respectively. The automatic control system used
for this free-flight investigation consists of an optical tracking system and an onboard autopilot system.
The test area was enclosed at the sides with a net to contain the bubbles so as to maintain a sufficient
tracer concentration. Two different PIV configurations were used: planar PIV measurements were per-
formed in a streamwise (i.e., chordwise) aligned plane and stereo PIV measurements took place in a
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Figure 2.23: A) Observed combinations of speed and angle of attack for various elevator deflections (colour coded). The black
dots and the error-bars represent the mean values and standard deviations for each elevator setting. B) Variation of body speed
(left) and flapping frequency (right) with elevator deflection. Both relationships are approximately linear. The error- bars represent
the standard deviation from the mean values [46]

a) Free flight, 2.4 m/s b) Tethered, 2 m/s

Figure 2.24: Comparison of three-dimensional wake structure of the DelFly Il for (a) free-flight and (b) tethered condition; colour
coding is for helicity (red: +0.6 m/s?; blue: —0.6 m/s?) [47]

spanwise-aligned measurement plane.

The position and cross-sectional shape of the two wings are clearly visible in figure 2.25, while in
the shaded area the illumination is obstructed by the tail surface. At this instant, the flow structures
around the two wings display a symmetric pattern with respect to the DelFly body, the lower (on the
right) wing is shedding a trailing-edge vortex while the upper wing is generating a leading-edge vortex.
This may be attributed to decreased effective velocity of the lower wing due to the forward (rightwards)
motion of the DelFly, which also decreases the effective angle of attack. It may be hypothesized that
most of the lift (vertical force in y direction) is hence generated by the upper wing during the instroke.

Virtual pathlines are plotted in figure 2.26, which were generated by applying a time-filter algorithm
(with a filter length of seven time-steps). This process enables visualization of prominent rotational flow
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Figure 2.25: Out-of-plane vorticity [1/s] colored contours, displaying streamlines (left) and velocity field (right) around the DelFly
at the end of the instroke [22]

structures, notably the tip vortices of the upper wings and the tail. Contours of out-of-plane vorticity
at the end of the instroke also reveal the occurrence of wing root vortices, which have an opposite
rotational direction compared to the tip vortices of the corresponding wings. Due to pitch angle, the
dihedral of the wings and their deformation, the laser sheet is "cutting” the wings in diagonal directions
when the laser sheet is in span-wise direction. It is hard to define the flapping wing behaviour when
the information is not measured for the four wings at the same flapping cycle stage.
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Figure 2.26: Time-filtered stereoscopic-PIV image (left) and contours of out-of-plane vorticity in a spanwise-oriented plane (right)
at the end of the instroke [22]






Robotic Volumetric Velocimetry

In this chapter, the main developments on the field of Particle Image Velocimetry (PI1V) are going to be
presented. the chapter starts with a review of the basic working principles of this measuring technique
to follow with the evolution from 2D to 3D and the rise of an innovative branch of PIV that includes
robotic actuation.

3.1. 2D Particle Image Velocimetry

PIV is a novel flow measurement technique that has become very popular on the last decades compare
to other techniques. The main principle behind it is to track and quantify the displacement of the tracer
particles embedded in the fluid. With the displacement information. The name PIV was introduced by
Adrian in 1984 [1], even if some years before this technique was alredy used by Meynart by the name
laser speckle velocimetry [55]. Nowadays PIV is the most used flow measurement technique not only
on research activities but also for industrial applications [45]. PIV has many advantages compared
to other measurement techniques. It is a quantitative technique that measures the whole field in a
non-intrusive manner and it also does not require a calibration based on other measuring instruments
to achieve the desired calibration. On the other hand it needs optical access for the camera system
and it involves a highly complex setup that needs a certain expertise to be correctly arranged. The
measurements performed are indirect as the velocity of the tracker particles is the one measured, not
the flow itself. The temporal resolution is low although several studies have worked towards improving
this issue [69].

3.1.1. Planar Particle Image Velocimetry

The first form of PIV is called planar as it only enables to measure the velocities in a plane. This is a
two-dimensional measurement providing information of two components of velocity (2D2C). The main
challenge when performing measurements on a moving flow is the fact that the fluid is invisible. For
this reason, tracer particles need to be added into the flow stream so that the flow behaviour becomes
visible and therefore traceable. But in order to be able to follow the flow accurately, the tracer particles
cannot be very heavy which leads to the diameter of such particles to usually be of the order of 1 um.
The area of interest, usually called the field of view (FOV), needs to be illuminated so that the particles
of that specific region are clearly distinguishable. As the tracer particles are small, the light source
necessary to scatter enough light needs to be very powerful. Most researches chose to use laser light
as their light source due to the characteristics of the light beam that can be produced. Lasers produce
a pulsed, collimated and monochromatic light beam that can be easily shaped into a sheet. Once the
tracer particles are homogeneously introduced, the FOV is illuminated by a laser sheet. The tracer
particles scatter the light provided by the laser and in this way the camera, set perpendicular to the
field of view, captures images of the illuminated particles. The laser needs to be synchronized with the
cameras for a successful experiment. The images are usually taken in pairs where the time between
one and the other (dt) is very small. The period between successive pairs of images in called At and
it provides the temporal resolution of the measurement. Each pair of images needs to be processed
to compute the instantaneous flow velocity in the short time dt. Regular PIV applies cross-correlation
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between the two images to find the best match between them. The cross-correlation peak provides
the displacement in X and Y coordinates of the particles. To apply this procedure, the complete FOV is
divided into several small areas called interrogation windows and the cross-correlation then provides
the mean displacement of the particles contained in the windows. This process in explained in figure
3.1.

Flow Direction
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2D Vector field
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Figure 3.1: Working principle of Planar PIV [36]

The interrogation windows can change in size and they can also be overlapped to increase the
resolution of the vector field. The velocities on X and Y are computed as follows:

AX

u= MoAt (3.1)
AY

v= oAt (3.2)

Where AX and AY are the measured displacements on the image and M, is the magnification factor
which relates the displacement on the images to the physical displacement of the particles.

Another parameter that is useful to characterize a PIV system is the dynamic velocity range (DVR)
which is defined as the ratio between the maximum and the minimum velocity magnitudes that can be
measured. The minimum velocity is affected by the uncertainty of the displacement measurement due
to the resolution of the particles in the images. The maximum velocity is limited by the time delay be-
tween the paired images and the size of the interrogation window. A trade-off appears for the definition
of the interrogation window dimensions. The larger the interrogation window, the larger the maximum
velocity that can be measured. However this also leads to a lower resolution of the measurement do-
main. Usually the DVR is required to be as high as possible, but on the case of flapping wings the
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velocities at which the flow evolves are not considerably high so this is not a major concern for this
study.

3.1.2. Stereoscopic Particle Image Velocimetry

One of the main drawback of planar PIV is the velocity in the out of plane direction as it is not measured.
The camera is not able to recognize if the particles, apart from moving up and down and left and right,
are also moving towards or away from the FOV. Stereo PIV tackles this problem. With a system of
two (or more) cameras, the flow can be measured from different angles and then the sets of data are
combined. As the cameras measure from different directions, the out of plane velocity can also be
computed. Therefore stereo PIV is a 2D3C measurement technique. This method has been used
extensively in industrial and research applications [60, 79].

3.2. 3D Particle Image Velocimetry

As stereo PIV is still a measurement on a plane, lack of understanding of 3D flow behaviour made it
necessary to go a step further. Measurements in a volume become crucial in order to understand the
full topology and temporal evolution of 3D coherent flow structures.

3.2.1. Tomographic PIV

Following the basic principles of PIV, a volumetric measurement can be performed with a system of
three or more cameras. Apart from the regular particle identification as in planar PI1V, there is a fur-
ther step to be followed in this approach that consists of reconstructing the 3D domain from the 2D
information from the cameras (see figure 3.2). The volume is therefore divided into three-dimensional
interrogation elements to compute a vector field along the entire measuring volume. In 2006, the first
3C velocity measurement was successfully performed on the investigated volume by Elsinga [33].

The 3D reconstruction of the measuring volume from the 2D information is a computationally in-
tensive process which becomes one of the limiting factor for application of this technique. In the past,
the most widely used method to perform the tomographic reconstruction has been the Multiplicative
Algebraic Reconstruction Technique (MART) [41]. This method relies on an iterative process, due to
the undetermination of the problem, to obtain the distribution of the light intensity in the 3D space start-
ing from the intensities of the plane images. The MART method has proven to have a good accuracy
and it is still used for validation processed against other novel reconstruction methods. The new re-
constructions methods attempt to improve the computational cost of the process. One approach to be
acknowledged is the Iterative Particle Reconstruction technique which was presented by Wieneke [83].
The algorithm consist of a first 3D reconstruction of the particles that are on a second step projected
back onto the images to compute the residuals. From this information the first step can be refined until
the best match is found iteratively. Apart from the high accuracy of the methods, the IPR algorithm can
also successfully triangulate particles in highly dense populated flows. The more particles you have
in the measurement the more information that can be achieved, which makes this characteristic of the
method very interesting.

Even though tomographic PIV is regarded as a state-of-the-art technique, it has important draw-
backs that makes it hard for this approach to expand significantly. Due to the large amount of equip-
ment needed, the setup of a experiment becomes very complex and a proper optical access is not
always possible for such a system. It was also discussed by Scarano [71] that the maximum feasible
dimensions of the measurement volume with PIV do not surpass 50 cm? and 160 cm? in air and water
flows, respectively. This reduces quite drastically the kind of applications where this technique can be
used, nevertheless in the research environment it is still employed [11].

3.2.2. 3D Particle Tracking Velocimetry

As explained previously the complete volume reconstruction performed in tomo PIV is excessively
computationally expensive. So new approaches have appeared that focus on triangulating individual
particles that are then tracked through the images with the information provided by all the cameras
according to triangulation procedures. This process to follow the particles from one instant to the next
is called Particle Tracking Velocimetry (PTV). As individual particles are tracked, it gives the opportunity
to achieve a higher spatial resolution due to the fact that the information is not averaged in a certain
volume. On the other hand, the maximum particle density that can be used before the images are
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Figure 3.2: Working principle of Tomo PIV [33]

saturated and particle-pairing becomes unreliable is an order of magnitude smaller that with tomo PIV.
Looking at the captured images, the highest particles per pixel ratio that can be supported by tomo PIV
is approximately 0.05 [71]. In the case of PTV, the ppp value reduced to 0.005 [52] to keep a robust
process that does not compute a large amount of ghost particles. This was indeed the case before
2013, when the IPR method appeared which raise the acceptable ppp to 0.05 [83].

The main difference between PIV and PTV, as the name implies, is that the algorithm used to
compute the velocity of the flow, instead of discretizing the measuring volume into several interrogation
windows, detects each particles individually and follows its path from one image to the next. So the
reconstruction of the flow is particle-based instead of voxel-based. The information about the location
of each particle is saved through time in a Lagrarian way. Most of the methods created following this
approach have obtained an increase in computational efficiency [63]. However the majority take each
instant separately instead of taking the information from previous time-steps to search for the particle
on the sequential time-step. This idea has been implemented in the tracking algorithm called Shake-
The-Box (STB) that is highly reliable and efficient. With the information of the location of the particles
along time, a second order polynomial fit is used inside the algorithm to compute the velocities of the
particles [74]. This technique is several orders of magnitude less demanding in terms of computational
time than the regular tomographic PIV technique. It was introduced by Schanz et al. in 2013 [73] and
it is currently considered the cutting edge technology in its field. The STB algorithm will be used during
the present work.
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3.2.3. Large scale PIV - helium filled soap bubbles

Regular tomo PIV is a technique limited by its high computational cost and its inability to measure large
volumes. The first aspect has been outperformed by PTV algorithms such as STB. In the case of the
second issue, the size of the volume is restricted by the high intensity light source that needs to be
used to collect enough scattered light from the tracer particles so the particles can be distinguished by
the cameras [72]. With the current hardware technology the intensity of the light that can be provided
by a laser head has reached a limit. This implies that if the light needs to be spread to a larger volume,
the intensity of the light will decrease. The only way therefore to be able to capture the particles with
the cameras is by increasing the scattering factor of the particles. This can be achieved by enlarging
the particles.

However, if the particles are larger, then it may be possible that they do not follow as accurately the
flow anymore. The main requirement of any tracer particle in PIV is the ability to follow correctly the
flow. This means that the particles need to be able to adapt to drastic changes of flow conditions with a
smaller reaction time that the physical behaviour that is being studied. To evaluate such capability, the
slip velocity or velocity lag is computed. Assuming that the particles are small and spherical and that
viscous forces are more influential than inertial forces (creeping flow, Re << 1), then the slip velocity
is defined as [64]:

(o — py) av

— g2
Us = dy 18u dt

(3.3)
where d,, represents the diameter of the particle, the dynamic viscosity is expresed as u and the
densities of the particle and the fluid are p, and p¢, respectively.

It can be easily concluded from the formula that the larger the particles, the larger the slip velocity
and therefore the reaction time of the particles becomes larger. However, there is another term in the
expression which relates to the density of the particle with respect to the one of the fluid it is moving
with. If the particle has a density close to the one of the fluid, the slip velocity will decrease. A trade-off
can be found between density and size of the particle.

Following this path of reasoning, the Helium Filled Soap Bubbles (HFSB) were introduced [72].
These particles have a density very close to the one of air. The soap used is indeed heavier than air. It
is composed by water, glycerine and soap, this mixture is called bubble fluid solution (BFS). But if inside
the bubble the fluid is lighter than air (such as helium) then the overall density remains near the target
value. These bubbles are therefore nearly neutrally buoyant in air. The response time of the HFSB
has been observed to be approximately tz = 10 us [72]. In figure 3.3, the study of the reliability of the
HFSB to follow the flow around a cylinder is compared to the use of micro-sized fog droplets, which are
the regular particles used for PIV. Several different proportions of helium and soap are analyzed. It can
be seen how the HFSB follow closely the path of the droplets validating in such a way their traceability.

The bubbles are generated through a nozzle, creating a small jet stream of particles. The bubbles
are generated by injecting the soap with pressurized helium. When the bubbles have been formed, the
pressurized air pushes the bubbles outside of the nozzle. Several of these nozzles are placed in an
aerodynamic rake to be able to seed a large volume. Depending on the flow rates that are selected for
the three quantities: air, helium and BFS, the bubbles will vary in size and number. Their capacity to
follow the flow can be slightly altered as seen in figure 3.3. The average diameter of these bubbles is
approximately 300um, which means 300 times larger that regular PIV particles such as droplets. As a
consequence, these particles scatter of the order of 10* — 10° more amount of light that regular PIV
particles [15].

3.3. Robotic Volumetric Velocimetry

Robotic Volumetric Velocimetry exploits a combination of the previous state-of-the-art approaches that
have been mentioned. It allows measurements of the three components of velocity in a large volume
of the order of several liters [45]. The measurement system (Coaxial Volumetric Velocimeter, CVV
[75]) makes use of a coaxial arrangement between imaging and illumination. The use of sub-millimetre
diameter Helium Filled Soap Bubbles [72] as tracers instead of micron-size droplets is motivated by the
large amount of scattered light, enabling larger scale three-dimensional experiments by quantitative
velocimetry techniques. The velocity is computed by means of a PTV algorithm and the complete
system relies as well on robotic actuation to position the measurement system.
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Figure 3.3: Time averaged streamlines determined by cross-correlation analysis at U, = 30 m/s obtained with micron-size
droplets and HFSB with four different volume rates of BFS and two volume rates of helium: vy, = 4 1/h (left), vy, = 5 L/h (right)
[72]

3.3.1. Coaxial Volumetric Velocimetry

Another point in question arising in the use of tomographic PIV is the complexity of the set up of an
experiment and the visual access that is needed in order to carry it out, which has not been discussed
yet. The Coaxial Volumetric Velocimetry approach aims at solving this issue by reducing the camera
aperture (B) quite drastically. The difference between the two set up arrangements can be seen in
figure 3.4. The optimal tomographic PIV setup has a camera aperture of approximately 60° [71], while
for CVV itis decreased to 4.3° [76].

The main principles of CVV become clear when looking at figure 3.4. The four cameras are placed
close to each other in a 2 by 2 arrangement. The cameras are tilted with respect to the axis of the
probe to achieve the aperture angle along the coaxial direction. In between the cameras, an optical
fiber is positioned. The laser light is transported by this fiber optic from the laser head until the end of
the optic fiber where the laser light is expanded by means of a spherical micro-lens forming a conical
illuminated volume. Apart from the lens at the end of the fiber, the laser light is also expanded by
means of a combination of lenses at the beginning of the optic fiber. Apart from the low aperture angle,
another main modification with respect to tomographic P1V is the large depth of field (distance between
the minimum and maximum depth measured, zy4x — o).

In dash red lines the final measurement volume for the two techniques can be appreciated. The
CVV encounters some challenges compared to tomo PIV due to the low aperture angle and the coaxial
illumination. To be able to obtain in-focus images with such deep illuminated volume, small imaging
apertures need to be used [76]. This implies that the overall amount of light that is collected by the
cameras is reduced. The laser light cone that is formed in this approach has a variable intensity along its
path compare to the homogeneous distribution obtained in tomo PIV. The variability of particle intensity
throughout the volume increases [76]. This is resolved by the use of HFSB which scatter very efficiently
the light. A second issue that needs to be address is the accuracy of the particle positioning. Due to
the small camera aperture, the displacement in the depth direction, i.e. along the line of sight, is not
well captured (see figure 3.5).

To avoid a large error on the in-depth component, the solution is to increase the sample rate of
the measurement. In this way the number of measurements of the same particles is higher and the
trajectory is based on more information points. According to Schneiders [76], the CVV approach needs
to use "high-speed CMOS cameras and diode-pumped solid-state lasers operating in the kilohertz
range” so that time-resolved measurements can be successfully performed with which the position
uncertainty can be compensated.
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Figure 3.4: Measurement setup for tomographic PIV (image A) and for Coaxial Volumetric Velocimetry (image B), showing the
cameras (blue), field of view (grey) and laser illumination (green). In the case of CVV the laser illumination is provided from an
optical fiber (orange) [75]
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Figure 3.5: In-depth uncertainty due to tomographic angle B. Reference particle (white) and reconstructed particle (black) [36]

3.3.2. Particle tracking algorithm
The algorithm used is called Shake-the-Box [74] that has been already introduced in section 3.2.2.
With the information of the location of the particles along time a second order polynomial fit is used
inside the algorithm to compute the velocities of the particles, and potentially also their accelerations.
The main advantage of such an approach lies in the considerably less demanding data processing
time. Especially for volumetric reconstruction, PTV can outperform conventional tomographic PIV by
several orders of magnitude when the computational time needed for obtaining the final velocity field
is considered. This allows the user to inspect preliminary results almost in real time while performing
the experiment.

The STB algorithm can be divided into three different steps: initialization, convergence and con-
verged state that are shown in figure 3.6. In the first phase, no information of the flow is known so a
complete volume reconstruction of the particles in the measurement volume is needed. On the first
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time-steps, the particles are then tracked by the IPR method applying a nearest neighbour algorithm
which generates the first set of tracks of the complete calculation. The validity of a certain track occurs
when it can be tracked for at least n time-steps. So these first n time-steps are the ones that constitute
the initialization phase. Once there is information about the first tracks of the flow, the convergence
phase starts. The tracks information from a time-step (i) is used to predict the location of the particles
on the following time-step (i + 1). The predicted particles are compared to the images from the time-
step i + 1. The particle is then "shaken” around until the particle predicted and the real one match.
Once a particle is paired, it is removed from the frames by means of the residual image so that the
rest of the particles can be easily found. At the end from the residual images, the new particles that
have entered the measurement domain on that time-step can be determined. As time proceeds, the
matching of the images becomes easier to make due to the fact that there is more information in the
predictor as the number of particles in each track increases. This is one of the main advantages of
the technique. For the last step, when the number of tracks remains relatively constant throughout the
time-steps, the converged stage is reached. This last phase follows the same steps as the previous
one.
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Figure 3.6: Schematic description of the STB procedure in its converged state. Effects of the different computational steps on
the residual image of a single camera. [74]

3.3.3. Robotic actuation

In the case of these experiments, the illumination and the coaxial imaging are contained in the same
device called the CVV probe. A robotic arm is used to move this device through space. The advantages
of this compact and robotically actuated device are mainly the improvement in optical access, the saving
in time as only one calibration is needed and the fact that several measuring volumes can be done close
to each other in space to have at the end a larger volume. In doing so, significantly large domains can
be conveniently studied.

A Universal Robots - UR5 robotic arm is employed to position the CVV probe in space with millimetric
precision. It has a maximum reach of 85 cm. The arm has 6 degrees of freedom provided by the six
joints that the robot has which can rotate 360 degrees. The robot can be controlled with its own table
device or through a computer program where pre-programmed motions can be tested before actually
moving the robot.



Experimental Set-Up and Procedures

A DelFly vehicle was used as the experimental object in the present study. Wind tunnel experiments
were performed in two different campaigns, one with the DelFly model in tethered conditions and an-
other with the complete DelFly vehicle in actual free flight. For the first set of experiments, the selected
configurations aim to represent the same conditions as the DelFly would have in free flight, by setting
appropriate values of three relevant parameters, which are: the flight speed (U,,), the flapping fre-
quency (fr1ap) and the angle of attack (a;) of the body with respect to the free-stream. The complete
setup of the experimental campaign is presented in the following sections, starting with the MAV (Sec
4.1) that has been used and continuing with the different facilities where experiments were performed
in section 4.2. To finalize, the complete Robotic PIV system will be presented (Sec 4.3).

4.1. Full-scale DelFly system

The DelFly is a passively stable platform. It relies on its tail for stability and maneuverability. It was
primarily design for slow forward flight and it has been seen that there is an important coupling between
the vertical motion of the platform due to gliding effect and the pitch angle at which it flies. The fact that
the platform is stable and controllable comes with the cost of a large tail which makes the complete
system quite sensitive to gusts and it reduces the maneuverability that can be achieved. The effect of
the tail will be studied in this project by performing experiments with and without tail. This can be a step
forward to the design of tailless FWMAV. For detailed information about the DelFly, please refer to the
published book about it [21].

4.1.1. General characteristics

The DelFly MAV used in the experiments is the most recent design. The lay-out and dimensions of the
average MAV can be seen in figure 4.1. This MAV consists of a body frame made of a carbon fiber rod.
All the other components are attached to this body. At the beginning of the body, the brushless motor
that moves the four leading edges of the wings can be found, sustained by the injection model main
hinge. The leading edge of the wing is the only part of the wings that is actively moved, the rest of the
wing surface moves along with the leading edged made also from carbon fiber. Each wing comes with
two stiffeners as shown in section 2.3, that affect the deformation of the wings made otherwise by Mylar
foil, 15um thick. Linked to the body and the motor, the speed controller is found. All of this electronic
components are also bound to the 220 mAh battery. It needs to be taken into account that the center
of mass of the DelFly can be extremely sensitive to the position of these components, which makes it
almost impossible to have exactly the same DelFly for two different experiments. The manufacturing
method has improved during the years in order to make the manufacturing process more accurate and
repeatable [37], but it is still prone to errors and discrepancies.

The weight of the DelFly is approximately 25 g and the distance from the leading edge of the wings
to the trailing edge of the tail is 21.5 cm roughly. The total span of the wings is 28 cm, while the tail has
a span of 17 cm. The tail is painted black for the experiments to avoid unwanted reflections from its
surfaces. Unfortunately, this could not be done for the wings of the DelFly as the paint could change
considerably the stiffness and the weight of the wings. The laser light reflections from the wings would
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present an obstacle in the processing of the images, for this reason the flow around the wings has not
been studied.
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Figure 4.1: DelFly Il average specifications for newest design, provided in 2009 [21].

4.1.2. Tethered conditions

The DelFly that was built for the first set of experiments is a simplified version of the regular design.
As it can be seen in figure 4.2, the tail can be easily detached from the body in order to perform
experiment with and without tail. The tail itself is completely rigid, it does not have control surfaces
(rudder and elevator). The DelFly was only meant to be used for the experiments at fixed conditions.
It was beneficial to reduce the number of moving surfaces and the complexity of the system too, as no
actuators are needed.

The DelFly is positioned in the middle of the wind tunnel, supported by a structure that allows to set
the desired body angle of attack (it will be shown in figure 4.4). A Hall-effect switch, installed next to the
magnet-equipped output gear of the DelFly gearbox, gave the necessary information about the wing
position by providing a pulse signal every flapping cycle. By means of high-speed camera recording,
the system was calibrated to know the position of the wings, and hence the phase in the flapping cycle,
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when the pulse signal was sent. The power input for the DelFly is controlled to achieve a constant
flapping frequency, which is varied from 10 to 13 Hz.

Figure 4.2: DelFly Il manufactured for first experimental campaign in tethered conditions.

4.1.3. Free-Flight conditions

The DelFly used in this experiments is the complete system. The same DelFly had been previously
used in Del Estal’'s experiments [22]. Apart from all the electronics needed to achieve control flight,
the DelFly is equipped with markers that can be seen in figure 4.3. These markers can be tracked by
the optical system used, called OptiTrack. This is the approach followed to situate the MAV in space
and to be able to control it. The DelFly is not flown manually for this experiment but it relies on an
autopilot scheme that corrects the position of the DelFly and aims to keep it in a certain location so that
experiments can be performed with the least dynamic effect possible. Markers are also placed in the
surface of the wings to obtain information about the flapping motion.

Figure 4.3: DelFly Il used for second experimental campaign in free-flight conditions. The circles indicate the position markers
places in the DelFly.

The DelFly position is controlled by an on-board autopilot, which steers the vehicle based on feed-
back from the on-board IMU (used for attitude estimation) and from an external motion tracking system
that provides position and heading information (with respect to ground) [10]. The external motion track-
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ing system employs 12 OptiTrack Flex 13 cameras (NaturalPoint, Inc., resolution 1280 px x 1024 px,
120 fps). The tracking system data is collected to determine the wing position and the location of the
DelFly throughout the measurement with millimeter accuracy. This provides the information on the
flapping phase of the wings required in the phase-averaging procedure, while also allowing to apply
corrections on the measured data to account for the dynamic motion of the DelFly. More information
on the DelFly control system and the data synchronization with the PIV dataset can be found in [47].

4.2. Wind tunnel setup

One of the challenges found when performing the experiments was related to the high turbulence of
the flow at low speeds. The wind tunnels used at such low speeds, raging from 0.5 — 2 m/s for this
study, are not completely reliable. In order to perform the experiments at the speed desired, preceding
PIV measurements were done on the free stream alone to characterize the wind tunnels at low speeds.
The work done on this topic is explained with detail in appendix A.

4.2.1. Wind tunnel setup for tethered experiments

The tethered experiments were performed in a low-speed wind tunnel (W-tunnel) at the Aerodynamic
Laboratory of TU Delft, which has an open test section with cross-sectional dimensions of 60 cm x
60 ¢cm and a contraction ratio of 3.62. The contraction of the wind tunnel with this dimensions was
built specifically for a set of experiments of the DelFly in 2012 [30]. The wind tunnel specifications for
the new contraction were computed and can be found as well in appendix A. The generator providing
the HFSB seeding particles was placed in the settling chamber, upstream of the test section. The
measurements were performed at freestream velocities (U, ) in the range of 0.5-2 m/s. With the mean
wing chord length being ¢ = 80 mm, the corresponding Reynolds number (Re) ranges from 2,800 to
11,300. The setup for the tethered experiments is presented in figure 4.4.
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Figure 4.4: Experimental setup tethered conditions.

4.2.2. Wind tunnel setup for free-flight experiments

The second experimental campaign was performed in the Open Jet Facility (OJF) of TU Delft, which
is a relatively large-size wind tunnel with an open test section of 2.85 x 2.85m? cross section, and a
contraction ratio of 3 (horizontal contraction of 1.88 and vertical one of 1.62). The test section leads
to an open room that is 8 m high and it extends from 13 m until the flow goes through a cooling mesh
at the end of the room and continues the cycle along the closed wind tunnel. The cooling mesh was
not used for the experiments. The fan is powered by an electrical motor reaching 500 kW which allows
a maximum freestream velocity of 35 m/s. For the OJF facility, the nominal turbulence intensity is
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approximately 0.5% [51]. When introducing the seeding rake inside the stream, the turbulence intensity
increases to 2% according to Jux [44]. The seeding generator is in this case placed directly after the
wind tunnel contraction as can be appreciated in figure 4.5. In the picture it can be observed that the
setup of the Coaxial Volumetric Velocimeter (CVV) and the robotic arm is very similar to the one used
in the first campaign. The main difference is encountered with respect to the positioning of the DelFly,
which in this case is flying in the open test section of the wind tunnel without any support.

Figure 4.5: Experimental setup free-flight conditions.

4.3. Robotic PIV equipment

The Robotic PIV system is composed of three major parts: the HFSB seeding generator, the Coaxial
Volumetric Velocimeter (CVV) [75] and the robotic arm.

4.3.1. Seeding particles

The seeding generator is composed of 10 wings with 20 seeding nozzles each, with a total cross
section of 50 x 100 cm? and a nozzle pitch between generators of 5 cm in both directions. For the
tethered experiments, the seeding generator is placed in the settling chamber of the wind tunnel to
minimize the increase of freestream turbulence. After the wind tunnel contraction, the seeded stream-
tube covers a region of about 30 x 55 ¢m? all around the DelFly. In the case of free-flight experiments,
the seeding generator is placed after the contraction, so the seeded stream tube has a cross-section
of 50 x 100 ¢m?. Air, Helium and soap are combined together within the nozzles to produce the HFSB.
The theoretical maximum rate of production of an individual nozzle is approximately 30,000 bubbles
per second [14]. Nevertheless, when working intermediately, the production of a nozzle is close to one
order of magnitude less. The three elements: air, Helium and soap, are provided to the seeding rake
by means of a system called LaVision Fluid Supply Unit (FSU). The FSU controls the pressure values
of the three components which indirectly indicate the mass flow of each component.

In figure 4.6, the two setups of the seeding rake can be appreciated. One of the issues when using
the HFSB and the seeding rake is the pollution of the nearby areas due to the adhesion of soap to every
surface it comes in contact with. To not damage the inside of the W-tunnel for the tethered experimental
campaign, the lower part of the settling chamber was covered with a plastic film and, right under the
seeder, a patch of carpet can be seen that absorbed most of the soap coming from the foam production
in the seeding rake. The same foam generation problem was expected for the second experimental
campaign and so a bucket was placed in between the seeder holding structure and the floor.

One of the particularities of the usage of the seeding rake for these experiments is the low speeds at
which it needed to be operated. The nozzles on the seeder produce an approximately constant amount
of bubbles per second. If the flow speed is high, then the flow will have the particles quite dispersed and
the images taken will not be saturated with particles, usually the problem is that not enough particles can
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Figure 4.6: Seeding rake setup for free-flight (left) and tethered (right) experimental campaigns. The FSU can be seen in the left
figure.

be seen. However in the case of these experiments, the problem is the opposite. Too many particles
were generated by the seeder, especially on the first experimental campaign. The approach followed
to solve the problem was to tune the pressures imputed on the FSU. The parameter that can be easily
played with is the pressure of air. This parameter had a range limitation and its values should vary in
between 1 — 4 bar. The higher the air pressure provided, the larger the amount of particles generated
as the air pressure will push the HFSB away from the nozzle quickly [34]. This also means that the
particles are slightly smaller, as they are not "allowed” enough time to grow larger before leaving the
nozzle. If the air pressure is set to a low level, less particles will be generated and they will be bigger.
This last one is a good combination for the experiments at hand. But, as not everything could be
good, an issue arises when using a low air pressure. The particles are not propelled away from the
nozzle which means that part of them will collide with the nozzle itself or with the rest of the structure
before it can continue is course on the free stream. The “failed”bubbles start to accumulate and foam
is generated. This phenomenon is enhanced as well by the low freestream velocity that does not help
to a great extend to drive the particles away from the seeding rake.

The values of the pressures therefore vary with change in the freestream velocity, but the values
used for the two experimental campaign are quite similar. The air pressure ranges from 1.05 to 1.3
bars, while the pressures for Helium and soap remain approximately constant along the experiments
with a value of 2 bars for both components.

An attempt is made to calculate the theoretical concentration provided by the seeding generator for
the different experimental campaigns. The experiments carried out at the lowest velocity are selected
for this computations as they are the most critical cases to check the high concentration of particles in
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the measurement volume. The particle concentration as defined by Caridi [14] is:

where the production rate of the bubbles (N) can be considered as 30000 bubbles/cm?®. The cross-
sectional area of the seeding rake (A) is potentially the same for both experiments. However, the
contraction of the flow before the test section that happens in the first experimental campaign leaves a
cross-section area of the seeding volume of 55 x 30 cm?, while for the second experimental campaign
it is 100 x 50 cm?. Finally the concentration of tracer particles depends of the freestream of the flow as
has been pointed out previously. This quantity is defined as U,, = 0.5 m/s and U,, = 1 m/s for tethered
and free-flight conditions respectively.

The resultant theoretical concentrations that are achieved are Cr- = 73 bubbles/s and Crc =
24 bubbles/s for tethered and free-flight conditions respectively. The theoretical concentration for
tethered conditions is quite significant compared to the one at free-flight conditions. The production
rate assumed for these calculations is significantly higher than what will occur in reality. This is true
for the seeding rake working in standard conditions but this is also enhance by the efforts taken to
try to produce less bubbles. Another fact that should be taken into account is the working status of
the seeding rake. The seeding rake is composed of 200 nozzles, but only 175 of those were working
properly for the experiments.

4.3.2. Camera system and illumination

The CVV system, called LaVision MiniShaker S, is composed of four CMOS cameras arranged close
together at low tomographic aperture (8, = 4°). The system is shown in figure 4.7. The dimensions of
the CVV probe are: wxhxd = 13x9x8 cm3. The cameras have a characteristic focal length of f = 4.
The aperture of the lenses (f;) can vary from 1.8 to 16, however they are usually used with an aperture
fs = 8. The CVV probe is attached to the robotic arm by means of a metallic extension to avoid as
much as possible the intrusiveness of the complete system into the flow. It was shown by Giaquinta
[36] that the presence of the probe and the robotic arm can alter the freestream and therefore the flow
measurement will not be representative of the case of study. However, when positioned properly, the
CVV is not supposed to alter the flow in the measurement region.

Figure 4.7: Measurement setup of the CVV probe.

The cameras recorded 8000 images per cone acquired at a rate of 471 Hz at full sensor in continu-
ous mode for all the measurements performed. This is the maximum rate that can be achieved by the
system at full sensor which means an image of 800 x 600 px. The images need to be pre-processed
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before the particle tracking algorithm can be applied due to the reflections generated by the body and
wings of the DelFly. The measuring time per sequence is 17 seconds which corresponds to approxi-
mately 200 wingbeats, with 40 images recorded for each wingbeat, assuming a flapping frequency of
12 Hz. The CVV system records images in a conical volume of about 20 cm in height and width, and
30 cm in depth. Five repeated measurements were taken for each conical volume (resulting in 40,000
images in total).

The illumination is provided by a Quantronix Darwin Duo Nd:YLF laser via an optical fiber located
in the middle of the cameras which can be seen in figure 4.7. The optic fiber that goes through the
entire CVV probe and is connect to the laser head is 4 m long. This means that the laser head can be
positioned far away from the freestream to avoid any contamination of the equipment with the HFSB.
The light generated by the laser head has a characteristic wavelength of 1 = 527 nm and it can emit at
a maximum pulse energy of approximately 25 mJ. This can be achieved by the use of the two cavities
of the laser at the same time. The usual current setting for these experiments is 21 Amp.

4.3.3. Robotic actuation and robot control

A Universal Robots - UR5 robotic arm is employed to move the CVV position in space with millimetric
precision. The robot is depicted in figure 4.8, together with the tablet that controls it. The robot has six
joints and it can move freely within an sphere of radius 85 c¢m. It has six degrees of freedom (three
translations and three rotations). The end of the robotic arm is called tool and it is where the CVV
probe structure is placed. The robot is able to know precisely the position of the tool reference frame
compared to the base of the robot (the other extremity). The positioning error made by the robotic arm
does not surpass +0.01 mm in translation and +0.01° in rotation. The base is able to rotate in two
directions: in the perpendicular axis to the base plate and in the horizontal direction to rotate the part of
the arm attached to the base. The first part of the arm is linked to the second one by another joint that
simulated an “elbow” and that can only rotate in one direction to bring the two components of the arm
close or apart from each other. At the end of the second part of the arm, the "wrist” that is composed
by two small elements is found. The first element rotates with respect to the second part of the arm
and the other element of the wrist can rotate with respect to the first one.

Figure 4.8: Universal Robot UR5 with control tablet.

In order to measure the entire wake of the DelFly wings, several conical volumes were taken for
the same configuration at different locations; the information obtained for the different cones is then
combined together with an in-house Matlab code. Four different conical volumes are taken in total
which can be seen in the graphical representation in figure 4.9, the volumes are not accurately scaled
with the DelFly. The depth direction of the cameras was placed in the spanwise direction of the DelFly,
as shown in figures 4.4 and 4.5. The CVV was moved in the longitudinal plane, i.e. normal to the
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spanwise direction. One pair of cones was needed to visualize the upper and lower parts of the Delfy. In
addition, two consecutive pairs of cones were taken along the body direction of the DelFly to capture the
length of the wake. The dimensions of the total measuring volume amounted to 50 cm X 30 cm X 40 cm
(in x, y and z-direction, respectively).

Figure 4.9: Set of volumes that are combined to create the total measuring volume of the experiment.

4.4. System Calibration
4.4.1. Geometrical Optical Calibration

Any PIV system needs to be calibrated before the particles can be measured by it. The calibration
to be performed is done by the user once the system is set-up. It is required to perform an optical
calibration so that the measurement domain can be mapped from the images taken by the set of cam-
eras. Therefore a geometrical optical calibration needs to be performed with the use of a calibration
plate. The one used for this study is a LaVision - Type 30 calibration plate, which can be appreciated
in figure 4.10. To perform the geometrical calibration, images of the calibration plate are taken and
then the points located on the calibration plate are triangulated by the DaVis software used (see figure
4.10). The distance between the points is exactly known so the process to map the points back into the
images can be performed. Robotic Volumetric Velocimetry takes measurements in a 3D domain so the
calibration process needs to be performed at different depth distances from the cameras to map the
particles precisely not only for a certain plane, but through out a volume. Once the optical calibration is
performed, the system should not be manipulated other than my moving the robotic arm so that nothing
inside the CVV probe moves and the optical calibration is not valid any more.

Thus, the CVV probe is place almost touching the center of the calibration plate to mark the distance
z = 0 from the plate. Then with the use of the robotic arm and the control tablet, the CVV probe is
brought backward to the distance z = 150 mm, z = 350 mm and z = 550 mm (see figure 4.11). Thefinal
maximum positioning error of the camera system after the geometrical calibration is approximately of
0.4 px. An Optical Transfer Function (OTF) is generated to pat the particles from images to the volume
[73]. The positioning error quantity in then improved by the used of optical volume self-calibration,
starting from the OTF [82]. After the geometrical calibration the system does not need to be recalibrated
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anymore and it can be moved by the robotic arm without any issue. Volume self-calibration can always
be used to check if the calibration is still good after several days of usage but this is rarely necessary.
The calibration error achieved after the volume self-calibration is reduced to 0.1 px.

e

Figure 4.10: Calibration plate attached to a beam to perform geometrical calibration (left) and the detection of the calibrated
points of the plate by the software (right).

Figure 4.11: Position of robotic arm with mounted CVV probe with respect to the calibration plate for different positions, needed
for geometrical calibration.

4.4.2. Robotic Calibration

It has been explained before that the robotic arm is able to accurately know the position of the tool
element at any point. From there is would be easy to know the position of the CVV probe. However the
link between the physical elements and the optical coordinate system used is still missing. Apart from
calibrating the position of the particles in space, the calibration of the reference frame and its distance
from the tool reference frame needs to be performed. An approach to measure the distance between
the tool reference frame (XY Z,,,;) and the optical camera reference frame (XY Z 4merq) is implemented
[44]. It consist on taken images of a certain target (in this case consist of a black background with seven
white points in the middle) from different aleatory views where the system is rotate in all its axis to assure
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a determined position. The white points are triangulated by IPR and their positions are exported into a
Matlab code that follows an iterative procedure to estimate at the end the origin of the optical reference
frame. with respect to the tool. The error that can by embedded into this process can go up to 0.5 mm
along in-plane directions while is goes to 2.5 mm on the depth direction as it is the direction with most
uncertainty for the imaging system as discussed previously.

4.5. Data acquisition procedure

Once the calibration of both the CVV probe and the robotic arm have been achieved, there is one last
step to follow before the experimental campaign can begin. A recording of the freestream is done to
check the number of particles in the images and to see if the particles can be tracked. If it is not the
case the parameters of the FSU are changed and the process is repeated until a correct situation is
accomplished. Also for the first acquisition of the experiment the volume self-calibration is performed.
After this process, there are several steps followed in order to acquire the desired data, following the
outline below:

1. CVV probe in place: the CVV is positioned at the desired place to measure the flow around the
DelFly.

2. Seeding generation and visual inspection: the HFSB are generated and live recording is used
to check visually if enough or too many particles are being produced.

3. Data acquisition: One the seeding concentration is checked and the DelFly is flapping the im-
ages can be recorded at a rate of 471 Hz for 8,000 images at a time. When performing the
free-flight experiments the triggering of the measurement was done when the DelFly seemed to
be stable at the desired position for some time, which was monitored in real time.

4. Data storage and stop of particle production: the images needs to be stored, which takes
around 2-3 min. As several measurements of the same volume need to be acquired, sometimes
the seeding generator was not completely stopped but just paused to resume in a shorter time
for the following measurement.

4.6. Test Matrix

The experiments performed in this project aim to quantitatively measure the wake of the DelFly flap-
ping wings in regular flight conditions of the MAV. The cases to be studied are selected to cover almost
hovering conditions to a reasonably fast forward flight conditions. The DelFly can fly at a maximum of 7
m/s but this is not the regular speed range used in the DelFly, so it is not interesting. In addition, there
are also other wake measurements of the DelFly for forward conditions at different reduced frequencies
[60], while this is not the case for conditions with high body pitch. It is chosen to perform experiment
at freestream velocities: U, = [0.5,1.0,2.0] m/s. When the freestream speed is defined, then the flap-
ping frequency and the body pitch needed to achieve flight conditions for the DelFly are automatically
determined. The relation between the three parameters has been extensively studied by Karasek [46].
The resultant values for the different quantities can be found in table 4.1. In this table also the reduced
frequency for each configuration is computed to see how it changes significantly within the regular flight
envelope of the DelFly.

Configuration | U, (m/s) | friap(Hz) | ap(°) | k = ff1apc/Ucs Tail
1 0.5 13 70 6.5 Yes / No
2 1.0 12 45 3.0 Yes
3 2.0 10 31 1.3 Yes / No

Table 4.1: Test matrix for first experimental campaign

The first experimental campaign is done in tethered conditions. In this way it is a possibility to
define exact values for the parameters used and it is easier to measure the wake of the DelFly as
it is fixed to a certain position. However in tethered conditions, the real fight conditions cannot be
completely simulated. The movement of the wings of the DelFly and the periodic forces generated by
them create inherent dynamic behaviour of the system and it is also subjected to vibrations. In order to
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see if free flight measurements are able to be performed and to try to assess the different between the
two kinds of measurements, further free-flight experiments were performed. The main objective is to
recreate the same conditions tested in the first experimental campaign so that results can be compared.
The experimental setup is practically identical in terms of PIV measurements, however the DelFly is
not stationary anymore so the difficulty of the measurements and its post-processing increase. For
the second experimental campaign, only the freestream velocity is set to a certain value, the other
quantities can vary to meet this velocity. This means that the flapping frequency and the pitch of the
MAV can be different from the ones of the tethered campaign. Configuration 1 has a very low velocity
that cannot be accurately achieved in the OJF facility, so only configurations 2 and 3 are tested.

Configuration | Uy, (m/s) | Tail
2 1.0 Yes
3 20 Yes

Table 4.2: Test matrix for second experimental campaign
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This chapter summarizes the variety of processes that follow the data acquisition until the final pro-
cessed data to be analyzed. First, the images need to be pre-processed to remove reflections and
noise from the images so the particles can be clearly tracked. Then the particle tracking algorithm can
be use to find the particles along the measurement time. Then a further phase-lock averaging needs to
be applied to be able to measure the flow behaviour during different phases along the flapping cycle.

5.1. Image Pre-Processing

Before the images acquired can be used in Shake-The-Box, the images need to be pre-processed by
means of filters to reduce the reflections and background light. The output of the pre-processing is
ideally composed of images only containing nice round particles to track. One common issue of the
raw images recorded is the appearance of reflections from the object to be studied. If the reflections
are too strong, the image is saturated in that region and no information from particles going through
that volume can be tracked. But several filters and processes have been proposed to remove "weak”
reflections and background noise in the image. If this is not done correctly, the STB reconstruction
will find false particles that will not behave physically and that will contaminate the measurement for
statistical convergence.

One filter that is recently employed in Robotic Volumetric Velocimetry measurements is the third
order Butterworth filter, proposed in 2014 by Sciacchitano and Scarano [70]. The main idea behind the
Butterworth filter is the frequency decomposition of the intensity of laser light captured by the cameras.
The high frequency domain relates to the passing of the particles, while the low frequencies represent
the stationary reflections that do not change drastically in a length of frames. These low frequencies
are therefore filtered out. This works perfectly when the reflections are stationary, which is usually
easily achieved when the models are not moving during the experiments are being performed. This is
however not the case for the DelFly, as the MAV is flapping while the flow is measured. The structure
supporting the DelFly during the tethered experiments also suffers a certain level of vibrations that
have an effect of the flapping motion. For the experiments performed at a lower flapping frequency
(configuration 3 with flapping frequency, ff., = 10 Hz), the reflections move slower. This means
that they cannot be removed with the regular Butterworth filter. The problem is especially present for
configuration 1 (flapping frequency, fr,., = 13 Hz). The processing of the images becomes more
challenging. The way to proceed is shown in figure 5.1. A Gaussian filter of 3x3 is used to blur to a
certain extent the image so the reflections generated by the DelFly and the structure can be detected
by the Butterworth filter which is the following step. At last, a subtraction of the average information
accounting to all frames is performed to reduce the background noise.

One thing to keep in mind when applying such powerful filtering is the fact that the more filtered
the image is, the lower the amount of particles that will remain in the image and that can be tracked
afterwards. So the criteria used when processing the images from the set of configurations and experi-
mental campaigns carried out was to use mainly the Butterworth filter and only use the other processes
when necessary. From the four volumes measured in the first campaign, only the first two volumes (1
and 2 from figure 4.9) have reflection problems as the other two look at the wake of the DelFly only.

47
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Figure 5.1: Processing steps from raw image (A) to processed image by applying a 3x3 Gaussian Smoothing filter (B), a Butter-
worth filter with length of 7 recordings (C) and a final subtraction of the average of all images in the measurement (D).

Comparing the images of configurations 1 and 3 in figure 5.2, it can be seen that the seeding
concentration is different. As it was explained in section 4.3.1, the particles generated at low velocities
(Ur = 0.5 m/s) are large and lower in number, while for higher speeds (U,, = 2 m/s) the particles
are smaller in diameter but the number of particles produced increases. As the particles are bigger,
they scatter a tremendous amount of light and this creates the effect that the particles are larger in the
images that in reality. Another difference between the two configurations is the position of the DelFly
with respect to the structure. The angle of attack for configuration 3 is lower (a;, = 31°) so the DelFly
axis does not comes so close to the structure as it does for configuration 1 (a;, = 70°). This leads
to more interference of the structure into the flow and it means a great portion of the structure been
captured by the images, which of course contributes to larger reflections.

Figure 5.2: Comparison of raw images for configurations 1 (left) and 3 (right) to see the difference in seeding concentration.
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Comparing the seeding concentration of the processed images on configurations 1 and 3, itis found
that the ppp (particles per pixel) has a value of 0.069 and 0.087, respectively. These values are slightly
higher that the optimal ppp for STB tracking algorithm which is 0.05. This does not mean that no
particles are tracked, but the probability of also compute erroneous tracks increases so the information
retrieve needs to be critically analyzed to avoid invalid results.

5.2. Particle tracking algorithm - STB

The pre-processed images are now ready to be processed with the STB algorithm [74] available in
the DaVis version 8.4.0. Davis is the software also used for the recording and pre-processing of the
images and it is a product created by LaVision. Before the trajectories of the particles, and therefore
also their velocities, are reconstructed by Shake-The-Box, several parameters need to be tuned to
perform this procedure correctly. The main objective when selecting the STB parameters is to limit the
behaviour the particles can have to avoid nonphysical particle tracks and to simplify the detection and
tracking of the particles so the algorithm can provide information in a shorter time. If the parameters
are not set correctly, then maybe part of the flow features measured is not properly represented and
the information will be lost. The STB parameters used for the two experimental campaigns are similar
corresponding to the different configurations.

In figures 5.3 and 5.4, the parameters selected for each of the configurations in the first experimental
campaign can be found. The first set of parameters (figure 5.3) relates to the main features of the
particle tracking that should be defined. The first critical parameter is the threshold for 2D particle
detection which defines the minimum intensity level that a particle needs to have in order to be tracked.
The quantity depends of the level of noise seen in the image. For the present study it was seen how
the noise is minimal and so I,,,;,, has been set to 5 counts. The allowed triangulation error is the second
parameter of this set. According to Schanz et al. [74], this parameter is advised to the set within the
range 0.5 — 1.5 pixels. The triangulation error selected for these experiments is set to 1.2 pixels. And
last but not least, the third parameter to take into consideration is the maximum particle shift. This
is a key parameter that limits the maximum distance a particles can travel from one time-step to the
following one. It is directly proportional to the speed of the flow. For example, in a plane in the middle
of the measurement volume at a certain z-location, it can be considered that a millimeter in the physical
space is equal to 4 pixels on the images. The distance travelled in pixels of a particle with freestream
velocity for the different configuration will be approximately: d,, = [4.25, 8.5, 17.0] px. As can be seen
in figure 5.3, the final maximum shift implemented for each configuration is significantly larger that the
distances computed assuming particles moving with the freestream velocity. Apart from the free stream
velocity, the flapping wings induce strong velocity fields that need to be taken into account. There is not
a clear hypothesis beforehand to give an approximate displacement of the particles due to the flapping
motion. This parameter is set by trial and error. It can be seen how the increase of displacement and
therefore of flow velocity seems to go up to three time higher for the first configuration and around 2
times for configuration 3. A more detailed analysis about this acceleration will be seen when discussing
the results of the measurements.

Conf1l Conf2 Conf3
Threshold for 2D particle detection: 5 ~ | counts 5 + | counts 5 < | counts
Allowed triangulation emor: 12 + | vox 12 > | vox 12 + | vox
Maximum particle shift: 15 +  voxel 25 - | voxel 38 > | voxel

Figure 5.3: Shake the Box basic settings, Davis 8.4.0 LaVision.

Once the main STB parameters are set, more detailed tuning of the STB behaviour can be achieved
with the advance settings that comprises the parameters seen in figure 5.4. The only parameter
changed from one configuration to the other is the maximum absolute change in particle shift. This
relates again to the large difference in velocity that is generated by the flapping wings. The accelera-
tion of the particles when closed to the wings can be quite large and in order to capture this behaviour
this parameter needs to be adjusted. The acceleration seems to decrease as you advance from one
configuration to the next. The acceleration seen is related to the flapping frequency for each configu-
ration which indeed is also higher for the first configuration and is lower for the other configuration in
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accordance (table 4.1). The tracks that are computed from the particles are fitted to a polynomial track
of second order with a track length of at least 7. This means that the particles need to be tracked in 7
consecutive time-steps to be considered a valid track that will be saved.

Conf1 Conf 2 Conf 3
Shaking
Adding particles (outer loop): 4 > | terations 4 + | terations 4 + iterations
Refine particle position and intensity inner loop): 2 + | iterations 2 + | iterations 2 > | iterations
Shake particle position by: 02 5| voxel 02 < voxel 02 T wvoxel
Remove particles if closer than: 9 - | voxel 9 + | voxel ] - voxel
Remove weak particles if intensity < 0.2 3| ofavg. part.int. 02 3 ofavg.pat.int. 02 3+ ofavg.part.int.
Particle image shape and intensity
Make OTF smaller: 1.5 5| times 15 7| times 15 3 fimes
Residuum computation: increase particle intensity: 5 - | times 5 + | times 5 - limes
Residuum computation: OTF radius: +|1 + | pixel + + | pixel P > pixel
Tracking: acceleration limits
Maximum abs. change in particle shift: 15 5| voxel 12 3 voxel 10 3 voxel
Maximum rel. change in particle shift: 50 =% 50 = 50 =%
Infos
Info level: 0 = — =
Store residuals level: 1 = = =
[¥7] Write tecplot file (.dat)
Order for polynomial track fit: 2 = 2 = =
Length for polynomial track fit: 7 = 7 = 7 =

Figure 5.4: Shake the Box window of advanced settings, Davis 8.4.0 LaVision.

5.3. Grid conversion and phase-averaging procedure

The trajectories of the particles, and therefore also their velocities, are reconstructed by Shake-The-
Box. The output of such processing therefore is the information of the tracks that the particles have
followed though time. The number of particles captured at each time instant is usually not large enough
to have good instantaneous velocity fields. Thus, a time averaging needs to be computed to improve the
flow information on the volume. The results that are in a Lagrangian representation are also converted
into a Eulerian one to obtain a three-dimensional grid that related to the measured volume as allows to
easily plot the computed results. Once all these steps are followed, the different measuring volumes
taken with the CVV probe can be combined to capture the entire measured flow field.

Due to the flapping motion of the wings, the flow is not steady, but periodic. Hence, the flow evolves
through a flapping cycle, generating different vortex structures on the instroke (wings going towards
each other) and the outstroke (going away from each other). With the measurement technique used,
the evolution of the flow can be obtained by computing the phase-average flow field at different phases
of the flapping cycle. This means that the time averaging of the data mentioned above will be performed
for each time-step linked to a certain phase of the flapping cycle. Information about the wing position
through time synchronized with the recording of the images becomes crucial for the success of the flow
visualization. To achieve a better accuracy at each phase, the information from one time-step to the
following one can be interpolated to get the information at the right time when the wings are at a specific
location. This study is the first implementation of such phase-averaging process from measurements
carried out with Robotic Volumetric Velocimetry.

5.3.1. Binnig process

The resulting information acquired from the tracks is unstructured. There are several reasons why it is
beneficial to transform it into a structured grid. The way to compute the vector field of this structured
grid is by averaging the velocities of the particles passing through each interrogation volumes, also
called bins. Similar to what it is done in regular P1V, the interrogation volumes are overlapped to obtain
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a higher grid resolution. The number of particles captured at each time instant, and therefore the track
density in the measurement domain, is usually not large enough to achieve instantaneous velocity fields
with sufficient spatial resolution to resolve the main flow characteristics. Therefore, a time averaging
process needs to be applied to increase the density of particle tracks in the measurement domain.
The bin size needs to be large enough to have enough particles going through the volume to achieve
statistical convergence. According to Aguera et al. [3], the estimation of the uncertainty of velocity for
3D PTV data can be expressed as follows:

_kﬂ (5.1)
eu—\/N .

As it could be expected, the uncertainty decreases when the number of samples (N) acquired rises.
The number of samples obtained for a certain bin decreases with the third power when the side of the
cubic bin is reduced. The number of tracks found is also not constant throughout the measurement
volume so the number of samples of each bin will be different. And it can be expected that as the
motion of the flapping wings is periodic, the samples taken are not uncorrelated with each other. In
fact, due to the phase-averaging process that will be performed, the velocities will be very similar for all
time instants for the same phase of the flapping cycle which will lead to convergence being achieved
with a lower amount of samples. This will be further discussed in the following chapters.

5.3.2. Phase averaging procedure

Two inputs need to be given in order to be able to provide phase-averaged results. The tracks informa-
tion from STB process is the first input and the second one is the information about the wing motion. It
is not completely necessary to know what the exact position of the wings is, but rather what the periodic
motion of it is to be able to divide the flapping cycle at an aleatory point. In the case of the data of these
experiments, the phase of the wings is also known apart from the flapping frequency. In the flowchart
shown in figure 5.5, the main steps followed in this process are displayed. The desired number of
phases to be processed needs to be defined at the beginning, together with the binning specifications
(bin size length and overlap). Each phase it treated separately and the complete process needs to be
performed for each phase. The first step is to transform the information of the wing position into a time
vector where the instants when the wings are at the desired phase are saved. The vectors save the
instants with respect to the time-step counting from the PTV measurements to be able to interpolate
later from data of one time-step to the next. Thus, it is crucial that the two equipments, 3D-PTV system
and the wing position tracker, are linked together so the signal from one can be superimposed with the
other.

Once this time information is obtained, the location and velocity vectors of each particles are ex-
tracted from the time-steps selected. Within this process, an interpolation is implemented to compute
the velocities and positions of the particles at the exact wing position, not just at the nearest measure-
ment point. In order to interpolate the tracks, the polynomial fit used by the STB algorithm is recomputed
from the resultant particles on the track. After all the particles are localized and their velocities are know,
the binning process can start. The final averaged information is saved and can be later combined with
the rest of the phases. The behaviour of the flow through the flapping cycle can therefore be studied,
always bearing in mind that the flow fields are averaged.

5.4. DelFly information

5.4.1. Force measurements

During the first experimental campaign, the DelFly is supported by an structure. In between the DelFly
and the structure, a small balance is placed to measure the three components of forces and moments
generated by the DelFly. In this way a link is obtain in between the flow structures along a flapping cycle
and the force generation seen through that flapping cycle. The six-component force balance used in
the experiments is a ATl Nano-17, which has a resolution of 1/160 N and the maximum forces that can
be measured by it are 25 N on the X and Y directions and 35 N in the Z direction. The mechanism
records the forces generated at 20 kHz. The balance measured all forces acting on the DelFly, such
as gravity. In order to measure only the aerodynamic forces, the balance is referenced to zero before
each measurements so the delta seen by it is the isolated effect of the flapping wing mechanism.



52 5. Data Analysis Reduction Techniques

Wing position information over time

|, Synchronization of wing motion with

Y -
J/ camera triggered measurements

Grouping all instants with the same

phase in accordance with PTV timesteps Tracks information

|— FOR EACH PHASE J

|
Extraction of particle info (location and
velocity vectors) for all particles
timesteps considered

Interpolation to
exact wing position

1

A 4

Binning process for each phase
individually

v

Binned data saved

Figure 5.5: Phase average process implemented from 3D-PTV information.

5.4.2. Controlability and syncronization

The way to control the behaviour of the DelFly and the approach to synchronize the wing motion to-
gether with the PTV measurements have different strategies for the first and second experimental
campaigns. Thus hereafter the topics will be presented separately for one and the other.

First experimental campaign

The DelFly flapping frequency is maintained constant by a speed controller with the help of the
information obtained through the rotor pulses generated by the gear mechanisms and the Hall sensor
positioned in the gear box as well. The speed controller is linked with the balance system and with the
computer that controls the global behaviour of the DelFly. The computer is also linked to the recording
unit of the force balance measurements.

When recording the data during the experiments, there is another signal that needs to be saved.
This signal is the triggering command send to the recording cameras during the measurements. This
signal is composed of small high voltage steps where each of them represent the triggering to record
a new frame on each camera. From this triggering signal, the start and finishing of the PTV measure-
ments can be correlated with the wing positions and each PTV time-step is related to a certain phase
over the flapping cycles.

Second experimental campaign

In the case of the second experimental campaign, the quantities that are controlled are the three
components of displacement of the body with respect to a target location. The flapping frequency and
body angle will be adapted accordingly to adjust for the freestream generated on the wind tunnel. The
wing motion is measured by the OptiTrack system used. The way this information can be synchronize
with the PIV measurements is by means of an external triggering device that send the starting signal
for the PIV measurements at the same time that is lights up several LEDs of a simple breadboard.
The illumination of the small LEDs is captured by the camera system and the start time of the flow
measurements is captured.
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5.5. Characterization of vortex structures
Once information is finally processed, the output data files can be loaded into Tecplot to display the
resulting flow behaviour. In order to see what vortex structures are generated by the MAYV, the infor-
mation should be studied. The first way to check that indeed there is some flapping behaviour is check
the periodicity of the changes in velocity along the different phases. The flow should be accelerated in
the body direction at some instants while in others it should not. As the DelFly will be at a certain angle
of attack, this acceleration regions could be observed both in the streamwise component and in the
vertical component (X and Z directions). Apart from the velocity, vorticity plots can also be obtained.
This can help to understand the flow behaviour, however a region of high vorticity does not directly
imply the presence of a vortex structure.

The vortex-identification technique that will be used is called Q-criterion [42, 43]. The method iden-
tifies fluid regions with vorticity, called "eddies” by calculating the value of the second invariant of the
gradient of velocity called Q which follows the expression below:

1
Q = (Il - 11s11?) (5.2)

where ||S||? = tr(SSt) and ||Q]|? = tr(QQY). The first term of Q is usually referred to as the anti-
symmetric part () where Q;; = %(ui,j — u;;), while the second one is the symmetric part (S) where

Sy = %(ui,j +u;;). The first one relates to the shear strain rate of the flow while the second one relates
to the magnitude of the vorticity.

Once the vortex is located in the measuring volume, it is quite useful, especially for this application,
to colour the Q-criterion iso-surfaces with the value of vorticity on the direction of the rotation of the
vortex. In the case of flapping wings, courter-rotating vortices are expected to be shed by the upper
and lower wings on each side and also the vortices should have opposite sign during the instroke and
the outstroke.






Preliminary Tests

The technique to be used for the experiments of this project has never been used with moving objects
that create unsteady flows. Therefore, it was reasonable to carried out a simple preliminary experiment
before the actual experimental campaigns to verify that the flow can be accurately measure by Robotic
Volumetric Velocimetry. The preliminary measurements provided the opportunity to implemented and
check the data processing tools that had to be generated in Mat/ab in order to perform the phase-locked
averaging process.

6.1. Setup and data analysis

The set-up of the experiment is quite simplified. The DelFly is placed in the middle of the HFSB stream
on the OJF wind tunnel which is used as well for the second experimental campaign. The DelFly is
placed in the same support structure as in the first experimental campaign, but maintaining a zero angle
of attack with respect to the freestream. A picture of the experimental setup can be seen in figure 6.1.
The flapping frequency of the DelFly is not controlled by a speed controller, but by a simple power input
valve that restricts the power signal provided to the DelFly motor. It is therefore directly related to the
flapping frequency. A calibration of such relation between input power and flapping frequency was com-
pleted before the experiments in a still air environment. It was found later that the aerodynamic forces
enhance the flapping motion and therefore the resultant frequency of the measurements increased with
respect to the intended one. In order to find the right flapping frequency value of the measurements
after they were carried out, the streamwise velocity component after the DelFly is studied. A cyclic
acceleration and deceleration pattern of the velocity should be captured on the wake of the flapping
wings which should have the same frequency as the movement of the flapping wings themselves. An
autocorrelation of the velocity vector on a small volume of the wake is performed to give as a result a
flapping frequency of approximately 12 Hz. The freestream velocity during the experiments was set to
3 m/s, so the reduced frequency of the flapping motion is k = 1.01.

For the visualization of the data that will be shown in the following section, the measured volume has
been divided in interrogation volumes or bins of size 30 mm with an overlap of 75% which as a result
leads to a pitch of 7.5 mm. When doing the phase-lock averaging process, the time-step interpolation
to get a more accurate location of the particles at a certain phase was not yet implemented at this stage
of the project. This means that the results shown in this chapter have been computed by looking at the
closest time-step measurement found, no interpolation was performed. The error therefore can be up
to half the time difference from one measurement to the next. As the recording frequency is 471 Hz for
this experiment, the maximum error that could have been introduced in the measurements is of 1.06
ms. It is taken into account that the angular velocity (¢) of the wings is described by:

@(t) = Pcos(wt) — P(t) = —Pparwsin(wt) (6.1)
where the angular frequency is w = 2rff;4, and the stroke amplitude is ®. The maximum angular
velocity that can be therefore achieved with a flapping frequency of 74, = 12 Hz is Pmax = P21 ffiap =

80 rad/s. As aconsequence, the maximum error in the stroke angle of the wings is approximately 0.085
radians or 4.8 degrees.
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Figure 6.1: Experimental setup for preliminary measurements.

6.2. Previous study of wake visualization

The preliminary experiment aims to measure the vortex structures that have been already studied in
2014 by Percin et al. [60]. Percin analyzed the behaviour of the shape and interaction between the
vortex structures shed by flapping wings depending on the reduced frequency. The main structures
found can be seen in figure 6.2, showing two consecutive flapping cycles that start at the beginning
of the instroke. Taking into account that the flow goes into the positive Z direction, four main vortex
structures can be seen. The flapping cycle can be divided into instroke, where the wings of the DelFly
move towards each other, and the outstroke, when they come apart. The structures seen as generated
near the tip of the wings so they are called tip vortices. The tip vortices generated by the upper and the
lower wings have a mirrored shape and same magnitude, but the vorticity of each has the opposite sign
to the other. During the instroke, the tip vortices start far apart and they come closer as the wings do.
When the wings are completely closed these vortex structures disappear and the outstroke start that
generates tip vortices of the opposite sign. The tip vortices of the outstroke extend further apart from
each other following the motion of the wings. The sign of the vorticity relates to the wing motion with
respect to the freestream. Looking at the upper wing, when the wing is displaced downwards the local
angle of attack seen by the wing is positive. This means that the lift generated by the wing is positive
and, according to simple lifting line theory, the tip vortex generated will also have a positive sign. When
the wing goes upwards, the angle of attack seen is negative, which means negative lift and a negative
vorticity being generated. The same reasoning but in the opposite direction can be done for the lower
wing. The flow structures are symmetrical with respect to one another because the angle of attack of
the DelFly body is zero and so the local angle of attack of the flow seen by upper and lower wings is
the same.

The PIV experiments carried out by Percin et al. were performed with the stereo-PIV technique.
In order to reconstruct the wake structures in a volume, Taylor’s hypothesis is used. The wake struc-
tures are assumed to travel with the freestream velocity, but this may not be a valid assumption for
flapping wings. Proof of the questionable physical application of the Taylor’s hypothesis in the wake of
flapping wings is indeed shown by the work of Bomphrey et al. [11]. This issue is therefore the mayor
source of difference between the measurements performed by Percin and the experiments done using
Robotic Volumetric Velocimetry as the complete wake without any assumption is captured by the latter.
However, reasonable similarities between the two experiments should be found. In this case then the
Robotic Volumetric Velocimetry is validates and it can be applied as a measurement technique for the
rest of the project.
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Figure 6.2: Perspective view of the wake structures visualized by isosurfaces of Q = fleap = 10 and colored by wy/ffiap for two
periods of the flapping motion (flow is the positive z-direction) for the case of k = 0.47 (U = 3 m/s and f74p = 5.7 Hz) [60].

6.3. Comparison with results of preliminary tests

To have a first view of the comparison between Percin’s experiments and the preliminary results of this
project, it is useful to look at the side and bottom views of the wake. The results should be compared
with the same reduced frequency. Unfortunately this is not possible as there is no experiments in the
literature performed at k = 1.01. The closes experiments (k = 0.94 and k = 1.17) will be use for the
comparison. The wake structures are visualized by plotting Q-criterion isosurfaces. The value used on
the preliminary measurements is Q = 1450 s~2 (for more details about the Q-criterion, please refer to
appendix B). It needs to be pointed out that the vortex structures on the preliminary experiments are
colored by —w, so that the signs of the vorticity agree with the ones seen in literature.

6.3.1. 2D wake topology

The side view for both sets of information can be found in figure 6.3. It can be seen how only part of the
wake of the DelFly has been captured on the preliminary experiment. Only the lower side of the DelFly
is properly measured. Looking at the information measured spanwise (see figure 6.4), the vortices
generated by the right pairs of wings are measured, the right pairs of wings is also the one studied by
Percin so the comparison can be directly performed. The tip vortices generated by the instroke and the
outstroke can be clearly identified. The outstroke vortices have a round C shape numbered 3 and 4 by
the literature shown in figure 6.3. The instroke vortex structures according to the literature should have
an arrow shape. However the instroke vortices that are seen from the preliminary measurements are
quite close together and they are both deflected downwards with respect to the DelFly body. Thanks
to the fact that they are deflected, the vortex from the upper right wing was captured on the instroke,
which is not the case during the outstroke. There is also a more clear interaction between the vortex
structures themselves along the convection of the wake with the freestream. It can be seen in the left
plot of figure 6.3 how the end of the vortices of the outstroke is closer to the DelFly than the beginning
of the following instroke structures. This kind of behaviour could have never been seen using Taylor’s
hypothesis. The same happens with the deflection of the vortices downwards. The only displacement
of the vortex structures allowed by Taylor’s hypothesis is the displacement in the X component, on the
direction of the freestream. It is safe to conclude that the wake structures are highly influenced by
induced velocities generated by the vortex structures themselves and the accelerations generated by
flapping wings too. Another reason for the deflection of the instroke wake structures may be due to the
presence of the tail of the DelFly. The stereo-PIV measurements by Percin were performed on a plane
directly after the flapping wings of the DelFly so the effect of the tail is not studied in the literature in this
case. The tail can be also generating forces and therefore causing a deflection the flow. This is only a
speculation as it has not been quantitatively assessed in the preliminary tests results.

Apart from the changes in the shape of the vortices, differences in the maximum strength of such
structures are seen when comparing the two sets of information. The vorticity in the literature is nondi-
mensionalized by the flapping frequency. If the same is done with the preliminary data, taken a flapping
frequency of f = 12 Hz, it gives a nondimensionalized vorticity of w,/ff;a, = 6.67. This is less than
half what was measured by the literature right next to the wings of the DelFly. As it can be expected,
the strength of the vortex structure decreases as they are convected away from the wings.
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Figure 6.3: XY view of the DelFly wake structures visualized by isosurfaces of Q = 1450 s~2 and colored by —w,, (left) and side
view of the wake structures (right) visualized by isosurfaces of Q/fleap = 15 and colored by wy/friap for two periods of the
flapping motion (flow is the positive z-direction) for k = 0.94 (Us = 2 m/s and ff;q; = 7.5 Hz) and for k = 1.17 (U = 2 m/s and
ffiap = 93 Hz) [60].

The bottom view for both sets of information can be found in figure 6.4. The symmetry of the flow
can clearly be seen in this plot between left and right sides. The vortices are seen to expand more
outwards from the DelFly body on the preliminary results while they keep the same distance on the
literature results. This is logical as no lateral velocity is accounted for on the wake reconstruction made
by Percin.
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Figure 6.4: XZ view of the DelFly wake structures visualized by isosurfaces of Q = 1450 s~2 and colored by —w, (left) and
bottom view of the wake structures (right) visualized by isosurfaces of Q/fleap = 8 and colored by w,/ffiqp for two periods of
the flapping motion (flow is the positive z-direction) for k = 0.94 (U, = 2 m/s and ff4, = 7.5 Hz) and for k = 1.17 (U, = 2 m/s
and ffiap = 9.3 Hz) [60].

To understand more in detail the velocities induced by the wake structures and the flapping wings,
figure 6.5 shows contour plots of the out-of-plane vorticity w, and of the velocity component on the Z
direction in a spanwise oriented plane at X = —350 mm (130 mm distance from the end of the tail). The
contour plots are selected to show the flow behaviour on the wake generated during the instroke, the
position on the plane has been marked with a red line in figure 6.4. On the vorticity plot, shown in the left
side of figure 6.5, the two vortex cores of the vortices generated by right upper and lower wings during
the instroke can be easily located. The rotation direction, as discussed before, is opposite between the
two. When looking at the same region on the plot on the right, an area of negative Z velocity can be
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found in between the two vortices. On the other sides of the vortices the Z velocity changes direction
and the air is moved in the opposite direction. This is the regular behaviour that could be expected
from a 2D vortex. The magnitude of the velocity change is of the order of 0.6 m/s, which is equal to
20% of the freestream velocity. If a mean lateral velocity of v = 0.3 m/s is assumed, then the lateral
displacement seen after D = 27 c¢m (distance between end of the wing and measuring plane) will be
d =27cm (v/U, = d/D). If the vortex is assumed to be generated at the tip of the wing, then the
vortex at the measuring volume would be located at distance of 16.7 cm from the center line. This is
approximately the location of the vortex structure generated by the upper wing. The one generated by
the lower wing has drift even further from the DelFly body.
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Figure 6.5: Contour plots of the x-vorticity w, (left) and the vertical velocity component (right) in a spanwise oriented plane at
140 mm distance from the end of the tail.

6.3.2. 3D wake topology

Looking at a three dimensional view, it is interesting to see what the measurement volume looks like
and roughly what its size is. In order to visualize the space measured, it is considered that the actual
measurement volume is composed of the region where more that 10 particles can be found. Even
with such a small amount of particles, the vortex structures shown before can be observed. The CVV
system records images in a conical volume. The conical shape can be clearly seen, concluding that
the CVV probe was places on the left side of the DelFly during the experiment. The size of the volume
is about 20 cm in height and width, and 30 cm in depth. If placed slightly further away for the DelFly,
the complete span of the wings could have been observed.

Finally, the 3D wake structures measured in this preliminary experiment can be visualized in figure
6.7. The wake is composed by several different structures that interact closely with each other and
that depend of several factors. Therefore, the wake of a flapping wing mechanism is very complex
to characterize. Such spacial representation of the wake evolution can be of help towards the full
understanding of flapping wing aerodynamics. From these results, the measurements performed y
Robotic Volumetric Velocimetry are successfully validated. Clear wake structures are found which are
also present in previous studies. From the time average information, it can be seen how the wake
structures are coherently covected through space along the flapping cycle.

In figure 6.7, apart from the large vortex structures that have been discussed previously, several
regions with spurious data can be detected, especially near the edges of the measurement volume.
This is mainly caused by the low amount of particles that are found in such regions. The measurement
performed has clearly not reached statistical convergence and this should be addressed for the two
experimental campaigns done afterwards. It is decided to measure each measuring volume or cone
5 times to have enough information along all the domain. Four different cones are taken of each
configuration because it has been seen that two cones are needed to see both upper and lower sides
of the wake and it will be desired to acquire a larger space evolution of the vortex structures.
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Figure 6.6: 3D view of the measurement volume acquired with the CVV prove on the preliminary experiment.
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Figure 6.7: 3D view of the DelFly wake structures visualized by isosurfaces of Q = 1450 s~2 and colored by w,.



Results and discussion

This chapter summarizes the findings and discussions obtained from the different experiments per-
formed, both in tethered and free-flight conditions and with and without tail. Section 7.1 describes the
quality of the measurements performed. On the following section (7.2), the evolution of the vortex
structures for a complete flapping cycle is explained in detailed for a certain configuration in tethered
conditions. Once the main structures are presented, a further study of the effect of the reduced fre-
quency is performed in section 7.3. In section 7.4, the differences observed in between tail-on and
tail-off are exposed. Finally, a comparison between the results at similar configurations between teth-
ered and free-flight conditions is made in section 7.5.

7.1. Measurement system performances and information

7.1.1. Final cases measured

The main parameters for each of the considered configurations, labelled from 1 to 3 for convenience,
can be found in table 7.1. Three different configurations have been studied in tethered conditions with
the tail of the DelFly in place. For the two extreme configurations, measurements without the tail have
been also accomplished. During the free flight experiments, the configuration at the lowest speed could
not be tested due to inability to generate a steady flow at such slow speeds (0.5 m/s) in the wind tunnel
used. The main difference between the free-flight and tethered experiments is the change in flapping
frequency that is consistently higher on the free-flight experiments.

Configuration E’égﬁgi't?s:;a' U [MVS] | friap [HZ] | @y [°] | k = Mfpiapc/Us | Tail
1 Tethered (TC) 0.5 13.0 70 6.5 Yes & No
2 Tethered (TC) 1.0 12.0 45 3.0 Yes
2 Free-Flight (FC) 1.0 13.0 554 3.3 Yes
3 Tethered (TC) 2.0 10.2 31 1.3 Yes & No
3 Free-Flight (FC) | 2.0 11.4 30.1 1.4 Yes

Table 7.1: Flight parameters for each configuration and the corresponding reduced frequency

7.1.2. Phases along a flapping cycle

In order to perform the phase-lock averaging process, the phases to by studied need to be defined. It
is decided to study eight phases along the flapping cycle with an equal time duration in between them.
An illustration of the phases selected can be found in figure 7.1. For the calibration of the Hall sensor
(see section 4.1.2), high-speed camera recordings were carried out. These recordings are useful to
have an idea of the deformation of the wings. The calibration was performed in still air so the final
deformation that will be seen in the DelFly wings during the experiments is probably not the same.
However the main trends are valid. During the instroke, a clapping effect can be appreciated where
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the leading edges of the upper and lower wings are closer to each other while the trailing edges have a
certain delay on the motion and are still far apart. When looking at the downstroke, the behaviour seen
is the opposite. The delay of the motion of the wing with respect to the wing leads to a peeling effect
where the wings is still is contact while the leading edged are already away from each other. This is
the clap-and-peel mechanism that have been already mentioned in the first chapter.

OUTSTROKE

v

INSTROKE

Figure 7.1: Selected phases along the flapping cycle represented by high-speed camera recordings for instroke and outstroke
motions.

The flapping cycle has been divided into eight phases to show the behavior of the flow structures
and their evolution over the flapping cycle. The flapping cycle is set to start when the wings are closed
and the outstroke is going to start. Note, however, that this wing position is virtual with respect to
the flow fields, as the flow measured is not corresponding to the position of the physical wings at that
precise moment, in view of the convective delay between the wing position and the visualization plane.
No direct link between the wing position and the wing deformation can be done with the wake structures
show. The wing position has been deduced from the information of the change in crossflow velocity
along the wingbeat. When the wings are opening, the flow should go towards the DelFly body and
this needs to be visible of the flow field of the wake as well. Then the wings are closing the opposite
effect is seen. In this way, a logical correlation between the wake structures and the wing phase that
produced them can be found, but only on a qualitative level. As the convection of the wake structures
will be different depending on the configuration, the phase number that correspond for example with
the beginning of the instroke may vary when comparing one case to another. This will be an indicative
of the phase lag in between different configurations.

7.1.3. Bin Size and Statistical Convergence

As explained in chapter 3, Robotic PIV measures the tracks of the particles along the measuring time
and the data is stored in a Lagrangian way. To be able to translate the information into an structured
grid, the average of the particle velocity going through certain interrogation volumes, called bins, are
computed. The bin used in these experiments is a cube with a side length of 3 cm. The size is selected
as small as possible but keeping enough particles within the bin so that statistical convergence can be
achieved. Statistical convergence does not only depend on the size of the bin, but also on the acquiring
time available. If data is being recorded for a longer time, then the information from more particles is
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captured and statistical convergence is more easily reached. The more data recorded would therefore
allow in principle to have a smaller bin size.

The convergence study performed on the experiments consists on checking the variation of the ve-
locity on different bins as data from more timesteps is included. As the number of timesteps considered
increases, the values of the velocity should become constant and at that point, statistical convergence
has been reached. Three points are selected for this analysis: one located on the part of the wake that
is less influenced by the DelFly so it is the closest to the freestream behaviour (point A), one placed
near the tip vortex of the right side of the DelFly (point B) and one at the center of the same vortex
(point C). All the points are contained in a spanwise oriented plane at 10 mm distance from the end of
the tail (see figure 7.2). This analysis is performed in the wind tunnel fixed reference frame where the
X-direction coincides with the freestream direction and the Y-direction aligns with the spanwise direc-
tion of the DelFly. The convergence study is performed on the mentioned three points for one phase
of the flapping cycle as it is assumed that all of them should have on average the same information.
It can be seen in figure 7.3 how the number of particles passing through the bin increases as more
timesteps are added for the computations. Point A has considerably less particles than the other two.
This can be explained by the fact that the flapping wings change the particle distribution along the wake,
generating highly dense regions in between the wings where the other two points are located. Point A
is also where statistical convergence is achieved much faster than on the other two because the flow
is not perturbed to a great extent.

Figure 7.2: 3D view of the vortex structures measured on the wake of the DelFly on Conf 3TC. The points where convergence
is studied [A (freestream), 3TC (near vortex) and C (center of vortex)] are contained in a spanwise oriented plane where the
freestream is perpendicular. The slice vorticity (right) and the velocity (left) fields are shown.

The other two points are closed to the most important vortex on the wake topology which will be ex-
plained in the following section. The vortex is not completely static and the phase averaging performed
will also include an inherent uncertainty on the measurements. Therefore the velocity measured will
never fully converge, specially on the point located at the center of the vortex. It is considered that
statistical convergence is achieved on the experiments performed as valid as possible.
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Figure 7.3: Evolution of the number of particles and velocity components for convergence study points along the number of

timesteps taken into account.

7.1.4. Measurement volume

The measurement volumes taken at different location of the DelFly wake can be attached together to
generate a large volume. The volume that was achieved for the experiments performed in tethered
conditions is approximately 50 x 30 x 40 cm®. This can be seen in figure 7.4. It is important to keep in
mind that the figure shows the DelFly and the measurement volume in body reference frame and this
is why the measurement volume is straight with respect to the direction of the DelFly body.
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Figure 7.4: Top and side views of the measurement volume acquired with the CVV prove on the tethered experimental campaign.
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The measurement volume when doing experiments in free-flight conditions is not as constant. The
DelFly moves through space as it is not fixed in a certain position. The measurements performed
are always related to the distance of the CVV probe to the DelFly body. This is monitored during the
experiments with the camera control system to be able to overlap all the measurements performed and
create an average flow field for these experiments as well as the ones done in tethered conditions.
When the DelFly deviates further than 10 cm from the desired location, the measurements taken are
no longer used when processing the results to avoid to large variations on the vortices captured.

7.2. General Vortex Structures Topology

The current section reports the evolution of the vortex structures through a flapping cycle. First, the
velocity results are discussed in wake planes oriented perpendicular to the body axis (section 7.2.1) to
explain the main features of the wake topology of the DelFly. Second, the three-dimensional topology
of the wake will be presented in section 7.2.2 to analyze the interaction and evolution of the different
wake structures.

7.2.1. Wake topology during a flapping cycle

From the data measured for configuration 3TC, information is extracted in a wake plane that is located
10 mm downstream of the trailing edge of the DelFly tail. All information is shown in a body reference
frame, with the x-component set along the body of the DelFly and y along the spanwise direction
(see figure 4.9). In all the plots, the position of the DelFly is indicated in black to relate the flow field
results with the position of the wings. The flapping cycle has been divided into eight phases to show
the behavior of the flow structures and their evolution over the flapping cycle. The plots are names
corresponding to the approximate phase that generated the behaviour of the flow at that instant. In
the setup of these experiments, the CVV system was positioned at the right-hand side of the DelFly
(i.e. positive y, see figure 4.4) which leads to a better tracking of the particles on that side of the DelFly,
because the particles that are closer to the laser source will scatter more light as the intensity decreases
with the fourth power of the distance. At the end, having more particles tracked contributes to a higher
accuracy in that measuring side.

Regarding the acceleration region, represented by the red areas of high longitudinal velocity, its
evolution along the flapping cycle is presented in figure 7.5. The first phase (figure 7.5-1) of the cycle is
presented when the outstroke is just starting (coinciding with the actual movement of the wings at that
moment, indicating that a complete cycle is shed in between the wings and the end of the tail where
the plotting plane is placed). There is no clear acceleration region in the wake of the DelFly, because
the wings are closed. It is seen in figure 7.5-l that a high-velocity region has drastically increased from
the previous phase due to the opening of the wings. The deformation of the wings plays a major role
in this effect due to the “peeling” action (see figure 7.6).

The acceleration region keeps increasing during phases Ill and IV as the wings are still opening
further. On phase V, when the instroke has started, the acceleration that is generated by the wings
reaches its maximum, again due to the deformation of the wings and the “clapping” effect that is cre-
ated as the wings move together (see figures 7.1 and 7.6). On the following phases, from VI-VIII, the
acceleration region reduces its size and it is concentrated into two different regions, one near the body
of the DelFly and the other near the tip of the wings. The flow at the first location follows the direction
of the body while the second acceleration region has a lateral component of velocity directing the flow
outward along the wings (figure 7.7). The outward velocity occurs as a consequence of the deformation
of the wings. The deformation along the wing is restricted because of the presence of the stiffeners
as shown in figure 2.23; this may be why the acceleration region at the end separates in two. In the
most outward part of the wing, apart from the expected chordwise deformation, there is a spanwise
deformation of the wing which is a probable cause of the observed acceleration of flow in the lateral
direction.
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Figure 7.5: Contour plots of the velocity component on the body direction in a spanwise oriented plane at 10 mm distance from
the end of the tail at 8 phases along the flapping cycle for configuration 3TC.
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Figure 7.6: Deformation of the wings of the DelFly enhancing the clap (left) and peel (right) mechanisms.

Figure 7.7: Contour plot of the lateral velocity component in a spanwise oriented plane at 10 mm distance from the end of the
tail at phase VII of the flapping cycle for configuration 3TC.

Figure 7.8 displays the longitudinal vorticity (i.e. in the direction of the MAV body axis) for subse-
quent phases of the flapping cycle. The first observation is that there are two main counter-rotating
vortices originating from the tips of the DelFly during the entire flapping cycle. According to simple
lifting line theory, this implies that positive lift is generated during the entire flapping cycle, which is
crucial for the MAV to provide the necessary lift in order to maintain its altitude. Lift is defined as the
force generated perpendicular to the free stream, so the vertical force in an absolute reference frame.
The vortices are shed by the lower pair of wings during the outstroke and by the upper wings during
the instroke. This finding leads to the conclusion that the main vortices are always shed by the wing
that is moving in the direction opposite to that of the freestream, when the relative velocity of the wing
with respect to the flow is higher and the majority of the force is generated. When looking at the wings
moving along with the flow, the velocity experienced by the wing surface is reduced significantly. As-
suming that the effective rotational velocity produced by the wing is located at two thirds of the wing
span (b=14 cm), it is estimated that the total velocity seen by the wing moving against the flow is more
than three times larger than the one seen by the wing going in the freestream direction.
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Figure 7.8: Contour plots of the out-of-plane vorticity w, in a spanwise oriented plane at 10 mm distance from the end of the tail
at 8 phases along the flapping cycle for configuration 3TC.
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Looking more in detail to the different phases, two strong counter-rotating tip vortices are retrieved
in phase | of the cycle (starting of the outstroke) that are generated by the upper wings during the
previous instroke. These tip vortices (wake structures A in figure 7.8) interact with the wings while they
are closed and then with the tip vortices generated by the lower wings during the outstroke, resulting
in a major tip vortex structure with the same sign for the entire cycle, as it can be clearly appreciated in
the 3D view that will be shown in section 7.2.2. The tip vortex structure in phase Il is quite elongated,
as it is also the case for phase Ill. The shape of the tip vortices along the outstroke will be further
discussed in section 7.2.2. Several smaller vortices start to appear in phase Il but they are not yet
defined until phase lll, named B in the figure. The crossflow going over the wings from tip to root needs
to be redirected once it reaches the root, generating these vortices.

In phase IV the wings are completely open and the instroke is starting. According to lifting theory,
a lifting surface of finite span will generate tip and root vortices at the extremities of the surface, that
are aligned with the freestream direction. This same concept can be applied to flapping wings, similar
to propeller theory. In this way when the upper wings start to generate lift, a spanwise-aligned starting
vortex is produced that is followed by the generation of counter-rotating tip and root vortices. From
figure 7.8-1V and 7.8-V, the evolution of root and tip vortices can be confirmed (wake structures C and
A respectively in figure 7.8). To be able to locate the starting vortex, contour plots of y-vorticity are
analyzed. In figure 7.9 such plot for phase V is presented, where the starting vortex can be seen at
the upper side of the DelFly. The vorticity in that region has a negative sign which means that positive
circulation, and therefore positive lift, is being generated on the upper wings. This is the case due to
the fact that circulation must be conserved over the domain. The starting vortex can only be clearly
seen at the beginning of the instroke because at the beginning of the outstroke a strong interaction
between the wings occurs so the change in circulation of the wings is not significant. On the lower
side of figure 7.9, however, the opposite behavior is found in a large area with high positive y-vorticity.
It corresponds to the "ending” vortices shed from the lower wings when they stop producing lift. The
"ending” vortex generated by a lifting surface is indeed of opposite sign of that of the starting vortex.
The area of positive y-vorticity does not mean that the lower wings have started to generate negative
lift. But rather that it was generating lift and then, due to the change in the motion, no more forces were
generated, Due to conservation of circulation, another vortex needs to be shed with the extra positive
vorticity no longer present on the lower wings.
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Figure 7.9: Contour plot of the on-plane vorticity w,, in a spanwise oriented plane at 10 mm distance from the end of the tail at
phase V of the flapping cycle for configuration 3TC.

In phase V the wings are completely open, which causes the crossflow along the lower wings to
be maximum, hence, the secondary vortices formed on the upper part of the DelFly are enhanced.
Then the peak vorticity of these vortices diminishes drastically when the wings come closer together
as the flow is now directed away from the root, and towards the tips. In the same way the root vortices
also experience a decrease in strength and they nearly disappear at phase VIl as the wings are ap-
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proximately closed and the DelFly resembles a fixed wing vehicle. The tip vortices, where the highest
rotational velocity can be found, are still maintaining their strength throughout the final phases of the
cycle.

7.2.2. 3D wake topology

Considering again configuration 3TC, the vortex structures explained in the previous section are now
discussed by means of their 3D representation. Note that although data is available for the full span
of the wake, only the structures at one side (corresponding to positive y) are depicted to facilitate the
visual interpretation. The development of the topology obtained for different phases of the cycle is
sketched to give an overview of the variation of the structures while they are convected. In figure 7.11
the different vortices are identified and the distinction between instroke and outstroke is also presented.
The division between instroke and outstroke has been done by visual inspection of the vortical shape
in accordance to the reasoning presented in section 7.2.1, so this distinction is primarily meant as a
guideline to understand the observed phenomena. It may be reminded here that the x-axis is aligned
with the body axis, so the upward deflection of the wake that can be observed in the side view of figure
7.11 is the result of the body angle with respect to the freestream direction («;, = 31° in this case).
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Figure 7.10: Top and side views of the wake structures of configuration 3TC, visualized by isosurfaces of Q = 600 s~2 and
colored by wx for phase Il divided in outstroke (gray area) and instroke (white area).

The large tip vortex structures that were already explained in section 7.2.1 can be clearly seen in
figure 7.11. The shape of the convected tip vortex seems to be straight with respect to the DelFly
body during the instroke while it is deflected downwards during the outstroke, which was also seen in
figure 7.8 on phases Il and Ill. During the outstroke, the lower wing is the one that is generating the tip
vortex, which agrees with the downward movement of the vortex. Another reason for the shape of the
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vortex on the outstroke comes from the fact that the convection velocity is lower in this part of the cycle,
especially in the tip area where air is being redirected towards the root. Therefore, the vortex does not
travel away along the x-direction in the first stages of the outstroke. Indeed, the vortex is moved slightly
towards the center of the DelFly due to the crossflow that appears. This also explains the fact that the
instroke structures are longer in space than the ones generated during the outstroke (the gray area is
shorter than the white area).

The wake topology is highly affected by the different convection velocities that are experienced
throughout the flapping cycle in different locations around the wings (figure 7.5). This makes the analy-
sis of the wake evolution more complex. The vortices generated by the flapping wings are not convected
in the direction of the body of the DelFly, neither in the direction of the freestream. There is a combina-
tion between the freestream and the effect of the induced high-speed flow generated through the cycle.
The result is a certain angle of the wake that varies as the structures travel away from the wings which
means that the importance of the acceleration jet decreases and the wake convection velocity will be-
come more uniform and closer to the freestream velocity. However, this point is not reached within the
measuring volume studied and, instead, it will be assumed that over the measured region the angle of
the wake is approximately constant. The value of this wake angle is computed by taking the information
of the wake at two different spanwise oriented planes that are spaced in the x-direction, such that they
correspond to the same phase of the flapping cycle. A correlation between the x-vorticity values of
both planes gives the displacement of the vortex structures during the length of a flapping cycle. This
procedure is carried out for each of the eight phases shown in section 7.2.1. The result for each phase
varies, so only the correlations with a signal to noise ratio SNR>2.9 are considered. The mean angle of
the wake with respect to the longitudinal body direction is established to be approximately 15 degrees,
which agrees with a visual inspection looking at the side view in figure 7.11. The angle of the wake in
the lateral direction is not so easily visualized. The cross correlation procedure computes an outwards
movement of the wake structures with an angle of 2 degrees. The outward velocity that was presented
in the previous section has an influence on the movement of the wake which slightly moves away from
the center of the DelFly.

The evolution of the wake at three different phases during the flapping cycle can be seen in figure
13, where the plane location corresponding to the information depicted in section 7.2.1 is also indicated
(orange line). The assumption of a constant wake angle seems to be reasonable when looking at the
side views of the different phases. Starting from phase Il that has been explained in detail before,
phase V shows clearly the starting vortex linked to the root and tip vortices during the instroke. The
secondary vortex created during the outstroke moves upwards and inwards, respectively in the side
and top views. As it can only be expected, the vortex structures become more diffused as they are
convected which can be clearly seen when looking at the root vortex from phase Il which is not seen
so clearly in phase V. The peak vorticity of all vortex structures also decreases.
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Figure 7.11: Top and side views of the wake structures visualized by isosurfaces of Q = 600 s~2 and colored by w, for phases
Il (left), phase V (center) and phase VII (right) of configuration 3TC.
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On phase VIl the vortex structures from the instroke have moved downstream and the trailing edge
vortex from the lower wings is seen below the root vortex. The secondary vortex seems to interact with
small vortices generated before. This interaction probably originates before this point but the reason
behind this interaction has not been studied in detail.

7.3. Effect of reduced frequency

From previous studies [60], it has been concluded that the interaction between the vortices in the wake
of a flapping wing motion is influenced by the reduced frequency of the system. To investigate this
effect, configurations 1, 2 and 3 on tethered conditions will be compared, where the reduced frequency
of configuration 3 is five times higher than the one of configuration 1 (table 7.1). The difference between
the configurations are assessed both qualitatively and quantitatively.

The 3D wake topology for each configuration is presented in figure 7.12. There are large differences
between the different topologies shown, but some similarities can still be observed. The major vortex
structure appreciated in the configurations is the tip vortex. The tip vortex in configuration 1 is no longer
a smooth structure throughout the flapping cycle, but it has a distinct shape for instroke and outstroke.
During the instroke, the tip vortex and the starting vortex cannot be distinguished, forming a single
oblique vortex that starts close to the root of the DelFly and moves outwards as the instroke develops.
The tip vortex generated during the outstroke is shorter than for the instroke, as it was the case for
configuration 3, and it follows a straighter path with respect to the body of the MAV. A second tip vortex
structure generated during the instroke on the lower part of the DelFly can be seen for configuration
1. This indicates that the lower wing is producing a vertical force. However, the x-vorticity of this
structure is negative, which indicates that negative lift is being generated. This can be confirmed from
analyzing the y-vorticity which has positive values for the lower wing during the instroke (see figure
7.13). Butin this case it is not the trailing vortex that is shed but the starting vortex of a sudden change
in lift generation. The appearance of such a vortex is related to the velocity components seen by each
of the wings during the cycle. Both wings will experience a velocity on the body direction due to a
component of the freestream (Vx,, = Uycos(a;)). On the rotational plane (Z-direction), the wings
are in motion so a certain rotational velocity will be experienced on opposite direction for the pair of
wings. For the purposes of this study, it is assumed a rotational velocity at two thirds of the length
of the span (b = 14cm) and at maximum angular velocity which is equal to the flapping frequency
(Vzyor = %ff,apb). In addition to the rotational velocity, a second component of the freestream is
also present in the rotational plane (Vz, = Ussin(ap)). In table 7.2, the resultant velocities on the
Z-direction for the wing going in the same direction as the freestream and the one opposing the flow
are computed. It is seen that the difference in magnitude between the wings is extremely high for
configuration 3 where the wing moving with the freestream sees barely no Vz. This starts to change
as configuration 1 is approached. In configuration 1, both wings see a considerable velocity of the Z
direction which directly relates to the angle of attack seen by the wing which can have as an effect
that both wings generate a certain lift force. The strength of the vortex on the wing going along with
the freestream (lower wing) is smaller than the one measured for the tip vortex of the wing opposing
the freestream (upper wing), so the resulting force generated by the DelFly is still positive. Another
vortex structure that appears for configuration 1 is located on the upper part of the instroke tip vortex.
This vortex is not present close to the wings, but as the wake travels downstream the vortices interact
strongly with each other. The outstroke tip vortex seems to interact with the tip vortex of the following
instroke. When looking at configuration 2, the wake topology is more similar to the one of configuration
3. There is a clear tip vortex and a starting vortex can be also seen. The shape however is more
circular rather that straight as in the case of configuration 3, which means that configuration 2 starts to
be more similar to configuration 1.
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Table 7.2: Flight parameters for each configuration and the resultant wake parameters obtained.

Conf. Us |friap | ap | VZyor | VXoo Vz, |Vz,o + Vzo| | |VZ, ot — VZoo|
[m/s] | [Hz] | [°] | [m/s] | [m/s] | [m/s] [m/s] [m/s]
1TC 0.5 13.0 | 70 | 1.213 | 0.171 | 0470 1.683 0.743
2TC 1.0 12.0 | 45| 1.120 | 0.707 | 0.707 1.827 0.413
3TC 2.0 10.2 | 31 | 0.952 1.714 1.030 1.982 0.078
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Figure 7.13: Contour plot of the on-plane vorticity w,, in a spanwise oriented plane at 10 mm distance from the end of the tail at
phase V of the flapping cycle for configuration 1TC.

No root vortex is observed neither in configuration 1 or configuration 2 for any of the wings at any
phase of the flapping cycle. Due to the relatively high flapping frequency, the flow at the root of the wings
is constantly changing and the dominant component is the crossflow. The root vortex is not present as
itis no generated as fast as the change in wing conditions happens. As the crossflow is augmented, the
secondary vortex should have a higher peak vorticity. The secondary vortex also changes length from
one configuration to the other, apart from the higher peak vorticity. It is hypothesized that the reason
for this finding is related to the deformation of the wings. As the flapping frequency increases, the
deformation of the wings is enhanced and the phase-lag in between the leading edge and the trailing
edge of the wings increases. This allows for the secondary vortex to last for a longer time as the wings
do not close completely until later. The secondary vortex seems to be generated closer to the root on
configurations 1 and 2 than in configuration 3 in both y- and z-direction. The fact that it is closer in the
z-direction is likely due to the reduction of the free stream component so the convection of the vortices
is much more influenced by the flow acceleration induced by the wings. This causes the angle of the
wake with respect to the body to be smaller. However, it is difficult to give a conclusive statement on
that aspect, as the wake length that could be reliably resolved reduces moving from configuration 3 to
1, for a number of reasons. Firstly, the vortex structures are weaker for the first configurations, so they
fade away much faster and become more difficult to detect. An additional matter is the larger angle
of the body with respect to the freestream direction, so the wake more quickly interacts with the shear
layer of the open test section of the wind tunnel. Also, the high body angle brings the wings closer to the
supporting structure, which may affect the flow and the measurement of possible vortices generated
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by the flapping wings on the lower side of the DelFly.

To provide a more quantitative view of the differences between the two configurations, several pa-
rameters have been measured: the wake length of a flapping cycle, the maximum longitudinal velocity
and the peak vorticity in x-direction. Unfortunately, the resulting values of the wake angle for configu-
rations 1TC and 2TC were not conclusive mainly since the wake structures change rapidly which does
not allow to use the technique that is used in configuration 3TC.The information has been collected
in table 7.3. The wake length of a flapping cycle has been computed by determining the difference
between the location of the start of the instroke which is defined as the time when the starting vortex is
shed. This length is retrieved by visual means from the flow visualization results to give an approximate
length, not as an exact measurement. The values of maximum velocity and vorticity are computed by
selecting only a region where more that 1200 particles have been tracked on the same slice as the
contour plots shown in section 7.2.1.

Table 7.3: Flight parameters for each configuration and the resultant wake parameters obtained.

U Uy
cont. | Ue friap | @y | Lengthof cycle [cm] [11;11‘7;] (ﬁ) Wx, .5
(m/s]| [Hz] | [°] Measured | Taylor’s hyp. atx, =23 cm [1/5]
1TC| 0.5 |13.0] 70 16 1.3 1.5 (8.6) 110
2TC | 1.0 | 12.0| 45 18 5.9 2.7 (3.8) 140
3TC | 2.0 |10.2] 31 27 16.8 3.8 (2.2) 200

The value of the length of the flapping cycle following from Taylor’s hypothesis has also been calcu-
lated for comparison. According to this approach the wake structures are convected at the free stream
velocity. Since the DelFly is positioned at a certain angle of attack, only the free stream component
directed along the x-body axis is considered in order to retrieve the wake length in x-direction. This
gives a corresponding expression for the wake length as: Uscos(ay)/friap- AS seen in table 7.3, the
length computed with this hypothesis is (much) shorter than the actual wake length measured, which
implies that the effective convection speed is higher than that predicted by Taylor’s hypothesis. For
configuration 3TC, the difference between the two is approximately 38% of the measured wake length.
This difference is caused by the increased convection speed resulting from the high-speed jet gener-
ated by the flapping wings, as previously discussed. The maximum velocity of the jet, U,,, ., is more
than twice the free stream velocity. The difference between the wake lengths for configuration 1TC
is much more dramatic, reaching a 92% difference. As it could be predicted, configuration 2TC has
a difference of wake length of 67% which lies in between the other two. This proves the invalidity of
Taylor’s hypothesis for reduced frequency situations where the high-speed jet provides a strong flow
acceleration, which occurs at higher flapping frequencies in combination with low forward velocities.
From the observed wake length and the flapping frequency, an effective (average) convection velocity
can be derived, which yields 2.08 m/s, 2.16 m/s and 2.75 m/s for configurations 1TC, 2TC and 3TC,
respectively, indeed well in excess of the corresponding freestream velocity.

The maximum values of x-vorticity (wy ) are found always in the tip vortex structure across all phases
analyzed. The maximum value for configuration 3TC is much larger than the one of configuration 1TC
as a greater velocity gradient is generated on the wings for the first one. The overall maximum value
along the flapping cycle is found at the beginning of the outstroke, which corresponds to phase Il for
configuration 3TC, while for configuration 1TC it occurs at phase Ill. This indicates a probable phase
lag of the wake structures generated by the flapping wigs. This phenomenon was already discussed by
Percin et al. [61]. The maximum is reached when the wings are close together and coming apart from
each other, which can relate to the interaction of the tip vortex from the previous instroke that combines
its strength with the following vortex generated by the lower wing.
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7.4. Effect of the tail

To be able to compare the flow characteristics with and without tail, experiments are performed with
the same flow conditions in terms of freestream, the flapping frequency and the angle of attack of the
body. The differences and similarities will be explained in the following sections. One thing to notice
before going into detail on the different results is that there was a shift on the phases measured along
the flapping cycle. For configuration 3TC with tail, it has been shown how, for example, phase V marks
the start of the instroke. For configuration 3TC without the tail that was not the case. In fact the phases
where shifted by half the cycle. This means that to compare both measurements, the comparisons
have to be made by selecting for example the phase V with tail and phase | without tail.

7.4.1. Variation of velocity fields

Looking at the axial acceleration region, it is seem that the measurements without the tail have a smaller
acceleration region compared to the measurements with tail. Figure 7.14 illustrates this behaviour. The
acceleration region with tail (shown in the left side of the plot) seems greater than one without the tail
(located on the right side). The shape of the high velocity region is similar between the different cases
as the motion of the wing has not change drastically. When performing an average over the boxes
seen in figure 7.14, the mean axial velocity found for the tail on case is 2.73 m/s while for the tail off
case is 2.61 m/s. Even if the difference in the high velocity region between the two cases is only of
approximately 4.5%.
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Figure 7.14: Contour plot (left side represents phase Ill with tail and right side represents phase VIl without tail) of the axial
velocity component in a spanwise oriented plane at 10 mm distance from the end of the tail of the flapping cycle for conf. 3TC

It seems that the motion was not quite symmetric for the no tail measurement as shown in figure
7.15. ltis probable that any asymmetry on the force created by the wings causes a small lateral motion,
which in the case of tail on is not visible as the tail keeps the DelFly stable. As stability is lower when no
tail is present, a small motion on the DelFly at the end provokes an asymmetry on the flow measured.

When looking at the lateral velocity, the cross flow seen after the DelFly is also greater in the pres-
ence of a tail than without it. This seems reasonable knowing that the axial velocity follows the same
trend. The flow is not only accelerated in the axial direction but it also has a lateral component. The
tail works as a separating wall between the flow on one side of the DelFly and the other. The allows a
velocity gradient larger that when there is no tail and the flow mixes after it passes through the wings.
The higher axial velocity when the tail is present may due to this reason as well. The higher diffusion
of the flow when no tail is present can account for the reduction of the acceleration region.
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Figure 7.15: Contour plot of the axial velocity component of phase VII without tail in a spanwise oriented plane at 10 mm distance
from the end of the tail of the flapping cycle for conf. 3TC
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Figure 7.16: Contour plot (left side represents phase Il with tail and right side represents phase VIl without tail) of the lateral
velocity component in a spanwise oriented plane at 10 mm distance from the end of the tail of the flapping cycle for conf. 3TC

7.4.2. Variation of shed vortices

Focusing on the vorticity field generated by the wings, the results found with and without tail are quite
similar as shown in figure 7.17. There is no clear variation on the shape and peak vorticity of the tip
vortices of the wings along the flapping cycle. As the tip vortex is the predominant structure on the
topology, it is probable that it is not sensitive to small variations on the flow that would occur at the
center of the DelFly due to the lack of a tail. However the root vortex, which is located the closest to
the center of the MAYV, is the one that is most significantly affected. The root vortices on each side of
the DelFly is smaller when there is not tail. It follows the same reasoning as discussed when looking
into the velocity fields. The two counter-rotating root vortices shed during the instroke are separated
right after the wings by the tail so that each can follow its course without being influenced by the other
and viceversa. When the interaction takes place however, right after the vortices are generated, the
vortices start to cancel out each other and they fade more quickly. The secondary vortices seem to
also become less distinct but the level of change is too small to be able to conclude the hypothesis.
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Figure 7.17: Contour plot (left side represents phase Il with tail and right side represents phase VII without tail) of the vorticity
component w, in a spanwise oriented plane at 10 mm distance from the end of the tail of the flapping cycle for conf. 3TC

Finally, the complete wake topologies can be compared with and without tail looking at figure 7.18. It
can be clearly seem how the length of the cycle becomes smaller when no tail is used. This is directly
related to the acceleration region present on the flow, which is smaller without the tail. The starting
vortex that creates a link between the root and tip vortices is not well captured in the measurements
performed without tail. Due to flow mixing, the starting vortex may have diffused much faster that in the

other case.
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Figure 7.18: Top view of the wake structures visualized by isosurfaces of Q = 500 s2 (top side represents phase V with tail and
bottom side represents phase | without tail) colored by w, for configuration 3TC
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7.5. Free-Flight vs. Tethered conditions

To finalize the analysis, a comparison between tethered and free flight experimental conditions is in-
vestigated using configurations 3TC and 3FC . The reduced frequency for both cases is very similar,
albeit that the flapping frequency for case 3FC is slightly higher than for case 3TC , approximately 10%
difference is found. This appears to influence the length of the wake for a flapping cycle, as it could be
expected. The length of the wake is approximately 27 cm and 24 cm for configurations 3TC and 3FC
respectively, as seen in figure 7.19, which is consistent with the difference in flapping frequency. The
vortex structures that can be appreciated for free-flight are not captured with the same level of detail
and only the main structure, the tip vortex, can be clearly seen. The root vortex is one of the structures
that are not visible for configuration 3FC while there are well defined for configuration 3TC.
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Figure 7.19: Side views of the wake structures visualized by isosurfaces of Q = 600 s~2 and colored by wy for phases Il of
configurations 3TC (right) and 3FC (left).

The dynamic motion of the DelFly during free-flight tests is inevitable, due to the fact that the DelFly
is flying around a set point with small deviations from it. The largest deviations are found in the lateral
direction which can reach a variation of 20 cm. Using the information from the flight tracking system,
the position deviations are corrected for, in order to be able to process the data with the phase-lock
averaging procedure. However, the motion of the DelFly, especially the lateral component which also
involves the heading of the Delfly with respect to the free stream, changes the position and the orienta-
tion of the wake and to some extent the way the vortex structures are shed. This translates in the end
in fluctuations of the position of the individual wake structures that causes the smaller structures to be
spread out over the volume, so they are no longer detectable. The big structures are still visible but the
core, as seen in figure 7.19, is larger due to this “blurring” of the vortex and the x-vorticity reached is
smaller than for tethered conditions. The overall shape of the tip vortex however is still very similar to
the vortex structure found in tethered conditions, indicating that the structures generated on both cases
follow the same trend.
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The variations in the DelFly position are the reason why for the first configuration tested in free-
flight conditions (2FC) the final measurements were not showing a representative view of the wake
topology of the DelFly. The vortex structures were distorted, and no clear view could be given. Apart
from the motion of the DelFly, other issues that contributed to the low visibility of vortex structures are
the disturbances of the flow due to the wind tunnel working at such low speeds, the blockage of the
seeder and extra blockage due to foam generated as a consequence of the set of parameters used in
the seeder generator. However, for configuration 3FC, interesting conclusions can be extracted in a
qualitative analysis. Apart from the main tip vortex, another vortex structure with the same X vorticity
(wy) sign as the tip vortex can be seen in figure 7.19. The vortex has a considerable peak vorticity along
the instroke and then when the tip vortex is deflected downwards during the outstroke then the second
vortex ceases. That second vortex is in fact the tip vortex generated on the outstroke of the previous
cycle that interacts with the following tip vortex generated on the subsequent instroke. The interaction
that takes place in free-flight conditions seems to be more active than in tethered conditions where the
previous downstroke tip vortex does not continue until the downstroke of the succeeding cycle. The
previous downstroke tip vortex also moves towards the tip vortex generated on the instroke, forming
a triangular shape. The deflection of the tip vortex during the downstroke also seems to be more
pronounced in free-flight conditions looking at the difference in Z coordinates in between the tip vortex
during the instroke and during the end of the outstroke. In addition, it is noticed that the interaction in
between one flapping cycle and the next is more significant in free-flight conditions, which may be the
cause for a stronger interaction in between the tip vortices as explained before. In tethered conditions,
the instroke of the following cycle starts approximately at the same time that the downstroke of the
previous cycle finishes as seen in figure 7.19. In free-flight condition, the instroke starts approximately
earlier at around half way thought the downstroke of the previous cycle. Last but not least, it is important
to point out that even if the other vortex structures clearly seen in tether conditions are not well seen in
free-flight, the beginning of such structures are still captured during the measurements.



Conclusions and Recommendations

On the first section of this chapter, the major findings established by the present project are briefly
compiled. On the following section, some recommendations are proposed, which aim to perform new
studies on the DelFly with the novel Robotic Volumetric Velocimetry technique.

8.1. Conclusions

The beginning of this project started from the hypothesis that the use of an innovative PIV technique
could provide relevant information about the behaviour of the flow around a flapping wing mechanism.
The main advantage of the new measurement technique, called Robotic Volumetric Velocimetry, are the
capability to measure the three components of velocity within a large volume. The unique compactness
of the system allows as well to measure several volumes close together which at the end can be
combined into a considerable final measurement space. In order to assess the outcome of the study,
the following main research objective has been formulated:

”Investigate the flow behaviour in regular flight scenarios by means of volumetric flow
measurements of a Flapping-Wing Micro Air Vehicle along its complete wake
in a wind tunnel environment”

To fulfill this main objective, the wake of the DelFly Il is studied. The results from the experimental
campaigns performed are the first volumetric information directly measured on the wake of this MAV.
The flapping cycle is mainly divided into two phases: the instroke (the pairs of wings move towards each
other) and the outstroke (the wings move away from each other). The measurements were limited to
the wake of the DelFly and therefore the link between the vortex structures seen at the precise location
of the wing when the structures are generated is lost. Nevertheless, a general idea of the situation
of the wings can be extracted from the evolution of the lateral velocity (should go inwards during the
outstroke and outwards during the instroke). Three different configurations are selected to compare
the wake topologies at different conditions to observe the influence of reduce frequency. The final
measurement volume achieved in tethered conditions is approximately 50 x 30 x 40 cm?.

The 3D near wake of a FWMAV called DelFly Il has been successfully captured in configurations
simulating free-flight scenarios along the envelope of the MAV in forward flight, so the main objective of
this project has been achieved. The wake has been experimentally investigated by means of a novel
measurement technique, Robotic Volumetric Velocimetry. The first crucial objective of this study was
to achieve steady and periodic velocity field along the different stages of the flapping cycle by means of
a phase-averaging procedure, provided the particles information from Robotic Volumetric Velocimetry.
This step has been successfully implemented. Once the complete process has been established, the
main objective of this thesis can be accomplished. The goal of the present work is to characterize the
flow field and the wake topology generated by the DelFly.

The main vortex structures found on the wake have been classified. The main vortex structures
found are the tip vortices. The tip vortex in each side of the DelFly forms a continuous shape along
the complete flapping cycle. It starts to develop at the beginning of the instroke in the upper wings
and then, when the outstroke commences, the tip vortex is maintained and deflected downwards by
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the lower wings. The fact that a continuous tip vortex is generated at each side indicates that the MAV
is generated lift throughout the complete cycle. The tip vortex and all the other vortex structures are
highly influenced by the acceleration produced by the pairs of flapping wings present on the DelFly.
The acceleration creates high velocity regions on the body direction which are much higher than the
freestream velocity. Therefore, the wake does not follow directly the direction of the freestream. There
is an interaction between the freestream and the induced velocities from the wings so that the angle at
which the wake is directed is a combination of the body direction and the direction of the freestream,
which will depend of the importance of each component. The length of the wake generated during
the instroke is slightly longer than the ones generated during the outstroke. This could be due to the
larger acceleration of the flow being developed during the instroke. The deformation and the shape of
the tip vortex will depend to a great extent on the reduced frequency. When the reduced frequency is
low, the tip vortex is quite straight and aligned in the streamwise direction. When the reduce frequency
becomes larger, an oblique vortex can be seen as the tip vortex cannot be clearly differentiated from
the starting vortex. The starting vortex is generated at the beginning of the instroke. The upper wings
start to generate a force as a consequence of a change in circulation on the wings. For circulation
over the volume to be conserved, a starting vortex needs to be shed from the wing as a result. The
starting vortex is predominantly generated perpendicular to the plane of symmetry of the DelFly. The
close interaction between the tip vortex (streamwise direction) and the starting vortex (lateral direction)
shows an oblique vortex.

Due to the deformation of the wings, additional vortex structures appear when the wings are closing
together during the final part of the outstroke and the beginning of the instroke. The crossflow going from
the tip to the root of the wings along the span needs to be redirected and the secondary vortices appear.
The wings deformed during the outstroke creating a space that does not close until the instroke has
already started, which allows the vortices to last until this gap disappears. When the reduced frequency
increases, the deformation of the wings also becomes more prominent. Thus, the secondary vortices
also become longer and stronger on the wake topology.

The tail of the DelFly, apart from being used for stability and maneuverability, it has been shown to
enhance the preservation of the vortex structures mentioned above. The tail allows the flow to be less
disturbed through that region and the vortex structures of the wake are more clearly defined.

A second big challenge on this investigation is the ability of performing measurements in free-flight
conditions. The complexity of such measurements increased considerably, but meaningful results were
achieved. Due to the inherent dynamic behaviour of the DelFly, only the larger and stronger vortex
structures were captured. The vortex structures located closer to the center of the DelFly were not
visualized correctly. The main vortex structure that was seen is the tip vortex. The topology of the tip
vortex and the traces of other structures suggest a very similar topology that the one found in tethered
conditions. However, a stronger interaction between the vortex structures from one flapping cycle to
the next is augmented.

8.2. Recommendations

As the outcome of the present work has been successful, several path can be now taken to improve the
tools and methods used as well as analyzing new configurations that given a broader understanding of
the flapping wing mechanism. Considering new studies to be performed with the DelFly, a good way to
achieve a better comparison between tethered and free-flight conditions would be to repeat the tethered
experiments simulating exactly the conditions experienced during the free-flight tests performed during
the course of this study. The ideal situation would be to carry out the experiments on the OJF to keep all
the parameters identical. The OJF wind tunnel also gives the opportunity to measure a bigger volume
around the DelFly due to its large cross-section. It will allow to measure a longer part of the wake
which could be interesting for configurations such as number 3. To achieve information with better
spatial resolutions, numerical techniques could be used such as the algorithm called VIC+ developed
by Schneiders [75].

Now that the wake of the DelFly has been properly measured in 3D, the next challenge leads to the
measurement of the flow behaviour before and along the wings. The major showstopper of this chal-
lenge is the intensity and variability of the reflections produced by the flapping wings when illuminated
by laser light. The best way therefore to look at the flow going through the wings would be to locate the
CVV probe along the body direction of the DelFly so that the surface of the wings seen by the cameras
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is minimized. The camera could either be positioned in front of the wings or after. Ideally, placing them
after the wings would reduce the influence that the measurement system has on the flow. Together
with the flow measurements around the wings, the deformation of the DelFly wings could be studied
at the same time to have the information of the structure, as well and the fluid. This would be a highly
complex set-up which could lead to the two kind of measurements to be performed separately, but at
the same conditions so that the results can be related. These kinds of measurements could also be
used to compare with CFD simulations. For such exercise, the information for the deformation of the
wing would be an input for the CFD which would later be compared to the results achieved experimen-
tally. Another possibility to be attempted is the use of black wings instead of transparent ones. This
would reduce to a certain extend the reflections generated by the wings, but it would also bring opacity
so particles on the other side of the wing cannot be seen.

Together with the flow measurements, it will be of great importance to measure the forces gen-
erated by the DelFly at those conditions. This is a step towards understanding the link between the
vortex structures developed and the final forces achieved by the motion of the DelFly. These kind of
measurements have been performed in previous studies [18, 38, 61].

In addition, experiments in asymmetric conditions could be performed with a tethered DelFly to study
the lateral behaviour of the vortex structures. A constant sideslip can be easily achieved by rotating
the support structure. A rotating disk could be employed for such task. Due to the variation in between
one side of the DelFly and the other, it would be beneficial to performed experiments positioning the
CVV prove at each die of the MAV so that both are correctly measured. Another option is to change
the DelFly arrangement so that is placed upside down (rotated 180 degrees along the body direction).
When a certain angle of the body with respect to the freestream is desired, the change in the angle
from one position to the other needs to be considered.

With respect to the measurement technique used, Robotic Volumetric Velocimetry, it would be in-
teresting to develop further the data processing steps, in particular the phase-averaging performed in
these measurements. To be able to perform more accurate measurement in free-flight conditions, the
way the information from the DelFly position relates to the measurement volume seem by the CVV
probe needs to be improved. For now, only a translation of the measurement volume to coincide with
the DelFly body axis was used. But the DelFly also experiences rotations along its axes, especially
in yaw (rotation around the vertical absolute axis). In that situation, the vortex structures are not shed
parallel to the freestream. If this rotation is not taken into account, the topology at different instants will
not match correctly. Another issue to be acknowledged is the time lag in between the position of the
DelFly and the measurement of wake topology generated by the DelFly at that position. It would be
beneficial to use the position of the DelFly at t — At to relate it with the measurements performed at
time t. The way to compute the time lag At is not trivial, but a first approximation can be performed
with the information already analyzed.






Wind tunnel specifications

One of the challenges found when performing the experiments was related to the high turbulence of
the flow at low speeds. The wind tunnel at such low speeds, raging from 0.5 — 2 m/s for this study,
are not completely reliable. In order to perform the experiments at the speed desired, previous PIV
measurements were done on the free stream alone to characterize the wind tunnels at low speeds.

A.1. Wind tunnel setup for tethered experiments

The tethered experiments were performed in a low-speed wind tunnel at the Aerodynamic Laboratory
of TU Delft, which has an open test section with cross-sectional dimensions of 60 cm x 60 cm and a
contraction ratio of 3.62. The contraction of the wind tunnel with this dimensions was built specifically for
a set of experiments of the DelFly in 2012 [30]. The wind tunnel specifications for the new contraction
were computed and the results can be seen in figure A.1.

Velocity versus RPM Turbulence intensity as function of RPAT

L
o
@

Turbulence intensity

*  Measurement Points
Linear FitV_=0.017818- RPM-0.49894

200 300 500 600 700 800 o 100 200 200 400 500 800 To0 800

400
RPM|s—! RPM[s 1

Figure A.1: Free stream velocity (left) and turbulence intensity (right) with respect to RPM [30]

However, the calibration done of the wind tunnel for the new contraction does not give a full view
of the behaviour of the wind tunnel at low speeds. Therefore, several measurements of the freestream
were performed at low RPM. The results have been plotted in figure A.2. Planar PIV is used for these
measurements and an average over the measurement plane is computed to obtained the results. The
resultant values of the measurement points can also be found on table A.1.
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Figure A.2: Free stream velocity (left) and turbulence intensity (right) with respect to RPM at low speeds in W-tunnel
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Table A.1: Freestream measurement results for W-tunnel at low speeds

0.0030 0.0089 0.0152 0.0186 0.0143 0.0137
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A.2. Wind tunnel setup for free-flight experiments

The second experimental campaign was performed in the Open Jet Facility (OJF) of TU Delft, which
is a relatively large-size wind tunnel with an open test section of 2.85 x 2.85m? cross section, and a
contraction ratio of 3 (horizontal contraction of 1.88 and vertical one of 1.62). The test section leads
to an open room that is 8 m high and it extends from 13 m until the flow goes through a cooling mesh
at the end of the room and continues the cycle along the closed wind tunnel. The cooling mesh was
not used for the experiments. The fan is powered by an electrical motor reaching 500 kW which allows
a maximum free stream of 35 m/s. The free stream measurement equipment embedded in the wind
tunnel is not reliable at speed lower than 5 m/s. As the flight speeds desired are significantly lower,
measurements of the free stream need to be measured to compute the relation with fan rpm and the
nominal turbulence intensity of the flow. The results can be found both in figure A.3 and in table 4.2.
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Figure A.3: Free stream velocity (left) and turbulence intensity (right) with respect to RPM at low speeds in OFJ

RPM[1/s] | 307 459 608 907

Uo [m/s] || 0.7418 1.4194 2.0174 3.2320
oy [m/s] || 0.0843 0.0716 0.0808 0.1120

Table A.2: Freestream measurement results for W-tunnel at low speeds






Additional plots of the wake topology

Due to the large quantity of information that was recorded during this study, it was not possible to show
the evolution of all the different quantities for all configurations analyzed. Once the evolution of velocity
and vorticity was explained on one configuration, the comparison between different configurations was
focused on the 3D wake topology, not going into detail about the 2D information available. You can find
such information here where the plot from configuration 3 are available. The results from configuration
3TC with tail can be clearly compared to configuration 3TC without tail in section B.1. On section B.2,
the analogy between tethered and free-flight conditions can be found.

B.1. Effect of presence of the tail

The phases of the measurements with tail do not match the ones without tail due to a phase lag in
this case of half a cycle. This is the reason behind the numbering of the phases. The plots show
the evolution of the velocity field on the direction of the body along the flapping cycle, as well as the
development of vorticity on the out of plane out-of-plane direction.
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Figure B.1: Contour plots of the velocity component on the body direction in a spanwise oriented plane at 10 mm distance from
the end of the tail at phases 1-4 for configuration 3TC with tail and phases 5-8 for configuration 3TC without tail.
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Figure B.2: Contour plots of the velocity component on the body direction in a spanwise oriented plane at 10 mm distance from
the end of the tail at phases 5-8 for configuration 3TC with tail and phases 1-4 for configuration 3TC without tail.
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Figure B.3: Contour plots of the out-of-plane vorticity w, in a spanwise oriented plane at 10 mm distance from the end of the tail
at phases 1-4 for configuration 3TC with tail and phases 5-8 for configuration 3TC without tail.
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Figure B.4: Contour plots of the out-of-plane vorticity w, in a spanwise oriented plane at 10 mm distance from the end of the tail
at phases 5-8 for configuration 3TC with tail and phases 1-4 for configuration 3TC without tail.
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B.2. Effect of free flight conditions

The phases of the measurements in tethered conditions do not match the ones in free-flight conditions
due to a phase lag in this case of quarter of a cycle. This is the reason behind the numbering of the
phases. The plots show the evolution of the velocity field on the direction of the body along the flapping
cycle, as well as the development of vorticity on the out of plane out-of-plane direction.
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Figure B.5: Contour plots of the velocity component on the body direction in a spanwise oriented plane at 10 mm distance from
the end of the tail at phases 1-4 for configuration 3TC and phases 7-2 for configuration 3FC.
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Figure B.6: Contour plots of the velocity component on the body direction in a spanwise oriented plane at 10 mm distance from
the end of the tail at phases 5-8 for configuration 3TC and phases 3-6 for configuration 3FC.
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Figure B.7: Contour plots of the out-of-plane vorticity w, in a spanwise oriented plane at 10 mm distance from the end of the tail
at phases 1-4 for configuration 3TC and phases 7-2 for configuration 3FC.
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Figure B.8: Contour plots of the out-of-plane vorticity w, in a spanwise oriented plane at 10 mm distance from the end of the tail
at phases 5-8 for configuration 3TC and phases 3-6 for configuration 3FC.
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