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ABSTRACT

EXPERIMENTAL INVESTIGATION OF FLOW CHARACTERISTICS OF
FLEXIBLE WINGS WITH DIFFERENT STIFFENER ORIENTATIONS IN
LINEAR TRANSLATING MOTION

Karakag, Hasan Halil
Master of Science, Aerospace Engineering
Supervisor: Asst. Prof. Dr. Mustafa Per¢in

August 2022, 106 pages

This study experimentally investigates the flow field around the wings, which first
accelerate with constant acceleration from the rest and then perform a linear
translating motion with constant velocity. Four wings, which are 3D-printed, with a
bending stiffness in different directions are examined. The difference in bending
stiffness values is achieved by placing stiffeners having different angles with the
leading edge on the upper surface of the wing. The stiffeners are printed with wings
to obtain well-integrated wing models. The experiments are conducted in an
octagonal water tank and the planar flow fields are obtained using the two-
dimensional two-component particle imaging velocity measurement technique
(2D2C PIV). PIV measurements show that at the initial phases of motion, a coherent
leading-edge vortex is formed for all the wings tested in the experiment and LEV
remains stable over a long period of movement. Although the flow fields of vortical
structures have similar characteristics for all wings at the beginning of the motion,
the vortical structures start to be distinguished from each other after approximately
2.4 chord lengths of travel because of the different deformation characteristics of the
wing models. The closest LEV to the wing surface is obtained on the wing without

stiffener, which has the maximum camber generation because of its highly chordwise



flexibility. The wing with 90° of stiffener produces the highest LEV circulation,
whereas the wing without stiffener generates the lowest one. This study shows that
the optimum wing structure that offers the best flight performance in terms of
aerodynamic efficiency can be manufactured by using 3D printing technology for

predefined flapping-wing micro aerial vehicle operations.

Keywords: Particle image velocimetry, Leading-edge vortex, Flexible wing,

Stiffener, 3D printer, Micro aerial vehicles
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FARKLI YONLERDE DESTEK CUBUKLARINA SAHIP ESNEK
KANATLARIN DOGRUSAL HAREKET BOYUNCA AKIS
KARAKTERISTIGININ DENEYSEL OLARAK iNCELENMESI

Karakag, Hasan Halil
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi
Tez Yoneticisi: Dr. Ogr. Uyesi Mustafa Pergin

Agustos 2022, 106 sayfa

Bu ¢aligma, 6nce duragan durumdan sabit ivme ile hizlanan, daha sonra sabit hizla
dogrusal bir hareket gerceklestiren kanatlar etrafindaki akis alanin1 deneysel olarak
incelemektedir. Farkli yonlerde egilme sertli§ine sahip kanatlar incelenecektir. Bu
sertlik, kanat {ist yiizeyine hiicum kenari ile farkli agilara sahip sertligi artirici
cubuklar (ing., stiffener) yerlestirilerek saglanmistir. Deneyler sekizgen profile sahip
bir su tankinda yapilmistir ve iki boyutlu iki bilesenli pargacik goriintiilemeli hiz
Oleme teknigi (2D2C PIV) kullanilarak, diizlemsel akis alanlar1 elde edilmistir. PIV
Olgtimleri, hareketin ilk anlarinda deneyde test edilen kanatlarin tiimii i¢in kararh
hiicum kenar1 girdab1 olustugunu ve bu girdabin uzun bir hareket siiresi boyunca
kararliligin1 korudugunu gostermektedir. Yaklasik 2.4 veter boyu hareket boyunca,
akis alanlar1 tiim kanatlar i¢cin oldukca benzerdir. Fakat 2.4 veter boyu hareketten
sonra, girdap yapilarinin farkli deformasyon karakteristikleri sebebiyle farklilastig
gozlemlenmistir. Kanat yiizeyine en yakin hiicum kenar1 girdabi, en yliksek kambur
biiyiikliigiine sahip destek cubuksuz kanat etrafinda gozlemlenmistir. 90° destek
cubuklu kanat, en yliksek geometrik hiicum kenar ile hareket ederek en biiyiik
hiicum kenar1 girdabr sirkiilasyonunu tiretirken destek cubuksuz kanat ise, en kiiciik

hiicum kenar1 girdabr sirkiilasyonuna sahiptir. Bu ¢alismanin sonucunda, 3 boyutlu

vil



yazici teknolojisi kullanilarak énceden planlanmis bir ¢irpan kanatli mikro insansiz
hava araglar1 operasyonlar1 i¢in aerodinamik verimlilik agisindan en iyi ugus

performansina sahip kanatlarin tiretilebilecegi de goriilmiistiir.

Anahtar Kelimeler: Parcacik goriintiilemeli hiz 6lgme, Hiicum kenar1 girdabi,

Esnek kanat, Destek ¢ubugu, 3 boyutlu yazici, Mikro insansiz hava araglari
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CHAPTER 1

INTRODUCTION

Natural fliers have always been inspirational for human beings who are interested in
airborne machines. Although the initial attempts at flight in history were on trial by
bird-inspired mechanical systems, the flapping-wing aerodynamics, which requires
high-tech experimental and computational systems to have extensive knowledge
about its mechanism, remained as a mysterious topic in the literature because of the
insufficient technology. However, with a recent interest in the field of micro aerial
vehicles (MAVs), the flapping-wing aerodynamics regained attention in the last two
decades, since the rotary and fixed wings are relatively unfavorable in terms of
maneuverability and flight efficiency in low Reynolds number flight regimes
(Percin, 2015). In Figure 1.1, the maximum lift coefficient ¢y, versus the
corresponding Reynolds numbers obtained from previous experiments, which
include a wide range of cases from studies on hovering insects in unsteady flow to
smooth airfoils in a steady flow, is shown. The figure is colored in a way such that
the unshaded region represents the experiments in unsteady flow, whereas, the
remaining part, corresponds to experiments in a steady flow. According to Figure
1.1, for the steady flow case, it is obvious that the airfoils which have a smooth
surface showed acceptably good performance at high Reynolds numbers. In low
Reynolds numbers flight regimes, however, although the insect wing structures are
used, the performance is still decreased. For the unsteady flow case, on the other
hand, the lift coefficient is enhanced significantly as the flapping-wing motion is
presented. Moreover, with the help of the leading-edge vortex formed in the progress
of the dynamic stall, the maximum lift coefficient is obtained at a very low Reynolds
number where Re=10” (See Chapter 2.1). It is clear that, in the low Reynolds
number flight regime, especially in unsteady flows, the flapping-wing aerodynamics

is more favorable than its conventional counterparts (i.e., rotary-wing and fixed-wing



aerodynamics) in terms of force generation. On the contrary, the flapping-wing flight
consists of unconventional and unsteady force generation mechanisms (See chapter

2).

revolving
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Figure 1.1. Maximum lift coefficient for steady and unsteady flows versus

Reynolds number (Jones and Babinsky, 2010)

For aerodynamic force generation, the formation of a stable leading-edge vortex is
the main mechanism that is observed in most of the unsteady aerodynamic
mechanisms in insect flight (Sane, 2003). The presence of a leading-edge vortex
enhances the lift force generation by increasing the circulation around the wing. For
three or four chord lengths of travel, this enhancement may be retained before the
vortex breakdown or complete detachment from the surface occurs (Ellington et al.,
1996). Moreover, thanks to the stable leading-edge formation, without stalling the
flapping wings can translate at a higher angle of attack (Zhao et al., 2011). Therefore,
because of its importance in force generation, the stability of the leading-edge vortex
has been subject to a great number of numerical and experimental studies. Thanks to
these investigations, several learning outcomes are obtained, which may be
beneficial to enlighten the stability phenomena. Tip vortex, for example, induces a

downwash that limits the growth of the leading-edge vortex, which prevents it from



the burst, by lowering the effective angle of attack (Birch and Dickinson, 2001). In
addition, for revolving wings moving at low Rossby numbers, the centripetal and
Coriolis accelerations are the fundamental mechanisms that underlie the stability,
whereas at high Rossby numbers the angular acceleration is the key factor (Lentink
et al., 2009). That is, the stability of the leading-edge vortex can be maintained by a
spanwise flow reducing the momentum of the flow in a chordwise direction, in which
the leading-edge vortex remains smaller allowing the flow to reattach to the surface
with ease. As a result, the wing never stalls in a revolving motion. (Ellington et al.,
1996). For wings in linear translation where there is no spanwise flow on the wing
surface, on the other hand, until the flow reattachment is no longer possible the
leading-edge vortex keeps growing in size (Sane, 2003). In this case, the leading-
edge vortex bursts as it reaches its maximum size or sheds into the wake, which
results in a sudden drop in lift force (i.e., stall) increase in drag. However, the growth
of the leading-edge vortex can be modulated by introducing wing flexibility, which

makes flapping-wing aerodynamics more complicated (Combes and Daniel, 2002).

Therefore, several experimental and numerical studies are carried out in the literature
to investigate the effects of wing flexibility on aerodynamic force generation during
the flapping-wing motion. These studies can be divided into two main topics, which
are spanwise flexibility and chordwise flexibility. The spanwise flexibility changes
the net flow direction by affecting the resulting flapping velocity in the spanwise
direction, which results in a change in the net flow direction along the wingspan.
(Yang et al., 2012). The excessive spanwise flexibility causes large phase differences
between the wing root and tip, which results in a weak vorticity pattern decreasing
the thrust force generation. The suitable range of spanwise flexibility, however,
could enhance the mean and instantaneous thrust forces of a plunging wing because
of the wing deformation (Aona et al., 2009). Chordwise flexibility, on the other hand,
can be achieved by a rigid leading edge, which prevents bending in the spanwise
direction, and a flexible wing surface, which provides deformation in the chordwise
direction. Wings with chordwise flexibility produce lower lift and drag force

compared to their rigid counterparts since the chordwise flexibility of the wing



directly influences the leading-edge vortex and thereby the force generation (Zhao
etal., 2011). That is, unlike rigid wings, the wings with chordwise flexibility realign
with the flow direction, which reduces the effective angle of attack. The reduction in
the effective angle of attack provides smaller TEV formation to re-establish the Kutta
condition, which results in smaller LEV formation. Therefore, it can be concluded
that the LEV circulation increases as the bending stiffness in the chordwise direction
increases, enhancing the aerodynamic force generation. In addition, as the wing
flexibility increases, because of the lowered geometric angle of attack, the net force
vector is tilted more towards the lift direction (Zhao et al., 2011). Compliant trailing-
edge to the upcoming flow, allows the wing to realign in the flow direction with ease,
which results in smaller leading-edge vortex formation preventing LEV from
bursting (Yazdanpanah, 2019). In addition, because of the stable LEV formation, the
flow re-attachment before the trailing edge is observed, which results in less chaotic

wake formation.

Note that, an aecrodynamic force applied at a point, which has some distance between
the torsional axis of the wing, causes it to twist with an angle, especially at the
leading edge (Ennos, 1988). This twist is transmitted to the stiffener, which is
connected to the leading edge with an angle, of the same magnitude but in an
opposite direction. That is, if the leading-edge pronates, the stiffener supinates. The
twist in the stiffener results in the camber generation in the chordwise direction
because of the deformation in the wing membrane in the upward direction.
According to Ennos (1988), camber generation is a function of the twist angle of the
leading edge, the wing chord length, and the angle between the stiffener and the
leading edge. The camber generation is inversely proportional to the angle between
the stiffener and the leading edge and proportional to the chord length and angle of
the leading-edge twist. For example, if the angle between the stiffener and the
leading edge is zero degrees (i.e.: parallel), maximum camber generation in
magnitude will be observed, whereas minimum camber generation in magnitude will
be obtained when the angle between the stiffener and the leading edge is 90 degrees

(i.e., perpendicular). An increase in camber in the positive direction enhances the



circulation around the leading edge, which results in bigger and stronger leading-
edge vortex formation (Zhao et al., 2011). As a result, the wing generates a higher

lift force.

Note that, in the literature, the influence of stiffeners on flapping wing aerodynamics
is studied by a few stiffeners placed on the wing surface. In these studies, stiffeners
are constructed with rigid materials, which prevent stiffeners from any deformation
and are glued on the flexible wing membrane. However, to investigate the effect of
stiffener orientation on the flow field around the wing comprehensively, numerous
stiffeners should be well-integrated on the wing surface and the deformation
characteristics of the stiffeners should also be considered, which requires advanced
production techniques. In this respect, 3D printing technology offers an enormous
opportunity to manufacture complex wing structures with a low tolerance in

production in a short time (Ahmed et al., 2016).
This thesis has two objectives:

1. To produce 3D-printed wings, which are flexible in chordwise direction and
rigid in the spanwise direction, with and without differently oriented
stiffeners that are well-integrated on the upper surface of the wings and have
deformation capabilities.

2. To investigate the influence of the stiffener orientation on the flow field

around the translating wing and LEV characteristics.

Therefore, 2D2C-PIV measurements were conducted around one wing without a
stiffener, and three wings with different stiffener orientations, which are 30, 60, and
90 degrees with the leading edge, and according to the results the wings were

compared with each other.

This thesis is divided into five chapters. In chapter 1, a brief introduction and related
studies carried out in the literature are given. In chapter 2, the unsteady force
generation mechanisms of flapping-wing aerodynamics and the influence of wing

flexibility on force generation are presented. In chapter 3, the experimental setup and



wing manufacturing technique are introduced. In chapter 4, the results of this study
are presented and discussed in detail. Finally, in chapter 5, the conclusion of this

thesis is given.



CHAPTER 2

FLAPPING-WING AERODYNAMICS

In this chapter, general information about the MAVs and force generation
mechanisms of flapping-wing aerodynamics is explained. In addition, the influence
of wing flexibility on aerodynamic force generation is introduced at the end of this

chapter.

2.1 Micro Aerial Vehicles (MAVs) & Flapping Wings

According to the DARPA, which is Advance Research Agency, MAVs could have:

e Maximum weight of 100 grams with a payload of 20 grams,
e Maximum dimensions of 15 cm,

e Maximum endurance time of 60 minutes,

e Maximum flight speed of 15 m/s.

Figure 2.1. Micro aerial vehicles (MAVs), a) Fixed-wing MAVs, b) Rotary-wing
MAVs, ¢) Flapping-wing MAVs (Adapted from Percin, 2015)

The low-speed flow regime and unmanned flight capability of MAVs make them
favorable for several military and commercial missions including surveillance or
assistance indoor operations, which may be dangerous for human beings. The MAVs
can be distinguished in three distinctive design approaches (Figure 2.1). These are

fixed wings, which have a low lift-to-drag ratio due to high tip vortices because of



wings with low aspect ratio, rotary wings, which have high noise and low energy
consumption efficiency because of higher rotor speeds, and flapping wings, which
have exceptional performance in low Reynolds number flight regime as
aforementioned (Percin, 2015). Moreover, flapping wings have advanced

maneuverability capabilities such as:

e hovering,
e backward and inverted flight,

e taking off and landing upside down.

2.2 Force Generation Mechanism in Flapping-Wing Flight

Similar to the fixed wing aerodynamics, the section between the LE and TE of the
wing is named as wing chord whereas the distance between two wing tips is
identified as wing span. The ratio of wing span to the mean chord length is called

wing aspect ratio and it is often taken as two (Sane, 2003).
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Figure 2.2. Schematic of an insect (Adapted from Sane, 2003)

Note that, the geometric angle of attack, o is the relative angle between the direction
of the free stream and the angle of attack, whereas the effective angle of attack, o' is
the relative angle between the locally deflected freestream and the angle of attack.

Since expressing the deflection of the freestream due to downwash is not an easy



process, the geometric angle of attack is preferred in most flapping-wing studies

(Sane, 2003).

a) b)

Linear

2 Flapping
translation PpIng

translation

Figure 2.3. General flapping patterns (Adapted from Sane, 2003)

In general, the motion of the insect wings can be expressed in two general flapping
patterns such as linear translation and flapping translation. In linear translation
(Figure 2.3 a), both wing root and tip move together, whereas, in flapping translation
(Figure 2.3 b), wing tip rotation around a fixed point at the wing root occurs. The
ventral to the dorsal movement of the wing is called upstroke, whereas the dorsal to

the ventral motion of the wing is named downstroke (Figure 2.4).

Supination Pronation

Upstroke

Downstroke

Figure 2.4. Phases of insect wing motion (Adapted from Sane, 2003)

The 3D motion of the wing during the flapping can be decomposed as pitching,
plunging, and sweeping. In pitching motion, to preserve a positive angle of attack

the wing pronates or supinates. That is, during the transition from upstroke to



downstroke, wing pronation, in which the ventral side of the wing faces upward,
occurs, whereas, during the transition from downstroke to upstroke, a wing
supinates, in which the dorsal side of the wing looks downward. The up and down
motion of the wing, on the other hand, is called plunging (heaving), whereas the back
and forth motion of the wing is named sweeping motion. These movements together

form the flapping movement (Sane, 2003).

In addition, unlike the other two design approaches, the flapping-wing flight consists
of unconventional and unsteady force generation mechanisms. When a wing at an
angle of attack starts moving from rest impulsively, the steady-state value of the
circulation cannot be attained immediately (Walker, 1931). During this motion, the
vorticity generated at the trailing edge, named a trailing-edge vortex, starts rolling
up and forming a starting vortex, which induces a velocity field around the wing that
prevents the bound circulation from growing. As soon as the distance between the
starting vortex and the trailing edge becomes sufficiently large, the wing reaches its
steady-state circulation. This phenomenon is called the Wagner effect (Wagner,
1925). Note that, the Wagner effect is neglected in most of the recent flapping-wing

models, while the other unsteady effects are focused on (Sane, 2003).

Some of the unsteady flapping flight mechanisms providing favorable and effective

force generation at low Reynolds numbers are as follows:

1. Leading-edge vortex formation (delayed stall)
2. Rotational forces
3. Wake capture

4. Clap and fling

5. Added mass

2.2.1 Leading-Edge Vortex Formation (Delayed Stall)

When a wing impulsively starts to its motion at an angle of attack greater than its

stall angle, then a large transient vortex forms at the leading edge which creates a
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suction region, resulting in a dramatic increase in lift force generation. Moreover,
the leading-edge vortex generation is the primary force generation mechanism in
flapping-wing wing aerodynamics, and its size and strength are related to the size
and strength of the trailing-edge vortex (See Figure 2.6). The presence of a leading-
edge vortex enhances lift force generation by being attached to the bound vortex
core, which increases circulation around the wing (Sane, 2003). The behavior of

LEV differs in 3D revolving and 2D translating motion, which is illustrated in Figure
2.5.
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Figure 2.5. LEV motion in 2D translating and 3D revolving motions (Sane, 2003)

Lift

For 3D revolving wings, the attachment of the LEV to the wing surface is prolonged
because of the spanwise flow from the wing tip to approximately 75% of the wing
span, where the LEV is detached from the wing surface. Therefore, the shed of the
LEV is prevented for many chord lengths of travel, in which the formation of von
Karman vortex street no longer exists. In these circumstances, the wing stall is
eliminated (Ellington, 1996). Moreover, during the revolving motion, the momentum
of the flow in the chordwise direction is reduced because of the spanwise flows on
the wing surface that redirect momentum transfer in the spanwise direction.

Therefore, a smaller leading edge is formed providing easier flow re-attachment to
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the surface, and the re-attachment can be maintained for a longer time (Maxworthy

1979).

For 2D translating wings, on the other hand, until the flow re-attachment is no longer
possible, the leading-edge vortex grew in size as the wing keeps translating at a high
angle of attack. The LEV bursts into smaller pieces when it reaches its maximum
size, or it sheds into the wake resulting in a sudden drop in the lift force generation.
At this point, when the LEV sheds into the wake, the Kutta condition breaks down
and a vortex is formed at the trailing edge called the trailing-edge vortex. Note that,
at low Reynolds number flights the breakdown of the Kutta condition can be
observed by the growth of TEV, which keeps growing until it can no longer be
attached to the wing (Dickinson and Goétz, 1993). when the trailing-edge vortex is
completely detached from the wing, it sheds into the wake a new LEV is formed at
the leading edge. This repetitive process ends up forming an alternate vortex pattern
with vortices that are counter-rotating with respect to each other called the Karman
Vortex Street. This mechanism is called a delayed stall because the lift and drag
forces are at their greatest values when the leading-edge vortex is present and the
wing stalls when it bursts or sheds into the wake. According to Muijres et al. (2008),

the leading-edge vortex can provide 50% of the lift force generated by the wing.
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Figure 2.6. Correlation between LEV and TEV circulation (Yazdanpanah, 2019)
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Note that, although the first experimental identification of the delayed stall was
provided by Walker (1931) on the aircraft wing models that move at an angle of
attack greater than its stall angle, the delayed stall in the flapping-wing aerodynamics
is firstly introduced by Maxworthy (1979), who observed the LEV on the flinging

wing model.

2.2.2 Rotational Forces

To preserve its positive angle of attack during the translational phase of the wing
motion, the wing pronates (pitch down) or supinates (pitch up) during the stroke
reversals (Sane, 2003). The stagnation point moves away from the trailing edge when
the Kutta condition breaks down as the wing starts to rotate about a spanwise axis
(Figure 2.7 A). At this instant, to reconstruct the Kutta condition at the trailing edge,
additional circulation is produced around the wing, which enhances the lift force

generation.

This circulation due to wing rotation is formulated by Fung (1993) theoretically,
which states that the strength of additional circulation depends on the axis of rotation

and rotational velocity. The formula is given below.

It =7 (0.75 - x0) @ ¢2 (2.1)

where, [, X9, ® and ¢ represent the rotational circulation, a non-dimensional axis

of rotation, rotational velocity, and chord length, respectively.
The wing rotation can be investigated in three different motions. These are:

e Advanced rotation, where the wing rotates before the stroke reversal,

e Delayed rotation, where the rotation is delayed with respect to the stroke
reversal,

¢ Symmetrical rotation, where the simultaneous wing rotation and the stroke

reversal occur.
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Dickinson et al (1999) state that the greatest lift force generation is observed
in the advanced rotation because of an increase in the angle of attack, whereas
the delayed rotation produces the lowest lift force due to the lowered angle

of attack during the stroke reversal.
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Figure 2.7. Rotational forces (Adapted from Sane, 2003)

2.2.3 Wake Capture

When the wing performs a rotation about a spanwise axis as a preparation of the
stroke reversal or translates from a steady-state translation, it generates vorticities at
its leading and trailing edges, individually, inducing a strong inter-vortex velocity
field, in which orientations and the strength are governed by the position and strength
of these two vortices (Figure 2.8 B). When the wing movement direction is reversed,
it encounters the accelerated flow field (Figure 2.8 C-D) resulting in an enhancement
in the aerodynamic force production immediately after the stroke reversals (Figure

2.8 E-F). This mechanism is called wake capture and is only observed in hovering
flights.
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Figure 2.8. Wake capture effect (Adapted from Sane, 2003)

2.24 Clap and Fling

Clap and Fling, which is based on wing-wing interactions, is one of the most complex
mechanisms in flapping-wing flight enhancing lift force generation. (Weis-Fogh,
1973). It consists of two individual acrodynamic mechanisms, therefore they should
be investigated separately (Sane, 2003). The clap and fling mechanism is illustrated
in Figure 2.9.

During the clap phase, the leading edges of the wings start approaching each other
(Figure 2.9 A). Then pronation about their leading edges occurs until the V-shaped
gap between the two wings is closed (Figure 2.9 B). As the trailing-edges touches to
each other, the vorticity that is shed from the trailing edge starts rolling up in the
form of starting vortex, and it dissipates into the wake. At the end of this phase, the
trapped air between the wings is forced to move downwards, hence the downward
momentum jet is formed (Figure 2.9 C). As a result, the additional thrust force is

generated (Sane, 2003).
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Figure 2.9. Clap and fling mechanism

During the fling phase, on the other hand, the wings perform rotation about their
trailing edges that forms a gap between them (Figure 2.9 D). Therefore, a region with
low pressure between the wings is created and the surrounding air suddenly moves
into this field with a massive leading-edge vortex formation on each wing at the
beginning of this phase (Figure 2.9 E). At this instant, oppositely directed trailing-
edge vortices vanish themselves suppressing the Wagner Effect (Figure 2.9 F).
Therefore, the circulation may be built up more rapidly. In addition, the clap and
fling mechanism improves the lift force generation by 25% compared to the

conventional flapping-wing motion (Marden 1987).

2.2.5 Added Mass

Unlike aforementioned force generation mechanisms, added mass is a non-
circulatory force generation mechanism, which cannot be explained mathematically,
which is nothing but a calculation of the changes in the velocity potential around the
wing (Sane, 2003). When the wing accelerates with an angle of attack, the fluid

around it generates a reaction force to the acceleration, since the fluid around the
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wing should also be accelerated as the wing moves. Therefore, the accelerated fluid
exerts an inertial-reaction force on the wing, which can be described as an
enhancement in the inertia of the flapping wing. According to Ellington (1984), the
added mass of an accelerating thin wing can be calculated as the mass of the fluid
inside an imaginary cylinder, whose diameter is the wing’s chord length (Figure

2.10). The equation is given below.

1 (2.2)
Mygded = Z pm c?

where, p and c represent the fluid density and wing chord length, respectively.

Imaginary Cylinder

| Accelerating Wing

Figure 2.10. Added mass effect

2.3 Wing Flexibility

Several experimental and numerical studies are carried out in the literature to
investigate the effects of wing flexibility on aerodynamic force generation during the
flapping-wing motion. These studies can be divided into two main topics, which are
spanwise flexibility and chordwise flexibility. In general, Combes and Daniel (2003)
stated that the wings of the natural fliers are approximately 10 to 100 times more

flexible in the chordwise direction than in the spanwise direction.
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2.3.1 Spanwise Wing Flexibility

Spanwise flexible wings are rigid in the chordwise direction and deformable in the
spanwise direction. The spanwise flexibility affects the resulting flapping velocity
along the span direction, which results in a change in net flow direction and hence
the effective angle of attack (Yang et al, 2012). To investigate the effects of spanwise
flexibility on force generation Heathcote et al. (2008) did an experimental study in a
water tank with three wings with different spanwise flexibility in a plunging motion

at a Reynolds number of 30000.
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Figure 2.11. Effect of spanwise flexibility on phase lag and wing tip displacement
(Adapted from Heathcote et al., 2008)

Their results revealed that the excessive spanwise flexibility of the wing causes large
phase differences between the wing tip and root (Figure 2.11 a). This may lead the
wing tip and root to start moving in opposite directions (Figure 2.11 b) resulting in
oppositely directed vortices formation downstream of the wing tip and root.
Therefore, a weak vorticity pattern that decreases the thrust force generation is
observed. A wing with intermediate spanwise flexibility, on the other hand, increases
the thrust force by approximately 50% compared to its rigid counterpart (Heathcote

et al., 2008). The effect of spanwise flexibility on thurst force generation can be seen
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in Figure 2.12. When the phase lag is less than 90% between the wing root and tip,
the spanwise flexibility provides a favorable effect on thrust generation. That is, a
suitable range of spanwise flexibility could enhance the instantaneous and mean
thrust force generation by increasing the effective angle of attack at the wing tip
(Aona et al, 2009). As a result, the spanwise flexibility should be limited to obtain

favorable vortex formation in the span direction.
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Figure 2.12. Effect of spanwise flexibility on thrust coefficient (Heathcote et al.,
2008)

2.3.2 Chordwise Wing Flexibility

Chordwise flexible wings have sufficient bending stiffness in the spanwise direction
and are deformable in the chordwise direction. They can be obtained by a rigid
leading-edge preventing bending in the spanwise direction and a flexible membrane,
which forms the wing surface, providing a flexible trailing edge. In other words,
chordwise flexible wings are wings with compliant trailing-edge to the upcoming
flow (Heathcote et al, 2004). To investigate the effects of chordwise flexibility on
the lift and drag force generation Zhao et al. (2009) did an experimental study with
six-teen wings with different chordwise flexibilities in a revolving motion. The

difference in chordwise flexibility is provided by different wing membranes.
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Figure 2.13. Influence of chordwise flexibility on force generation (Zhao et al.,

2009)

Their results showed that as chordwise flexibility increases, the lift and drag forces
generated decrease monotonically (Figure 2.13 a-b). That is, chordwise flexible
wings generate lower lift force compared to their rigid counterparts. However, the
lift-to-drag ratio, which is an important parameter for aerodynamic efficiency,
increases as the chordwise flexibility increases because of the significant reduction
in drag force generation due to the compliant trailing edge to the upcoming flow.
Since smaller circulation is required at the trailing edge to establish the Kutta
Condition, smaller TEV circulation at the trailing edge, thereby smaller LEV
formation, is observed (Zhao et al, 2009). Moreover, in Figure 2.13 b, it is revealed
that at an angle of attack greater than 40°, as the angle of attack increases the lift
force generated decreases dramatically for rigid wings, whereas it stays almost

constant for highly chordwise flexible wings.

In addition, Zhao et al. (2011) stated that as the chordwise flexibility increases, a
negative camber generation is observed on the wing surface, since the trailing edge
re-aligns in the flow direction with ease, which results in a smaller geometric angle
of attack formation. The influence of chordwise flexibility on wing deformation is
given in Figure 2.14. Note that, the chordwise flexibility of the wings increases from

left to right.
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Figure 2.14. Effects of chordwise flexibility on the geometric angle of attack (Zhao
etal., 2011)

Moreover, a smaller TEV generation is required to re-establish the Kutta condition
because of the reduced geometric angle of attack. Therefore, smaller LEV generation
was observed for the wings with high chordwise flexibility. Because of the negative
camber formation and smaller LEV generation, the net force produced decreases as
the chordwise flexibility increases (Figure 2.15). However, the resultant force vector
is tilted more in the lift direction as the chordwise flexibility increases (Zhao et al,

2011).

z 10¢ 125

?.é 60 fluid velocity §

g [ — flexion angle 4 2.0 E

gl = z %

3 S0p [— S

';:-D " 1.5 -‘:

- "
4110 -

z o :

=i

20+ 40.5
60 40 20 0
Wing Flexion (degrees)

Figure 2.15. Variation of LEV magnitude and net force coefficient as the

chordwise flexibility increases (Zhao et al., 2009)

These statements are supported by Yazdanpanah (2019), who did an experimental
study with three wings with different chordwise flexibilities in translating motion.

He stated that smaller leading-edge vortex generation results in a stable leading-edge
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vortex for highly chordwise flexible wings. That is, the LEV on the rigid and
moderately flexible wings grows in size, and at a point, they burst into smaller pieces,
at which the flow re-attachment is no longer possible. For the highly flexible wing,
on the other hand, the growth of the LEV is limited because of the smaller TEV
generation as a result of the smaller geometric angle of attack during the motion.
Therefore, enhancement in chordwise flexibility prevents the LEV from bursting
(Yazdanpanah, 2019). Moreover, the flow re-attaches to the surface since the LEV
stays close to the surface during the motion, which results in a less chaotic flow

structure in the wake (Figure 2.16).
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Figure 2.16. LEV position (Adapted from Yazdanpanah, 2019)

According to Vogel (1967) and Dudley (1987), positively cambered airfoils generate
higher lift and drag forces with a greater L/D ratio compared to flat ones. Although
high chordwise flexibility results in negative camber generation, the camber
generated can be increased in the positive direction by additional supports connected
to the leading edge with some angle, called stiffeners (Ennos, 1988). Note that, an
aerodynamic force applied at a point, which has some distance between the torsional
axis of the wing causes it to twist especially on the leading edge. Twist in the leading
edge is transmitted to the stiffeners, which are connected to the leading edge with
some angle, with the same twist angle per unit length, but in opposite direction
(Figure 2.17), the relation between the twist of the leading edge and stiffener is given

in Equation 2.3. That is, if the leading-edge pronates, the stiffener pronates.
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Figure 2.17. The twist mechanism of leading-edge and stiffener (Ennos, 1988)

QLE = - Qstiffener (2.3)

Moreover, the twist in the stiffener results in the camber generation in the chordwise
direction as a result of the deformation of the wing membrane in the upward
direction. Ennos (1988) stated that the camber generation can be formulated as a
function of the twist angle of the leading edge, the wing chord length, and the angle
between the stiffener and the leading edge. According to the formula given in
Equation 2.4, the camber is inversely proportional to the angle between the stiffener
and the leading edge and proportional to the chord length and the angle of the leading
edge twist. That is, if the stiffener has 90 degrees angle with the leading edge (ie.:
perpendicular), the smallest camber generation will be observed, whereas when the
stiffener has a 0-degree angle with the leading edge (ie.: parallel), the highest camber
generation will be observed.

PLE € (2.4)

Camb =
amber 4 tan®

where @, . is the angle of twist of the leading edge, ¢ is the wing chord length and 6

is the angle between the stiffener and the leading edge.

To investigate the effects of wing stiffeners on the aerodynamic performance of the

revolving wings, Zhao et al. (2011) did an experimental study with three wings with

23



different stiffener orientations in a revolving motion. Note that, in this study, only

one stiffener is placed on each wing surface (Figure 2.18).

Figure 2.18. Wing with one of three stiffener configurations (Zhao et al., 2011)

The results showed that even the presence of a basic frame attached to the wing
enhances the force generation significantly by increasing the wings' rigidity without
a weight penalty (Zhao et al., 2011). According to Figure 2.19, a wing with stiffeners
generates a higher lift force than a wing without a stiffener. Moreover, wings with
40° and 60° of stiffener orientation even produced more lift force than their rigid

counterpart, while generating smaller drag force.
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Figure 2.19. Lift versus drag coefficient graph for wings with different stiffener
orientations (Zhao et al., 2011)

Camber generation, on the other hand, increased in the positive direction as the angle
between the stiffener and the leading edge increased since the additional bending

stiffness provided by the stiffener is enhanced as the stiffener angle increases. During
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the revolving motion, the wing with a 20° stiffener angle had negative camber,
whereas wings with 40° and 60° stiffener orientation had almost zero and zero

camber, respectively (Figure 2.20).
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Figure 2.20. Schematic of chordwise deformation and LEV generation of the wings

with different stiffener orientations (Zhao et al. 2011)

In addition, Zhao et al. (2011) showed an enhancement in LEV circulation as the
camber increases from negative to zero. Therefore, they stated that as the camber
generation increases in the positive direction (from negative to positive), the size and
strength of the LEV enhances as well, because of the higher TEV circulation
generation at the trailing edge. As a result, wings with almost zero and zero camber
produced more lift force than wings with negative camber. Therefore, this result
proves that the stiffener orientation influences the camber generation and modulates

the size and strength of the LEV, thereby the aerodynamic force generation.
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Figure 2.21. PIV image of wings with different stiffener orientations (Zhao et al.

2011)
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CHAPTER 3

EXPERIMENTAL METHODS & MANUFACTURING

In this chapter, the 3D printing manufacturing process of the test wings and the
experimental methods that are used for the flow field visualization and the vector
field calculations are explained. To acquire the planar flow field, which is at 75% of
the wingspan position, the two-dimensional two-component particle image
velocimetry (2D2C PIV) technique was performed. The experimental setup is given
in Figure 3.1.
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Figure 3.1. Experimental setup

3.1 Water Tank
The experiments were carried out in a water tank, which has an octagonal shape with

a l-meter distance between its parallel edges and 1.5m in height (Figure 3.1). The
water tank is placed at the Aerodynamic Laboratory in the Hangar Building, which
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is an annex building of the Aerospace Engineering Department of METU. Its
surfaces are made of Plexiglass, which is a transparent material, for laser illumination
purposes. Therefore, the laser can illuminate the region around the wing without any

reflection from the water tank's surfaces.

3.2 Robotic Arm

The movement of the wing models was provided by a robotic arm, which is
submerged in the water tank. The robotic arm is designed to translate in x and y axes
and rotate around the z-axis, therefore it has three degrees of freedom (See Figure
3.2). It is driven by a control unit that is used for programming motion kinematics.
The shaft of the robotic arm is directly connected to a camera board, in which the
PIV cameras are placed. As a result, the PIV cameras have the same motion
kinematics as the robotic arm, which provides zero relative velocity between the
robotic arm and cameras. Therefore, the field of view is kept the same for all

measurements during the motion.
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Adaptor

Y
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Figure 3.2. Robotic arm
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3.3  Wing Models

The wing without a stiffener is shown in Figure 3.3a, whereas in Figures 3.3b, 3.3c,
and 3.3d, the wings with different stiffener orientations are represented. Note that,

among the wings with stiffeners, the only difference is the angle between the stiffener

and the leading edge.
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Figure 3.3. Schematic of wing models, a) Wing w/o stiffener, b) Wing w/ 30°
Stiffener, c) Wing w/ 60° Stiffener, d) Wing w/ 90° Stiffener

All wings tested have a span length of 184 mm, while the chord length is 92 mm.
Therefore, the AR of the wing is 2. In addition, the leading edge has a circular shape
and its radius is determined as 4 mm. Note that, the leading edge is extended 50 mm
to mount the wing to the adaptor, which connects the wing to the robotic arm.

Detailed information about the wing dimensions is given in Table 3.1.

Table 3.1 Wing Size Parameters

Wing Size Parameters

Chord Length 92 mm
Span Length 184 mm
Leading Edge Radius 4 mm
Surface Thickness 0.15 mm
Aspect Ratio 2
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34  Wing Flexibility

The wings are designed to be rigid in the spanwise direction and deformable in the
chordwise direction. Therefore, the leading edge should have been rigid enough to
prevent any bending along the wing span. For this purpose, the radius of the leading
edge, which has a circular cross-section, was selected as 4 mm. Note that, a leading-
edge radius less than 4 mm failed to provide sufficient bending stiffness along the
span, whereas a radius more than 4 mm caused the flow around the leading edge to
be disrupted. Moreover, due to the thicker leading edge, the weight of the wings

increased, which results in wing tip vibration.

The wing flexibility can be calculated by flexural stiffness (EI), where E is Young’s
modulus of the material of the wing surface and I is the area moment of the inertia
of the wing geometry. Bending stiffness, on the other hand, is the ratio of the elastic
dynamic forces to fluid dynamic forces on the wing surface. The equation of the

bending stiffness parameter is given below (Shyy et al., 2010)

Eh’ (3.1

H =
2 pv el

The wings are printed by using Porima PLA filament, which has an Elastic Modulus
of 2850 MPa. The surface thickness of the wing was determined as 0.15 mm to have
proper chordwise flexibility. The structural properties of the wing without a stiffener

are given in Table 3.2.

Table 3.2 Structural Properties of Wing w/o Stiffener

Structural Properties of Wing w/o Stiffener

Flexural Stiffness 1.24x 10* Nm2
Bending Parameter 0.16
Elastic Modulus 2850 MPa
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The additional bending stiffness provided by stiffeners can be modulated by
changing the stiffener cross-section, radius, the distance between two consecutive
stiffeners, and the angle they have with the leading edge. Since the objective of this
study is the experimental investigation of the effect of stiffener orientations, the other
three parameters are the same for all wings. Note that, stiffeners should provide
sufficient flexibility so that the wing could deform and have a decent rigidity,
therefore the effect of stiffeners on the wing deformation could be observed. That is,
if the stiffeners are excessively rigid, the wings are not able to deform. Therefore,
the effect of stiffener orientation on the wing deformation cannot be observed.
However, if the stiffeners are over-flexible this time the wing can bend without any
resistance provided by the stiffeners, in which the effect of stiffeners, again, cannot
be analyzed. Therefore, several parametric studies were carried out to determine the

stiffener parameters.

Table 3.3 Stiffener Parameters

Stiffener Parameters

Stiffener Radius 0.3 mm
Stiffener Distance 6 mm
Stiffener Angle 30°, 60°, 90°

According to these studies, the cross-section of the stiffeners was determined as a
semi-circular shape with a radius of 0.3 mm, and they were placed on the wing
surface at a 6 mm constant distance apart from each other, which provides sufficient
bending stiffness with deformable wing capability. For each wing, the stiffeners have
different angles with the leading edge, which are 30°, 60°, and 90°, respectively. The

stiffener parameters are shown in Table 3.3.
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3.5  Manufacturing Method

To manufacture the wing models, the Raise 3D Pro Plus (Figure 3.4), which is FDM
based 3D printing machine, was used to print test wings. The filament used was
selected as Porima PLA Black because of its high printing quality. Moreover, the
brand offers a data sheet, in which the mechanical properties of the filament can be
found. To minimize the reflection of the laser sheet from the wing surface, black

color was preferred.

|

4 g \ Part Cooling Fan ? zzle Cooling Fan

A\
\ R
A ‘\2\

-

Figure 3.4. Raise 3D Pro Plus

The models were printed on a rough surface (Figure 3.5), which consists of four
layers with layer heights of 0.5 mm, 0.38 mm, 0.22 mm, and 0.22 mm, and line
orientations of 0°, 90°, 45°, and 45°, respectively. For the first two layers, the
printing speed was 8 mm/s and 30 mm/s, respectively to achieve a shorter printing
time with good sticking on the printing table, since it has a minor influence on the
wing’s surface quality. For the last two layers, which are called surface layers, on
the other hand, the printing speed was reduced to 20 mm/s to obtain a surface with
good quality, which is smooth and void-free, since the quality of the top layer of the
rough surface directly affects the quality of the model surface (Figure 3.6).
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Rough Surface

'

‘Wing Model

Figure 3.5. Rough surface and wing model

Moreover, these two layers have the same printing orientation as the model’s first
layer, in which the contact surface of the two layers is minimized so that they can be
separated from each other with ease. The models were removed from the rough
surface with a help of a thin metal sheet, therefore no chemicals were used during

the removal process.

\ =
\ \ms

Figure 3.6. Printing the rough surface

The wing models consist of three layers with 0.05 mm layer height, therefore the
total thicknesses of the different wing models, excluding the thickness of stiffeners,
are the same and 0.15 mm. This value is the minimum thickness that can be printed
by the aforementioned 3D printer. That is, a model with a layer thickness thinner
than 0.05 mm had poor surface quality with some voids on it and a model with a

surface thickness less than 0.15 mm could not be removed from the rough surface
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properly since they were structurally very brittle. For all three layers, the printing
speed was 30 mm/s and printing orientations were -45°, 90°, and 45° respectively.
In this way, it is aimed to obtain extra bending stiffness throughout the wingspan,
which is provided by the 90° printing orientation. The printing temperature of the
nozzle was 220 °C, and the platform temperature was 65 °C. The printing parameters

are given in Table 3.4.

Table 3.4 Printing Parameters

Printing Parameters

Filament Type PLA

Layer Height 0.05 mm
Printing Orientation -45°,90°, 45°
Printing Temperature 220°C

The leading edge was printed in two parts, where one half was printed together with
the wing surface and the other half printed separately (Figure 3.7). Then, two
symmetric parts were glued together with a help of a fixture that indicates the correct
position of the two sides. The stiffeners, on the other hand, were printed on the

wing’s upper surface.

Figure 3.7. Two parts of the wing structure
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To be sure that the wings are printed properly, three-stage production control was
carried out. That is, in the first stage the printed wings were checked by eyes, in
which any cracks or plastic deformation that may occur during the wing removing

process from the rough surface were tried to be determined (Figure 3.8).

Defective Wing

J

[

Well-Printed Wing

Figure 3.8. Defective wing and well-printed wing

In the second stage, the wings were measured with a help of a ruler (Figure 3.9).

Therefore, all the wing models have predetermined sizes.

Figure 3.9. Wing size measurement
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In the final stage, the wings were placed in a fixture (Figure 3.10), which was printed
with the same process, to check whether the wing edges coincided with the fixture
or not. Only wings passing three control stages were used in the experiment. A wing
that failed in any step was identified as scrap and new wings were printed. Therefore,
by this method, any cracks, voids, or plastic deformations on the wing surface were

eliminated.
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Figure 3.10. Wing fixture

Moreover, all wings have the same dimensional properties as they are designed. As
a result, the only parameter that makes the wings to be distinguished from each other
is the angle between the stiffener and the leading edge. Therefore the effect of
stiffener orientation on the flow field around the wing can be analyzed properly The

complete wing models are shown in Figure 3.11.

Note that, the total printing and preparing time of each wing was approximately 10

hours.
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Figure 3.11. Printed wing models a) Wing w/o stiffener, b) Wing w/ 30° Stiffener,
¢) Wing w/ 60° Stiffener, d) Wing w/ 90° Stiffener

3.6 Motion Kinematics

The motion of the wing includes two phases. In the first phase of the motion of the
wings (0 < 8* < 1.0), for one chord length of distance the wings start to accelerate
with a constant acceleration, which is 0.035 mm/s® until the predefined terminal
velocity of 0.08 m/s is achieved. In the second phase, (1.0 < 6* <3.8), for a three-
chord length of distance the wings keep translating with constant terminal velocity.
The motion kinematics is shown in Figure 3.12. Note that, 6* is the non-dimensional
distance traveled by the wing, where 6* = d/c, and t* is the convective time, where

t*=tx V/c.

37



Motion Kinematics
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Figure 3.12. Motion kinematics

The Reynold number is 7360, where the wing chord length is 92 mm, and the

terminal velocity is 0.08 m/s. The angle of attack is constant and 45° during the

motion. However, the geometric angle of attack changes because of wing chordwise

flexibility.

Table 3.5 Motion Kinematics

Wing Kinematics

Terminal Velocity
Acceleration
Reynolds Number
Angle of Attack

Acceleration Phase

Constant Velocity Phase
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3.7  Flow Field Measurements via Particle Image Velocimetry

To acquire planar flow fields at 75% of the wing span the two-dimensional two-
component particle imaging velocity measurement technique (2D2C PIV) was used.
During the PIV image recording, Dantec FlowManager v4.60 software was used. To
process the recorded PIV images, DynamicStudio 2015a was preferred. The

components PIV system are described in the following sections.

3.7.1 Field of View and Imaging

During the experiments, two 12-bit HiSense MK II CCD cameras, which have a pixel

size of 6.45 nanometer, and an image resolution of 1344 x 1024 pixel2 individually,
are used and to increase the size of the field of view they are placed side by side. PIV
cameras used in experiments are given in Figure 3.13. For both cameras, Nikon 50
mm with an aperture size of f# = 2 is used as the focal objective. To capture both
LEV and TEV properly, the cameras are positioned at different heights. That is, the
camera at the left is positioned at a lower height to capture the TEV, whereas the

camera on the right is placed at a higher position to visualize the LEV properly.
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Figure 3.13. PIV cameras
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Both cameras can be translated with the wing models since they are placed on the
camera board, which is connected to the robotic arm. As a result, the field of view is

kept constant during the translating motion.
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Figure 3.14. Schematic of the field of view

The PIV images obtained from each camera are stitched by a MATLAB code
provided by the Dantec FlowManager v4.60 software, by simply importing the pixel
coordinates of the calibration target image. As a result, stitched images with a pixel
size of 2562 x 1354 pixel2 are achieved. By introducing the scale factor, which is
16.85 for both cameras, the field of view is obtained as 278.2 mm x 148.1 mm. The

field of view is given in Figure 3.14.

3.7.2 Illumination

To illuminate the 75% span position, a double-pulsed Nd: YAG laser with a pulse
energy of 120 mJ at a wavelength of 532 nm was used. Two consecutive laser pulses
have a time interval of 9 ms. A Plano-Concave cylindrical lens having an effective

focal length of -6.4 mm and a Plano-Convex spherical lens that has an effective focal
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length of 500 mm are preferred for laser sheet generation at the predetermined span

section (See Figure 3.19).
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Figure 3.15. Spherical and cylindrical lenses and laser source

The optic system used in the experiment is shown in Figure 3.15. Note that, since
PLA is not a transparent material, the laser sheet was not able to pass through the
wing model, therefore bottom side of the wing model, which is the pressure side,
was not illuminated. Detailed information about the components of the illumination

is given in Table 3.6.
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Table 3.6 The Components of illumination

Cylindrical Lens Plano-Concave

Effective Focal Length -12.77 mm

Spherical Lens Plano-Convex

Effective Focal Length 750 mm

Laser

Model Nd: YAG Laser, SOLO 120 XT

Maximum Energy 120 mJ/pulse

Wavelength 532 nm

Thickness ~4-5 mm

Max Repetition Rate 21 Hz

Manufacturer New Wave Research
3.7.3 External Trigger Mechanism

To obtain PIV images at the specific instant of motion, an external trigger mechanism
containing a magnetic Hall sensor and 17 magnets that are placed at a distance of 0.2
chord length from two consecutive magnets were used. The sensor generates a TTL
signal as it passes a magnet, which triggers the image acquisition. The components

of the external trigger mechanism are given in Figure 3.16.
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Figure 3.16. Magnets and magnetic hall effect sensor

3.7.4 Seeding

As a tracer particle, hollow glass spheres, which are a high-quality seeding material
with desirable light scattering capability in the PIV industry, were used. They have
a mean diameter of 65 um with a density of 0.21 gr/cm3, which allows the particles
to be suspended in the water for a longer time. The average seeding density was
approximately 110 and 1000 in the 64x64 and 192x192 interrogation areas,

respectively. In Figure 3.17, a PIV image showing the seeding particles is given.
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Figure 3.17. Seeding particles

3.7.5 Flow Condition

The laser was placed at the left side of the robotic arm, therefore the wings moved
from left to right to obtain proper illumination on the wings’ upper surface, which is
the suction side. As the wing moves, it also sets the water in motion. Therefore, there
was approximately five minutes pause between two consecutive runs to completely
diminish the movement of the water. The waiting time started when the wing reached

its initial position.

3.7.6 Image Acquisition

The PIV images obtained from each camera were stitched by a MATLAB code
provided by the Dantec FlowManager v4.60 software, by simply importing the pixel
coordinates of the calibration target image. Then, stitched images were imported to
DynamicStudio 2015a. For the flow field measurements, an ensemble averaging of
six images was performed to increase the signal-to-noise ratio, although the

calculations converged after 4 numbers of samples were employed (Figure 3.18).
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Figure 3.18. LEV centroid positions for different numbers of samples

3.8  Data Processing

3.8.1 Calibration

The calibration process was carried out in eight steps. First, a line at the 75% span
position was marked on the wing surface, which is illuminated by the laser.
Secondly, the marked wing was mounted to the robotic arm and it was moved to the
initial point of the motion, and the movement was paused. In the third step, the laser
sheet coincided with the line that was marked on the wing surface (Figure 3.19a).
Note that, in Figure 3.19, unit b represents the wing span that is 184 mm. Then, the
wing was moved according to the programmed motion, and the position of the laser
sheet was checked at five control points as the wing moved and stopped so that the
laser sheet has no angle with the direction of the motion. Therefore, the laser sheet

always illuminates the 75% span position throughout the motion.
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a

*1 Calibration Target

Figure 3.19. Laser sheet at the 75% wingspan

In the fifth step, the wing was removed from the robotic arm and the calibration
target was submerged in the water tank. In the sixth step, the calibration target was
placed at the 75% wing span position with a guideline of laser sheet, whose position
was calibrated and fixed at the 75% span length (Figure 3.19b). In the seventh step,
both cameras were focused on the dots on the calibration target (Figure 3.20),
separately and a single image at the stationary position was taken from both cameras
when the position of the calibration target was fixed at the 75% span position (Figure

3.21).

Laser Sheet / '

Calibration Target ‘
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Figure 3.20. Focusing the PIV cameras
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In the final step, by measuring the distance between the pixel values and white dots

on the image of the calibration target acquired from PIV cameras, the scale factor

was calculated as 16.85 for both cameras, individually.

Figure 3.21. Stitched calibration image

3.8.2 Image Pre-Processing

The PIV images obtained from the two cameras at each time instant were stitched
(Figure 3.22 a) by using the coordinates acquired from the dots on the calibration
target and these images were imported to DynamicStudio 2015a. To improve the
image quality first, a mask around the wings in each phase of the motion was defined
(Figure 3.22 b). In the second step, all images were masked according to the defined
mask corresponding to each image (Figure 3.22 c). In the third step, the mean
minimum pixel values were calculated (Figure 3.22 d). In the fourth step, the
corresponding mean minimum pixel values were substracted from each masked
image to extract the reflections and diminish the background noise (Figure 3.22 e).

In the fifth step, image balancing was employed to the images to eliminate the CCD
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leakage. In the sixth step, a light sheet balance map was created. In the final step, the
corresponding light sheet balance map was performed on all PIV images and

balanced images were obtained (Figure 3.22 f).
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a) Stitched raw image b) Defined mask c) Masked image

d) Background noise ¢) Background noise substracted image f) Balanced image
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3.8.3 Vector Calculations (Processing)

The vector calculations were carried out in four steps. First, the stitched images were
cross-correlated by using the adaptive correlation feature of DynamicStudio 2015a
(Figure 3.23 a). The number of refinements was determined as two, where the initial
interrogation area size was 256 x 256 pixel2 and the final interrogation area size was

64 x 64 pixel2 with 75% overlap. Moreover, high accuracy subpixel refinement was
employed. Secondly, the predefined mask (Figure 3.23 b) defined in the second
process of pre-processing is used to mask the velocity vectors obtained from adaptive
correlation (Figure 3.23 c). In the third step, to modify the incompatible velocity
vectors, the universal outlier detection method was performed twice on the velocity
vectors (Figure 3.23 d-e). In the final step, an ensemble averaging of six images was
performed by using six PIV images obtained from each phase of the motion (Figure

3.23 ).

50



UONJR[OLI0) sAp,dupV (e

[ UOI}0930p JIINO [esIdAru() (P

s 1
i &l i

7 UO139919p JAI[INO [esIoAlu() (9
3sew paulya( (q

i
il
{
3\
,:
fit
i% i
i ‘
i
|
I Sl Hilk
,
{

SuiSeroae ojquiasuy (J
Junysewr 10309A (9

i

i

;z}

1\[

|

|

i

|

. |
i

Figure 3.23. Steps of vector calculation
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3.9 LEV & TEV Circulation

The circulation can be defined as a line integral of the velocity around a closed curve,
C in the flow (Anderson, 1984). The circulation is related to the vorticity, w, and the
calculation of the LEV and TEV circulation around the wing can be done by using

the formula given in Equation 3.2.

I fo o, dx dy (3.2)
c

The circulation value can be non-dimensionalized by the terminal velocity, V, and

wing chord length, ¢ as it is expressed in Equation 3.3.

(3.3)

r-—
Vic
Note that, the LEV and TEV circulations are calculated by the v, function, which

will be described in the following section.

3.10 LEV & TEV Centroid Detection Method

The v, function was used to capture the vortex centroid, whereas v, function was

employed to detect the vortex boundary. These are scalar functions that are derived
from the velocity fields. The location of the vortex centroid and the vortex boundary
can be characterized by these methods, where only the topology of the velocity field

is considered (Graftieaux et al., 2001).

v, function:

v, is a non-dimensional scalar function its magnitude is bounded by a closed interval

[0, 1]. It calculates the relative rotation around the points inside a defined flow

domain. To do that, firstly it determines a point and draws radius vectors from it to
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the velocity vectors around this point. Secondly, it calculates the angle between the
velocity vectors and radius vectors by the formula given in Equation 3.4. That
defined point is determined as a vortex center if the velocity vectors are

perpendicular to the radius vectors.

where N is the number of points M inside the two-dimensional area S that surrounds

M and P. VM and ﬁPM are the velocity vectors and the radius vector between the

point P and velocity vectors, respectively. 0y, is the angle between the velocity

vector, \_/>M and the radius vector, ﬁPM. Z is the unit vector that is normal to the

measurement plane.

Note that, the numerator is a cross product of the velocity vector, VM and the radius

vector, ﬁPM, whereas in the denominator, the magnitudes of these two vectors are
multiplied. Therefore, the result of this fraction operation is nothing but the sin 0.

A point where the y, has its maximum value, which is 1, is identified as the vortex
centroid. In addition, y, function provides information about the rotation sign of the

detected vortex.

Y, function:

To identify the vortex boundary, y, function. Althoughy, and v, functions have the
same algorithm while calculating the v, the local convection velocity, VP is taken
into account. In addition, unlike y, function, v, function is a Galilean invariant, which

states that the laws of motion are the same in all inertial frames (Grafticaux et al.,

2001). The formula of the y, function is given in Equation 3.5.
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Note that, in a region where |y2| > 2/m, the rotation dominates the flow locally
and a vortex core can be represented (Graftiecaux et al., 2001). Therefore, the

circulation is integrated over a chordwise oriented region where |y2| > 2/m.

3.11 Analysis of Measurement Errors

3.11.1 Uncertainty in Velocity Vectors

The particle displacement in pixels is determined in the range of 0.05-0.1 pixel for
uncertainty calculations in the literature (Brossard et al., 2015). It is taken as 0.1 in
this study. The uncertainty in the velocity vectors is calculated as 0.82%.

Ea /At (3.6)
U7 TS

where, p and c represent the fluid density and wing chord length, respectively.

~ (0.1/9x 10) pixel/sec (3.7)
Y 16.85 pixel/mm
=6.53x 10 m/s
The percent uncertainty:
., 6.53x10%m/s (3.8)
aVQlOCit}’A) = 0 08 m/s X 100
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=0.82%

Therefore, for terminal velocity, the percent uncertainty is calculated as 0.82%.

3.11.2 Uncertainty in the LEV & TEV Circulation

To calculate the uncertainty of the LEV and TEV circulation, as a first step, the
circulation values of each phase of the motion are computed for each wing. Secondly,
the mean value of each circulation value is calculated by the formula given in

Equation 3.9.
Mean value:

(3.9)

N
_ 1
r-g 2.0
i=1

FLEV =6.71x 10-3 mZ/S
FTEV =3.93x 10-3 mZ/S

Thirdly, the standard deviations of LEV and TEV circulations are calculated
according to the formula given in Equation 3.10 for all wings at each phase of the

motion.

Standard deviation:

1

N 2
- Z(ri-_r)zl (3.10)
i=1

=3.98x 10* m?%/s

Gcirculation —

GLEVcirculation

= -4 2
OTEV ¢irculation 2.19x 107 m /S
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Finally, the uncertainty of LEV and TEV circulation is calculated based on the
formula given in Equation 3.11. Note that, k, which is the coverage factor, is taken

as 1.96 for a 95% confidence level.
Uncertainty:

a =4 k Ocirculation (31 1)
circulation — \/—
N

=+1.25x%x 107 m%s

OLEV circulation

_ 4 2
aTEVcirculation =+ 1.75x 107 m/s

Percent uncertainty:

Ocirculation 3.12

acirculation% = % x 100 ( )
aLEVcirculation =4.75%
= 4.45%

aTEVcirculation

The percent uncertainty of LEV and TEV circulations are calculated as 4.75% and
4.45%, respectively.

3.11.3 Uncertainty in LEV & TEV Centroid

The uncertainty values of the centroid of the LEV and TEV centroid are computed
in the x and y-axis, individually. Similar to the uncertainty of circulation
calculations, first, the mean values of the x and y positions of the LEV and TEV
centroids are calculated for each phase of the motion for each wing. Secondly, the
standard deviation of the x and y positions of the LEV and TEV centroids are
calculated, and the maximum values of each calculation are taken. Finally, the

uncertainty values of LEV and TEV circulations are conducted by the equations
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given below. For uncertainty calculations, k, which is the coverage factor, is taken

as 1.96 for a 95% confidence level.

In x position:

Mean Value:
N
_ 1
Xcentroid — ﬁ Z Xj (313)
i=1
= _ -1
yLEVccntroid,x N 179 X 10 m
- W -1
yTEVccntroid,x N 445 X 10 m
Standard Deviation:
1
I < 2
Ocentroid,x — ﬁ Z( Xj - X )2 ] (314)
i=1

_ -3
GLEVcentroid,x =167x10"m

_ -3
G’IEVccntrcoid,x =1.56x 10" m

Uncertainty:

ko ; 3.15
acentroid,x ==x \C;%tmld ( )

— -3
aLEvccntroid,x =+1.33x10" m

_ -3
aTEVcentroid,x =+125x107" m
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Percent uncertainty:

| a_centroid,x | < 100 (316)

acentrmd,x Yo
Xcentroid

0 — o
aLEVcentroid,x A) O ° 74 A)

0 — o
aTEVcentroid,x A) 2.80 A)

The percent uncertainty values of LEV and TEV centroid in the x-axis is computed

as 0.74 % and 2.80 %, respectively.

In y position:

Mean Value:
N
i B 1
ycentroid o ﬁ Z yi (317)
i=1
— _ -1
yLEVccntroid,y =1.17x10 m
_ _ 2
yTEVccntroid,y =6.46x 10" m

Standard deviation:

(3.18)

Gcentroid,y —

Z| —
\‘Mz
N\

<
1
<
N—r
[\S]
e—
2l —

_ -3
GLEVcentroid,y_ 1.64x10° m

_ -4
GTEVcentroid,y_ 820x 10" m
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Uncertainty:

Percent uncertainty:

k Gcentroid,y (3- 1 9)
Ocentroid,y — + T

— -3
aLEVcentroid,y =+131x10" m
_ 4
aTEVcentroid,y =+£6.56x 107" m
| Ocentroid,y | (320)
Ocentroidy /0 = —=———— X 100
centroid

0/ — 0
aLEVcentroid,y A) 1.12 A)

0/ — 0
aTEVcentroid,y A) 1.02 A)

The percent uncertainty values of LEV and TEV centroid in the x-axis is computed

as 1.12% and 1.02%, respectively.

The results obtained by the uncertainty calculations are given in Table 3.7.

Table 3.7 Uncertainty Values

LEV LEVy LEVy TEV TEV x TEVy

pcosity Circulation Position Position Circulation Position Position

Vo)

(/Tigv) | (/Yigy) (/YLev) (/Trey) (/Xtey) | (/YLey)

Uncertainty [%] 0.82

4.75 0.74 1512 445 2.80 1.02

59



3.11.4 Accuracy of Robotic Arm

To determine the accuracy of the robotic arm, the displacement error was calculated
by an oscilloscope provided in the control unit, which is given in Figure 3.24. In the
acceleration phase, the robotic arm displacement error decreased as the wing moved,
whereas, in the constant velocity phase, it was approximately constant during the

motion.

Robotic Arm Displacement Error

11.00
10.00
9.00
8.00
7.00

6.00

[%]

5.00
4.00
3.00
2.00

1.00
026 021 022 019 020 017 015 016 0.14 015 013 012 013

0.00
0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2 22 2.4 2.6 2.8 3 3:2 3.4 3.6 3.8

Figure 3.24. Robotic arm displacement error at each stage of the motion
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the results of the experiments are presented. In the first two sections,
variations of the geometric angle of attack and camber generation obtained at the
75% of span position are given. In the third section, the flow characteristics, which
are divided into two parts as the out-of-vorticity and the velocity contours, are
explained. In the fourth section, the characteristics of LEV and TEV are discussed
in terms of circulation and vortex centroid. In the fifth section, the results obtained
from this study are compared with the previous studies carried out by Meerendonk
(2016), and Yazdanpanah (2019) for wings with different chordwise flexibility in

revolving and translating motion, respectively.

4.1 Geometric Angle of Attack

The geometric angle of attack can be determined as an angle between the wing
movement direction and the wing chord line connecting the leading edge and trailing

edge (Figure 4.1).

Figure 4.1. Geometric angle of attack
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The geometric angle of attack can be calculated by the formula shown in Equation
4.1. To calculate the geometric angle of attack, the pixel values acquired from the
PIV images are used as the position of leading and trailing edges.

o

Yie- Yt ) 4.1
g

= arct.
co = arctan ( Xip X
The variation of the geometric angle of attack during the translating motion is given
in Figure 4.2. According to the figure, as expected, the wings are deformed
differently during the motion, since they have different chordwise flexibility

provided by stiffeners placed on the wings' upper surface.

Temporal Evolution of Geometric Angle of Attack

—@—\Wing w/o Stiffener
—d—\Ving w/ 30° Stiffener
Wing w/ 60° Stiffener

—@—Wing w/ 90° Stiffener

Geometric Angle of Attack [Degree]

0 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38

Figure 4.2. Variation of the geometric angle of attack

At the beginning of the motion (0 < 8 < 0.2), where the added mass effect is the
dominant force that deforms the wing geometry, a sudden decrease in the geometric
angle of attack is observed for the wing without a stiffener and the wing with 30°
and 60° stiffeners because of the impulsive motion. That is, approximately 12.4°
drop is obtained for the wing without a stiffener, whereas it becomes 11.3° and 5.4°
for the wing with 30° and 60° stiffeners, respectively. Wing with 90° stiffeners, on

the other hand, showed the lowest decrease in the geometric angle of attack. In the

following stages of the acceleration phase of the motion (0.2 < § < 1.0), where the
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influence of the circulatory terms became more significant on the wing deformation,
the geometric angle of attack kept decreasing for the wings with 60° and 90° stiffener
angles, whereas it was approximately constant for the wing without stiffener and the

wing with 30° stiffener angle.

In the constant velocity phase (1.0 < § < 3.8) where the circulatory effects are the
dominant forces deforming the wing surface, on the other hand, the decreasing

tendency of the geometric angle of attack is observed for all wings. In the first part

of this stage (1.0 < § < 2.0), the geometric angle of attack is reduced monotonically
for the wing without stiffener and the wing with a 30° stiffener angle, whereas it was

approximately constant for the wing with a 60° and 90° stiffener angle. In the middle

part of this phase (2.0 < 8 <3.0), the geometric angle of attack decreased for all

wings and the minimum geometric angle of attack values was observed for each wing

at the end of this part (2.6 < § < 3.0). The wing without a stiffener had the lowest
geometric angle of attack (27.8°), whereas the wing with a 90° stiffener angle
performed the highest geometric angle of attack (40.5°). Moreover, the wings with
30° and 60° stiffener angle generated the second lowest (30.3°) and third lowest
(36.3°) geometric angle of attack, respectively. In the last part of this phase (3.0 <

§ < 3.8), the geometric angle of attack increased slightly for all wings.

According to Figure 4.2, it can be stated that the presence of the stiffener changes
the wing chordwise flexibility by increasing the bending stiffness of the wing in the
chord direction. Therefore, the wing without stiffener showed the lowest geometric
angle of attack during the motion since it has the highest chordwise flexibility.
Moreover, the stiffener orientation affects the chordwise flexibility of the wing.
When the angle between the stiffener angle and the leading-edge increases, it
enhances the wing bending stiffness. Therefore, the wing structure provides more
resistance to wing deformation. As a result, among the wings with stiffeners, the
wing with a 90° stiffener angle generated the highest geometric angle of attack

during the motion since it has the highest bending stiffness in the chord direction,
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whereas the wing with 30° performed the lowest geometric angle of attack because

it has the highest chordwise flexibility.

During the motion, the average geometric angle of attack of the wings without a
stiffener was approximately 31.1° on average, whereas, for the wings with a 30°,
60°, and 90° stiffener angle the average geometric angle of attack was 33.3°, 38.3°,
and 42.1°, respectively. Compared to the wing without a stiffener, the average
geometric angle of attack increased by almost 26.35%, 21.27%, and 8.60% for the

wings with a 90°, 60°, and 30° stiffener angle, respectively.

In addition, the average geometric angle of attack is calculated as 34.3° and 29.9°
for the wing without a stiffener in acceleration and constant velocity phase,
respectively. The increments in the average geometric angle of the attack were
approximately 21.21%, 16.45%, and 5.12% in the acceleration phase, and 28.55%,
23.32%, and 7.52% in the constant velocity phase, for the wings with a 90°, 60°, and
30° stiffener angle, respectively compared to wing without a stiffener. Therefore, it
can be concluded that the presence of stiffener increases the geometric angle of
attack during the motion. Furthermore, by altering the stiffener orientation, the
bending stiffness of the wing in chord direction, thereby the change in geometric

angle of attack, can be modulated.

4.2 Camber Generation

Camber is defined as the convexity of the curve of a wing surface from the leading
edge to the trailing edge. It can be calculated as the distance between a point, P
selected on the wing surface where the curve of the wing surface’s first derivative is
zero, and the wing chord line (Figure 4.3). Note that, since the wing surface is a thin
flat plate the mean camber line is taken as the wing surface. Moreover, since the
surface has its minimum point at point P, the maximum distance between the wing

surface and the chord line is obtained.
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Figure 4.3. Wing camber

The camber can be calculated based on the formula given in Equation 4.2.

(4.2)

max

c

x 100

camber % =

Similar to the change in angle of attack, the camber is generated differently for the
wings with different chordwise flexibility. That is, the wing without a stiffener
showed the maximum camber generation because of the least force resistance
capability to the motion. Wing with 90 degrees of the stiffener, on the other hand,
produced the lowest camber since has the greatest bending stiffness value compared
to the other wings tested. The wings with 30 and 60 degrees of stiffener have the
second most and third most camber generation, respectively. Therefore, it can be
stated that the stiffener orientation modulates the camber generation during the
motion of the wing. The presence of the wing stiffener decreases the camber
generation and the magnitude of the camber can be modulated by changing the
stiffener orientation. The temporal variation of the magnitude of the camber
generation is given in Figure 4.4. Note that, all wings are deformed to create negative
camber in the chordwise direction, in which the amount of the negative camber

formation depends on the chordwise flexibility provided by the stiffeners.
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In the acceleration phase, (0 < § < 1.0), because of the added mass effect, even at

the first stages of the movement (0 < § < 0.2), all wings showed sudden
deformation in terms of camber because of the impulsive motion. The magnitude of
the camber generation is altered depending on the wing chordwise flexibility. The
wing without a stiffener, for example, displayed the highest camber generation
(6.42%), whereas the wing with 90 degrees of stiffener angle generated the least
camber (0.90%).

In the following stages of the acceleration phase (0.2 < § < 1.0), almost a 50%
decrease in camber is observed for the wing without stiffener and the wing with a
30° stiffener angle. For the wings with 60° and 90° stiffener angle, on the other hand,
the camber kept increasing. The camber was increased by approximately 20% for
the wing with a 60° stiffener angle, whereas it almost doubled its value for the wing

with a 90° stiffener angle.

Temporal Evolution of Camber Generation
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Figure 4.4. Variation of camber generation

In the constant velocity phase (1.0 < § < 3.8), on the other hand, the circulatory

terms became the dominant force that deforms the wings since the effect of the added

mass was diminished. In the first part of this phase of the motion (1.0 < § < 2.0),
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the effect of the dominant force transition can be observed. According to Figure 4.4,
the wings with 60° and 90° stiffener angle showed smooth variation in camber during
this transition, whereas for the wing without stiffener and wing with 30° stiffener
angle the camber changed abruptly. In the middle part of this phase (2.0 < 5 < 3.0),
for all wings, the camber kept increasing and all wings reached their maximum
camber generation at the end of this part (2.6 < § < 3.0). In general, similar to the
acceleration phase, the wings generated camber depending on their chordwise
flexibility. The wing without a stiffener showed the maximum camber generation
(7.12%), whereas the wing with a 90° stiffener angle performed the lowest one.
Moreover, for the wings with 30° and 60° stiffener, the maximum value of the

camber became 5.72% and 4.03%, respectively. In the last part of this phase (3.0 <

§ < 3.8), for all wings the camber generation showed decreasing tendency. To
visualize the graph better, the sixth-order polynomial curve fitting algorithm was
employed to camber generation data. The curve-fitted version of Figure 4.4 is given

in Figure 4.5.

Temporal Evolution of Camber Generation
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Figure 4.5. Curve-fitted version of variation of camber generation

During the motion, the average camber generation in magnitude was 5.52% c for the

wing without a stiffener, whereas, it was 4.23% ¢, 3.11% c, and 1.7% c for the wing
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with a 30°, 60°, and 90° stiffener angle, respectively. Compared to the wing without
a stiffener, the average camber in magnitude decreased by 23.46%, 43.73%, and
69.53% for the wings with a 30°, 60°, and 90° stiffener angle. During the acceleration
phase reduction of camber in magnitude became 25.59%, 50.92%, and 75.01%,
whereas it was calculated as 22.77%, 41.38%, and 67.74% in the constant velocity

phase, respectively.

According to the results, it can be stated that the stiffener orientation influences the
camber generation during the motion. Even the presence of the stiffener decreases
the magnitude of the negative camber generation. In other words, although the
magnitude of the camber is reduced, the camber generation increase in the positive
direction. As the angle between the stiffener and the leading edge increases, the

camber generation decrease because of an increase in chordwise bending stiffness.

Note that, for all phases of the motion, the camber generation changed abruptly for
the wing without stiffener and the wing with a 30° stiffener angle, whereas smooth
alteration is observed for the wings with a 60° and 90° stiffener angle. This may be
observed because the wing without stiffener and the wing with a 30° stiffener angle
have the least resistance capability to wing deformation. Therefore, their deformation
characteristics are more sensitive to the flow field around the wing than the wings
with 60° and 90° stiffener. That is, because of the high deformability, the wing
structures of those wings may tend to respond to all changes in the flow field around
the wing surface. The wings with 60° and 90° stiffener angle, on the other hand, may
be more resistive to the change in flow field around the wing because of their bending

stiffness in the chordwise direction provided by the stiffeners.

4.3 Flow Characteristics

For all wings tested, the out-of-plane vorticity at the 75% wingspan positions was
calculated and out-of-plane vorticity contours are given in Figure 4.6. According to

Figure 4.6, it can be said that at the initial phases of the motion, a coherent leading-
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edge vortex was formed for all the wings tested in the experiment and LEV remained

stable over a long period of movement. For approximately 2.4 chord lengths of travel
(0< § < 2.4), the flow fields of vortical structures have similar characteristics for

all wings. However, after 2.4 chords length of travel (2.4 < §'< 3.8), the vortical
structures started to be distinguished from each other because of the different

geometric angle of attack and camber generation depending on the wings’ chordwise

flexibility, which is modulated by the stiffener angle. At 8 = 2.4, for example, for
wings with a 60° and 90° stiffener angle, the shear layers that emanated from the LE
and TE started interacting with each other, which results in the formation of small-
scale vorticity structures in the wake. This interaction is observed after 2.6 and 3.0
chord lengths of travel for a wing with a 30° stiffener angle and a wing without a
stiffener, respectively. These interactions of the shear layers continued until the end

of the motion, which results in a more chaotic flow in the wake during the time. Note

that, after 3.0 chord lengths of travel (3.0 < §'< 3.8), fully chaotic flow in the wake
is observed for the wings with a 60° and 90° stiffener angle. Among all wings tested,
the wing without a stiffener generated less chaotic flow in the wake because of the
smaller geometric angle of attack. Furthermore, since the wing re-aligns in the flow
direction with ease, the closest LEV motion to the surface is observed around the
wing without a stiffener. It is followed by the wings with a 30° and 60° stiffener
angle. Expectedly, the LEV could not remain a close motion to the surface of the
wing with a 90° stiffener angle. Therefore, it can be concluded that the presence of
the stiffener influences the flow field around the wing by providing additional
bending stiffness in the chordwise direction, which increases the geometric angle of
attack of the wing compared to its flexible counterparts. Moreover, by altering the
stiffener orientation, a flow field with different characteristics around the wing can

be obtained.
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Figure 4.6. Out-of-vorticity contours
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For all wings tested, the velocity contours and the streamlines at the 75% wingspan
positions are given in Figure 4.7. In the initial stages of the acceleration phase (0 <
§ < 0.6), an attached leading-edge vortex formation was observed for all wings
tested. Throughout the acceleration phase (0 < 8 < 1.0), the LEV kept attached to
the surface for all wings, therefore the flow was not detached from the surface,
whereas, in the constant velocity phase the flow remained attached to the surface and
left the trailing edge tangentially for a 3.0 chord length of travel (0 < § < 3.0) for
all wings tested. However, after 3.4 chord length of travel (3.4 < 8 < 3.8), because
of the LEV staying close to the trailing edge, the flow detached from the surface for

the wing without a stiffener. This situation was observed for wings with a 30° and

60° stiffener angle after 3.8 chord length of travel (3.8 < 8*).
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Figure 4.7. Velocity contours and streamlines
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4.4 LEV & TEYV Characteristics

4.4.1 LEV Circulation

The schematic representation of the LEV circulation is given in Figure 4.8. Note that,
the LEV circulation is non-dimensionalized by the wing chord length and the

terminal velocity.

Figure 4.8. LEV circulation

The variation of LEV circulation during the motion is given in Figure 4.9. At the
acceleration phase of the motion (0< § < 1.0), the LEV circulation increases
monotonically for all wings with an approximately constant slope. Expectedly, at
that instant wing with the 90° stiffener generates the highest LEV circulation value,
which is followed by the wing with 60° stiffener producing the second highest one.
In addition, the wing without a stiffener and the wing with 30° stiffeners revealed
similar circulation values. Note that, during the acceleration phase, the LEV

circulation is built up rapidly for all wings tested.

At the beginning of the constant velocity phase of the motion (1.0 < 8 < 1.4), the
LEV circulation kept increasing for all wings. After 1.4 chord lengths of travel of
the wing (1.4 < &%), all wings revealed a similar trend in terms of LEV circulation,

which is approximately constant during the motion. However, the magnitude of the
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LEV circulations is distinguished from each other depending on the existence of the
stiffener and the stiffener angle, which modulates the chordwise flexibility, thereby

the effective angle of attack and camber generation.

Temporal Evolution of LEV Circulation
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Figure 4.9. Variation of LEV circulation

Among the wings with stiffeners, the wing with 90° stiffener, which has the greatest
bending stiffness in the chordwise direction, generated the highest LEV circulation,
in which it is again followed by the wing with 60° stiffener that has the second
biggest bending stiffness value in the chordwise direction. Wing with 30° stiffener
having the least bending stiffness, on the other hand, produced the lowest LEV
circulation value. Therefore, it can be clearly stated that the orientation of the
stiffeners affects the flow field around the wing in terms of LEV circulation. By
altering the angle between the stiffener and the leading edge, the circulation value of
the LEV can be modulated. When the angle between the stiffener and the leading-
edge increases, it enhances the bending stiffness of the wing in the chord direction
providing a higher geometric angle of attack formation during the motion, which

results in greater LEV circulation.

Furthermore, the average non-dimensional LEV circulation produced by the wing

without a stiffener was 0.87, whereas it became 1.07, 1.01, and 0.91 for the wings
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with a 90°, 60°, and 30° stiffener angle. Therefore, compared to the wing without a
stiffener, approximately 17.97%, 13.14%, and 4.03% enhancements in average LEV

circulation are observed.

In addition, according to Figure 4.9, LEV circulation around the wings with 60° and
90° stiffeners, for example, are quite close to each other, although the wing with 60°
stiffener completed its motion with a smaller geometric angle of attack formation. In
the acceleration phase, the average reduction in LEV circulation is approximately
3.07%, whereas, in the constant velocity phase it becomes almost 6.16% when the
stiffener orientation is changed from 90° to 60°. Throughout the whole motion, the
LEV circulation produced by the wing with a 60° stiffener angle is 5.34% less than
the wing with a 90° stiffener angle. The geometric angle of attack, on the other hand,
is diminished significantly when the stiffeners are oriented at 60° rather than 90° by
approximately 9.37% and 9.75% in the acceleration phase and constant velocity
phase, respectively. Throughout the whole motion, the wing with a 60° stiffener
angle completed its motion with 9.65% less in the geometric angle of attack
formation than the wing with a 90° stiffener angle. Therefore, it can be concluded
that by altering the stiffener angle it is possible to obtain similar LEV circulation,
which can be achieved with a higher bending stiffness, with a smaller geometric
angle of attack formation reducing the drag force generated. As a result, an increment
in the L/D ratio, which enhances the aerodynamic efficiency, can be achieved by

modulating the stiffener orientations.

Similarly, although the wing with a 30° stiffener angle generated lower LEV
circulation than the wing with a 60° stiffener angle, it completed its motion with a
smaller geometric angle of attack. That is, the wing with a 30° stiffener angle
produced approximately 10.23% and 9.25% less LEV circulation on average than
the wing with a 60° stiffener angle in the acceleration phase and constant velocity
phase, respectively. Throughout the whole motion, approximately 9.51% less LEV
circulation on average is generated by the wing with a 30° stiffener angle than the
wing with a 60° stiffener angle. The geometric angle of attack, however, is reduced

by 12.35% and 14.41% in the acceleration phase and constant velocity phase of the
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motion, respectively as the stiffener orientation is tilted from 60° to 30°. It can be
stated that a smaller geometric angle of attack formation, thereby smaller trailing
edge generation diminishing the drag force, can be achieved by decreasing the

stiffener orientation with a small penalty in LEV circulation.

Therefore, this result proves that even the presence of the stiffener enhances the LEV
circulation and by altering the stiffener orientation the LEV circulation can be

managed.

4.4.2 TEV Circulation

TEV circulation and centroid measurements were only carried out for only 1.4 chord

length of travel (0 < § < 1.4), because after that the starting vortex was no longer in
the field of view (Figure 4.10). Note that, the TEV circulation is non-

dimensionalized by the wing chord length and the terminal velocity.

Figure 4.10. TEV circulation

Expectedly, the wing with the 90° stiffener generated the highest TEV, whereas the
wing without a stiffener produced the lowest one. Wing with 60° stiffener and 30°
stiffener generated the second and third biggest TEV circulation values, respectively.
Note that, as the chordwise flexibility increases, the wing realigns in the flow

direction with ease resulting in a smaller geometric angle of attack formation as
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shown in Figure 4.2. Therefore a smaller TEV is required to re-establish the Kutta
condition, which can be seen in Figure 4.11. Moreover, when the angle between the
stiffener and the leading edge increases, because of the higher geometric angle of
attack formation, higher TEV circulation is observed. Therefore, it can be concluded
that the stiffener orientation affects the TEV circulation and by altering the stiffener

orientation the magnitude of the TEV circulation can be modulated.

Temporal Evolution of LEV & TEV Circulation
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Figure 4.11. Variation of LEV & TEV Circulation

In addition, According to Figure 4.11, it can be stated that LEV circulation, on the
other hand, is quite correlated with the TEV at the initial phase of the motion of the
wing (0 < § < 1.4). This relation may suggest that a bound circulation or another
circulation source is required to satisfy Kelvin’s circulation theorem, which is
consistent with Yazdanpanah’s (2019) study. In addition, it can be concluded that
the LEV and TEV circulations are related to each other and higher TEV circulation

results in higher LEV circulation.

Note that, although LEV and TEV have opposite directions thereby oppositely
signed magnitudes, to compare the LEV and TEV properly, the TEV circulation

values are multiplied by -1.
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4.4.3 LEV Position

As aforementioned, the position of the LEV centroid in the x and y axes are
calculated separately by the y, function (Figures 4.12 and 4.15). The results are non-

dimensionalized by the wing chord length.

Figure 4.12. LEV centroid

In Figures 4.13 and 4.14, the temporal variation of the LEV centroid in the y and x
axes for each wing is given, respectively. In Figure 4.16, on the other hand, the total

distance between the LEV centroid and the leading edge is shown.
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Figure 4.13. Variation of the LEV Centroid in the y-axis
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According to Figures 4.13, 4.14, and 4.16, it can be stated that in the acceleration
phase of the motion (0 < & < 1.0), the LEV centroid has the same movement relative
to the leading edge. In constant velocity phase (1.0 < § < 3.8), on the other hand,

at the beginning of the motion (1.0 < § < 1.6), the LEV centroid in the y-axis had
a similar trajectory. However, they were differentiated from each other after 1.8

chord length of travel. In contrast, the positions of the LEV centroid in the y-axis

converged each other at the end of the motion (8* = 3.8).
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Figure 4.14. Variation of the LEV Centroid in the x-axis

In the x-axis, on the other hand, the position of the LEV centroids remains similar
for a 2.8 chord length of travel (1.0 < § < 2.8). After 2.8 chord length of travel, the
position of the LEV centroid of the wing without a stiffener and with a 30° and 60°
stiffener angle changes with a similar trend for 0.6 chord length of travel (2.8 <

§ < 3.4). At the end of the motion (3.6 < § < 3.8), the position LEV centroid of the
wings with a stiffener converged with each other, whereas for the wing without a

stiffener, the LEV centroid was positioned at a far distance in the x-axis.
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Figure 4.15. The total distance between the LEV centroid and the leading edge

The total distance between the LEV centroid and the leading edge was approximately
the same for wings without a stiffener and wings with a 30° and 60° stiffener. For
the wing with a 90° stiffener, on the other hand, while the total distance was
calculated in the same way as the other wings, the length started to change suddenly

after 2.8 chord length of travel (2.8 < § < 3.8).
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Figure 4.16. Variation of the distance between the LEV centroid and the leading

edge
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4.4.4 TEYV Position

Similar to the LEV position, the position of the TEV centroid was calculated by v,

function in the y and x axes, separately (Figures 4.17 and 4.20). Note that, for TEV

centroid calculations, only the starting vortex is tracked.

Figure 4.17. TEV centroid

The variations of TEV centroids in the y and x axes are given in Figure 4.18, and
Figure 4.19, respectively. In Figure 4.21, on the other hand, the total distance
between the TEV centroid and the LE is shown. Note that, the TEV centroid was
calculated for 1.4 chord length of travel since after that the TEV is no longer in the
field of view and the calculations were carried out for starting vortex only. Moreover,

the 3D movement of the TEV was neglected.

The TEV positions in the x-axis showed the same trend throughout the motion,
whereas the position of the TEVs in the y-axis are distinguished from each other. As
aforementioned, the position of the trailing edge changes during the motion because
of the chordwise flexibility, which affects the geometric angle of attack. Since the
trailing edge vortex is formed at the trailing edge, the position of the TE is crucial

for the TEV trajectory.

Note that, as the geometric angle of attack decreases, the distance between the

trailing edge and leading edge decreases in the y-axis, whereas it increases in the x-
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axis. During the motion, the biggest deflection of the trailing edge was observed for
the wing without a stiffener since it has the most compliant trailing edge to the
upcoming flow, and deflection was reduced from the wing with a 30° stiffener to 90°

stiffener.
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Figure 4.18. Variation of the TEV Centroid in the y-axis

Therefore, throughout the motion, in the y-axis, the TEV centroid for the wing
without a stiffener was positioned in the closest position for the wing without a
stiffener, compared to the other wings. Similarly, among the wings with a stiffener,
the distance between the TEV centroid and the leading edge decreased from the wing
with a 90° stiffener to a 30° stiffener.
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Temporal Evolution of the TEV Centroid
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Figure 4.19. Variation of the TEV Centroid in the x-axis

In the x-axis on the other hand, throughout the motion, the TEV centroid was in the
closest position to the LE for the wing with a 90° stiffener, whereas the biggest

distance was measured for the wing with a 30° stiffener.

Figure 4.20. The total distance between the TEV centroid and the LE

Furthermore, the total distance between the TEV centroid and the LEV was
calculated as approximately the same for all wings. Therefore, it can be concluded

that, although the position of the TEV centroid with respect to the LE changes in the
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y and x axes differently, the total distance between the TEV centroid and LE remains

approximately constant for the tested wings.
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Figure 4.21. Variation of the distance between the TEV Centroid and the trailing
edge

4.5 Comparison with previous studies

In this section, the comparisons with the previous studies that are performed by
Yazdanpanah (2019) and Meerendonk (2016) are presented. The results showed that
wings are deformed according to their chordwise flexibility. That is, the wing
without a stiffener having the highest chordwise flexibility showed the biggest
deformation in the chordwise direction with the smallest geometric angle of attack
and greatest camber in magnitude generation. Among the wings, on the other hand,
the geometric angle of attack increased and the magnitude of the camber was reduced
as the chordwise flexibility decreased from the wing with a 30° stiffener to a 90°
stiffener. The LEV circulation, on the other hand, was influenced by the chordwise
flexibility provided by the stiffeners. The presence of the stiffener increased the LEV
circulation and an increment in stiffener angle resulted in enhancement of LEV

circulation. Therefore, the highest LEV circulation was generated by the wing with
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a 90° stiffener, whereas the wing without a stiffener produced the lowest LEV
circulation. These results are consistent with the studies carried out by Meerendonk
(2016) and Yazdanpanah (2019) in terms of geometric angle of attack and LEV
circulation. In contrast to Yazdanpanah’s study, there is no sudden drop in LEV
circulation observed in wings with a 60° and 90° stiffener, which have the second
highest and highest chordwise rigidity compared to the tested wings and completed

their movement at 38.3°, and 42.1° angle of attack on average, respectively.

Note that, as aforementioned, the wings perform deformations because of the forces

acting on the wing surface. At the beginning of the acceleration phase (0 < § < 0.2),
the wings deformed by the inertial-reaction forces, which are nothing but the added

mass term. While keeping accelerating, the wing deformed because of the added
mass and circulatory terms (0.2 < § < 1.0). In the constant acceleration phase

(1.0< 8" <3.8), because of the motion without an acceleration the effect of added
mass was eliminated and the LEV deforms the wings surface, only. Therefore, it can
be concluded that the magnitude of the camber is proportional to the resultant force
generated around the wing. The generation of camber in magnitude can be expressed

as a function of the resultant force acting on the wing surface as follows:

Note that, the angular deformation of a beam because of the torque applied to it is
defined as the angle of twist (Beer et al., 2019), and its magnitude is proportional to
the beam length and torque applied, whereas it is inversely proportional to the
modulus of rigidity, G of the beam material and the polar moment of inertia, J of the

beam cross-section, which is given in Equation 4.3.

TL (4.3)

(P=]—G

Assume that, the leading edge is straight and has a uniform circular crosssection, the
leading edge deforms elastically and the twist along the leading edge is uniform.
Therefore, under these assumptions, according to Equation 4.3 the angle of twist of

the leading edge can be derived as:
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Fg dg 2¢ (4.4)

PLE = 1G

where, Fj is the resultant force acting on the wing surface, dy is the distance between
the leading edge and the point where the resultant force is applied, 2c is the length
of the leading edge, J is the polar moment of inertia of the leading edge, and G is the
modulus of rigidity of the leading edge.

By putting Equation 4.4 into Equation 2.3, the camber can be expressed as a function

of the resultant force acting on the wing surface as follows:

2 FR dR C C (45)
]G tan®

2:c>

= Fr d
] G tanB BiF

2 c? 4
] G tan6 R

Camber =

~ Camber = f{(Fy) 4.6

The resultant force generated by the wings with different chordwise flexibility in

revolving motion was measured by Meerendonk (2016). Note that the wings started
accelerating from rest for one chord length of travel (0 < § < 1.0), and after that

kept revolving with a constant rotational velocity (1.0 < 8*). The variation of the

resultant force coefficient during the motion is given in Figure 2.22 b.

According to Figure 4.22 b, it can be stated that the resultant force generated around
the wing surface increased as the chordwise bending stiffness increased. The

variation of the resultant force coefficient showed a similar trend for all wings tested.
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a) Temporal Evolution of Camber Generation
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Figure 4.22. a) Variation of camber generation in magnitude, b) Variation of

resultant force coefficient during the revolving motion (Adapted from Meerendonk,

2016)

At the beginning of the acceleration phase of the motion (0 < § < 1.0), the resultant

force acting on the wing surface was enhanced monotonically with a constant slope.

At the earlier phase of the accelerating motion (0 < § < 0.2), because of the added
mass term the camber increased drastically. According to Meerendonk (2016), the
added mass term, whose magnitude was proportional to the acceleration, acted
normal to the wing surface. Since the flexible wings deformed during the motion,
the component of the acceleration was tilted from the wing normal, whereas it
remained constant for the rigid wings. Therefore, in the acceleration phase of the
motion (0 < 8 < 1.0), the rigid wing produced the highest force generation, whereas
the lowest force was generated by the highly flexible wing. Moreover, at the
beginning of the constant velocity phase (1.0 < 8 < 1.2), the contribution of the
added mass was eliminated since wings were translating with no acceleration.
Therefore, the resultant force acting on the wing surface decreased slightly for all
wings tested. After that, for three-chord lengths of travel of the wings (1.2 <
§ < 4.0), because of the development of the LEV on the wing surface, the net force
generated was enhanced significantly for all wings tested. Similar to the acceleration
phase, the rigid wing produced the highest force, whereas the lowest force was

measured for the highly flexible wing. After four chord lengths of travel of the wings

(40< § ), the net force produced decreased slightly and became almost constant
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for all wings because the wings achieved their approximately steady-state conditions

(Meerendonk, 2016).

According to Figure 4.22, it can be stated that the variation of the camber in
magnitude for the wing without a stiffener obtained in this study showed a similar
trend to the variation of the resultant force generated by three wings tested by
Meerendonk (2016). By assuming that a similar force generation will be observed
for the translating and revolving wings, which have common motion kinematics (i.e.,
acceleration phase for one chord length of travel and constant velocity phase for at
least three chord length of travel), it can be expected that the variation of the resultant
force acting on the wing surface may also be similar during the translating and the
revolving motions. Therefore, it can be concluded that the chordwise flexibility
reduces the net force production because of a smaller geometric angle of attack and
a greater camber in magnitude formation during the translating motion. As a result,
the wing without a stiffener, which has the lowest geometric angle of attack and the
highest camber, generated the smallest force during the experiments. In the
acceleration phase, for example, a smaller force value was transmitted to the force
measurement sensor, and the force generated by the wing was dumped because of
the wing deformation forming a high camber. In the following phases of the motion,
where the added mass effect was completely diminished, due to the lower geometric
angle of attack the wing without a stiffener kept producing less force compared to
the wings with a stiffener, which have an additional bending stiffness provided by
the stiffeners. The wing with a 90° stiffener, on the other hand, completed its motion
with the highest geometric angle of attack and the smallest camber in magnitude,
which resulted in the highest force generation. Moreover, since the energy loss for
the wing deformation was the smallest, the highest force value was transmitted to the

force measurement sensor.

Note that, based on this assumption the variation of the net force acting on the wing

surface during the translating motion may be explained in detail. In the acceleration

phase (0 < § < 1.0), because of the added mass and the circulatory terms around the
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wing surface, the net force generated increases drastically with an almost constant

slope. At the beginning of the constant velocity phase (1.0 < § < 1.2), the resultant
force decreased slightly because the wing started moving without acceleration,
where the effect of the added mass term was diminished completely. While the wing
was translating with a constant velocity, the resultant force increased with the
development of the LEV and reached its maximum value. After that, it remained
approximately constant at the end phases of the motion. In addition, for the wings
with a stiffener, the effect of the variation of the resultant force diminished as the
bending stiffness in the chordwise direction increased. For example, the camber
generation in magnitude for the wing with a 30° stiffener, which has the highest
chordwise flexibility among the wings with a stiffener, showed the closest trend to

the camber generation of the wing without a stiffener. That is, at the beginning of the
acceleration phase (0<8 <0.2), the influence of the added mass effect on the

camber was observed clearly. When the wing kept accelerating (0.2 < § < 1.0), the
camber increased monotonically with a smaller slope compared to the wing without
a stiffener, whereas it starts decreasing when the wing started moving without an
acceleration (1.0 < § < 1.2). With the development of the LEV, the camber started
increasing in magnitude as the wing continues to move with a constant velocity.
Furthermore, for the wings with a 60° and 90° stiffener, the influence of the force
generation on the camber was diminished since the wing has more resistivity to the
deformation because of the additional bending stiffness in the chordwise direction
provided by the stiffeners. Although the effect of the added mass term was observed
at the beginning of the acceleration phase (0 < § < 0.2), for two wings, the slope of
camber variation became lowest and second lowest for the wing with a 90° and 60°
stiffener. Similarly, at the beginning of the constant velocity phase (1.0 < 8 < 1.2),
there is no decrease in the camber generation was observed for two wings even
though the added mass term was eliminated. After that (1.2 < 8*), the camber was
increased slightly for two wings because of the development of the LEV around the

wing surface.
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As aresult, it can be concluded that, for the translating and revolving wings, which
start accelerating from rest with constant acceleration for one chord length of travel,
then keep translating or revolving with a constant velocity, may have similar
temporal evolution of the resultant force generated by the wings. Moreover, the
variation of camber is a function of the resultant force acting on the wing surface and
the chordwise flexibility of the wing influences its magnitude. As the chordwise
flexibility increases the wing becomes more compliant to the deformation, which
means that the wing has less resistance capability to the net force acting on its
surface. Therefore, the wing deforms according to the variation of the resultant force
during the motion. The wings with an additional chordwise bending stiffness, on the
other hand, resist the sudden variation of the net force generation, which results in a
smooth change of the camber generation during the motion. These results prove that
the presence of the stiffeners enhances the bending stiffness of the wing in a
chordwise direction since the wing with a stiffener shows more resistance to the
variation of the resultant force compared to the wing without a stiffener. In addition,
the stiffener orientation influences the bending stiffness of the wing in a chordwise
direction. As the angle between the stiffener and leading-edge increases, in which
the stiffener is tilted more in the chord direction, the chordwise rigidity of the wing

increases.
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CHAPTER 5

CONCLUSION

In this study, for the linear translating motion, the significance of the stiffener angle
between the leading edge on the flow characteristics is experimentally investigated.
By changing the orientations of stiffeners that are consecutively integrated into the
wing surface, wings with bending stiffness in different directions were obtained.
When the angle between the stiffener and leading-edge increases, in which the
stiffeners on the wing surface are tilted more in the chord direction, the wing
flexibility in the chordwise direction decreases. Therefore, the wing with the highest
chordwise flexural stiffness was obtained by placing the stiffeners that have a 90°
angle with the leading edge. Similarly, wings with stiffeners having 60° and 30°
angles between the leading edge, were ordered as second and third wings in terms of
the chordwise flexural stiffness, respectively. Moreover, the wing without a stiffener
displayed the highest chordwise flexibility since there was no stiffener integrated on
the wing surface resisting wing deformation in a particular direction. The wing
motion consisted of two stages, which were the constant acceleration stage, and the

constant velocity stage. In the first phase of the motion, the wing starts accelerating

from rest with constant acceleration for one chord length of travel (0 < § < 1.0). At
the end of the first phase, the wing achieves the terminal velocity, whereas, in the
second phase of the motion, the wing translates with constant terminal velocity,
which is achieved at the end of the acceleration phase, for three-chord lengths of
travel (1.0 < § < 3.8). The angle of attack was set to 45 degrees at the beginning of
the motion for all of the wings. The flow field around the wings with different
chordwise flexibility provided by the different stiffener orientations was investigated

experimentally via two-dimensional two-component particle image velocimetry

(2D2C PIV).
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The temporal evolution of the geometric angle of attack during the motion showed
that the presence of stiffener increases the wings' flexural stiffness in a chordwise
direction. That is, a wing without a stiffener reveals the lowest geometric angle of
attack compared to the wings with stiffeners, since it realigns in the flow direction
with ease as a result of more deformation capability in the chordwise direction.
Moreover, the angle between the leading edge and the stiffener alters the flexibility
in the chordwise direction. Wing with a 90° stiffener, for example, performed the
highest geometric angle of attack compared to the other wings with a lower stiffener
angle at each phase of the motion. Expectedly, the wing with a 60° and 30° stiffener,
on the other hand, showed the second and the third highest geometric angle of attack,
respectively. Throughout the motion, the average angle of attack of the wing without
a stiffener and wings with a 30°, 60°, and 90° stiffener is 31.1°, 33.3°, 38.3°, and
42.1°, respectively.

Camber generation in magnitude, on the other hand, enhances as the chordwise
flexure increases. Note that, the wing with high chordwise flexibility deforms in a
way that the wing has negative camber generation, which is not favorable since it
results in a decrease in lift and drag force. Experiments showed that the presence of
stiffener increases the camber generation in a positive direction by increasing the
resistivity of the wing to the forces acting on the wing surface. Therefore, placing
stiffeners on the wing surface may enhance the wing lift and drag generation by
providing additional bending stiffness in the chord direction, which diminishes the
negative camber generation in magnitude. In addition, although a wing with a 90°
stiffener produces the highest leading-edge vortex circulation, which is the dominant
force generation mechanism in flapping-wing flight, it showed the least camber
generation during the motion. This result also summarized that the presence of a
stiffener increases the chordwise flexibility, where the amount of enhancement
depends on the angle between the stiffener and the leading edge. By increasing the
angle between the leading edge and the stiffener, the wings with enhanced chordwise
flexural stiffness can be obtained since the stiffeners are tilted more in the chord

direction. Throughout the motion, the average camber in the magnitude of the wing
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without a stiffener and wings with a 30°, 60°, and 90° stiffener is 5.52% ¢, 4.23% c,

3.11% c, and 1.7% c, respectively.

PIV measurements showed that at the initial phases of motion, a coherent leading-
edge vortex is formed for all the wings tested in the experiment and LEV remains
stable over a long period of movement. For approximately 2.4 chord lengths of travel
(0< § < 2.4), the flow fields of vortical structures have similar characteristics for
all wings. However, after 2.4 chords length of travel (2.4 < §'< 3.8), the vortical
structures started to be distinguished from each other as a result of the different
geometric angle of attack and camber generation depending on the wings’ chordwise
flexibility, which is modulated by the stiffener angle. After 3.0 chord lengths of
travel (3.0 < §'< 3.8), fully chaotic flow in the wake was observed for the wings
with a 60° and 90° stiffener angle. Among all wings tested, the wing without a
stiffener generated less chaotic flow in the wake because of the smaller geometric
angle of attack. Furthermore, the flow remained attached to the surface and left the
trailing edge tangentially for a 3.0 chord length of travel (0< & < 3.0) for all wings
tested. However, after 3.4 chord length of travel (3.4 < 8 < 3.8), because of the LEV
staying close to the trailing edge, the flow detached from the surface for the wing

without a stiffener. This situation was observed for wings with a 30° and 60° stiffener

angle after 3.8 chord length of travel (3.8 < 8*).

The LEV circulation was enhanced monotonically in the acceleration phase of the
motion (0 < § < 1.0) with an almost constant slope for all wings tested. Moreover,
in the constant velocity phase (1.0 < 8 < 3.8), for all wings the LEV circulation kept
increasing in the following 0.6 chord length of travel (1.0 < 8 < 1.6). After that, it
decreased slightly (1.6 < § < 2.8), then remained approximately constant until the

end of the motion (2.8 < 8 < 3.8). Throughout the motion, the wings that have a
stiffener on their surface produced higher LEV circulation compared to the wing
without a stiffener. Therefore, it can be concluded that the presence of stiffener

increased the LEV circulation around the wing, by increasing the geometric angle of
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attack and reducing the negative angle of attack formation. Among the wings with a
stiffener, the wing with a 90° stiffener angle produced the greatest LEV circulation,
where it was followed by the wing with a 60°, and 30° stiffener angle. Therefore, it
can be stated that the stiffener angle influences the LEV circulation. By altering the
stiffener orientation, the LEV circulation can be modulated. The average non-
dimensional LEV circulations generated by the wing without a stiffener was 0.87,
whereas it was calculated as 1.07, 1.01, and 0.91 for the wings with a 90°, 60°, and
30° stiffener, respectively. Similarly, the TEV circulation decreased as the chordwise
flexibility increased since a smaller TEV was required to re-establish the Kutta
condition. Moreover, according to the TEV and LEV circulations, it can be stated
that the LEV and TEV circulations are related to each other and higher TEV

circulation results in higher LEV circulation.

Since the wing re-aligns in the flow direction with ease, the closest LEV motion to
the surface is observed around the wing without a stiffener. It is followed by the
wings with a 30° and 60° stiffener. Moreover, the position of the LEV centroid had
a similar movement for all wings in the acceleration phase (0 < 8 < 1.0), whereas,
in the constant velocity phase (1.0 < § < 3.8), at the beginning of the motion

(10< § < 1.6), the LEV centroid in the y-axis had a similar trajectory. However,
they were differentiated from each other after 1.8 chord length of travel. In contrast,
the positions of the LEV centroid in the y-axis converged each other at the end of

the motion (6* = 3.8). In the x-axis, on the other hand, the position of the LEV

centroids remains similar for a 2.8 chord length of travel (1.0 < § < 2.8). After 2.8
chord length of travel, the position of the LEV centroid of the wing without a

stiffener and with a 30° and 60° stiffener angle changes with a similar trend for 0.6

chord length of travel (2.8 < § < 3.4). At the end of the motion (3.6 < § < 3.8), the
LEV centroid of the wings with a stiffener converged with each other, whereas for
the wing without a stiffener, the LEV centroid was positioned at a far distance in the
x-axis. The total distance between the LEV centroid and the leading edge was

approximately the same for wings without a stiffener and wings with a 30° and 60°

100



stiffener. For the wing with a 90° stiffener, on the other hand, while the total distance

was calculated in the same way as the other wings, the length started to change

suddenly after 2.8 chord length of travel (2.8 < § < 3.8). The TEV positions in the
x-axis showed the same trend throughout the motion, whereas the position of the
TEVs in the y-axis are distinguished from each other. During the motion, in the y-
axis, the TEV centroid for the wing without a stiffener was positioned in the closest
position for the wing without a stiffener, compared to the other wings. Similarly,
among the wings with a stiffener, the distance between the TEV centroid and the
leading edge decreased from the wing with a 90° stiffener to a 30° stiffener. In the
x-axis on the other hand, during the motion, the TEV centroid was in the closest
position to the LE for the wing with a 90° stiffener, whereas the biggest distance was
measured for the wing with a 30° stiffener. Furthermore, the total distance between
the TEV centroid and the LEV was calculated as approximately the same for all
wings. Therefore, it can be concluded that, although the position of the TEV centroid
with respect to the LE changes in the y and x axes differently, the total distance
between the TEV centroid and LE remained approximately constant for all wings

tested.

According to the comparison between the study carried out by Meerendonk (2016),
it can be concluded that for the translating and revolving wings, which start
accelerating from rest with constant acceleration for one chord length of travel, then
keep translating or revolving with a constant velocity, may have similar temporal
evolution of the net force generated by the wings. An increase in chordwise
flexibility results in a reduction of the net force since the deformation of the wing
structure dumps the force generation by the wing. Moreover, the variation of camber
is a function of the resultant force acting on the wing surface and the chordwise
flexibility of the wing influences its magnitude. As the chordwise flexibility
increases the wing becomes more compliant to the deformation, which means that
the wing has less resistance capability to the net force acting on the surface.
Therefore, the wing deforms according to the variation of the resultant force during

the motion. In contrast, the wings with a chordwise bending stiffness, resist the
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sudden variation of the net force generation, which results in a smooth change of the
camber generation during the motion. Furthermore, these results prove that the
presence of the stiffeners enhances the bending stiffness of the wing in a chordwise
direction since the wing with a stiffener shows more resistance to the variation of the
resultant force increases compared to the wing without a stiffener. The stiffener
orientation, on the other hand, influences the bending stiffness of the wing in a
chordwise direction. As the angle between the stiffener and leading-edge increases,
in which the stiffener is tilted more in the chord direction, the chordwise rigidity of

the wing increases.

This study showed that 3D printing technology provides an enormous opportunity to
manufacture flexible wings with complex geometric designs and variable structural
properties along the wingspan in a short time with a low tolerance in production.
Moreover, by altering the stiffener properties, such as their orientations, and
geometric and structural properties, of the 3D printed wings systematically, the
camber and geometric angle of attack, thereby the LEV circulation around the wing
surface can be adjusted. As a result, the optimum wing structure that offers the best
flight performance in terms of aerodynamic efficiency can be designed and

manufactured for the necessary flapping-wing micro aerial vehicle operations.
As a future work, the studies written below can be done:

e The influence of stiffener and its orientation can be investigated during a
revolving motion.

e The stroke reversal mechanism can be performed at the end of the motion
kinematics to observe the effect of stiffeners on rotational forces and the
wake capture effect.

e To investigate the influence of stiffeners on force generation, force
measurements can be performed.

e A flapping-wing micro aerial vehicle can be completely designed and

manufactured.
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