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Abstract

The present thesis experimentally investigates unsteady aerodynamic and aeroe-
lastic effects of an oscillating NACA 64418 airfoil at Reynolds numbers below 10°.
Originally, the focus of the unsteady investigations was to determine the factors
that influence the aerodynamic forces and the aerodynamic damping of forced
pitching as well as combined pitching-plunging harmonic motions of the airfoil.
Specifically, measurements of unsteady pressure distributions were performed over
a range of mean angles of attack, amplitudes, reduced frequencies and phase dif-
ferences between the combined oscillations. For pure pitching oscillations below
the mean angle of 15°, all studied cases in the present work were aerodynamically
damped. However, at a mean angle of 15°, where dynamic stall took place, negative
torsional aerodynamic damping was induced. The large excursion of the pitching
moment and the shape of its loop were related to the above aerodynamically un-
stable conditions, while energy was transferred from the fluid to the wing, during
the downstroke part of its periodic motion. An increase of the reduced frequency
at this incidence led to a further increase of the negative aerodynamic damping.
The same holds for increasing amplitudes up to 6°. Similarly, negative torsional
aerodynamic damping at large angles of attack was also recorded during combined
pitching and plunging oscillations, while a substantial reduction of the damping
was achieved by varying the phase difference between the oscillations. Moreover,
under static conditions and for angles higher than 17°, the airfoil presented inter-
mittent flow separation from the leading edge region corresponding to partially
attached and separated flow regimes (double stall).

Taking into account the above results, the response of the elastically supported
wing was tested under initial angles of attack higher than the static stall angle.
The ratio of torsional to bending natural frequencies was wq/wp, < 1 and the two
degrees of freedom were structurally coupled. At a critical free stream velocity,
self-excited oscillations occurred both in pitch and plunge with increasing ampli-
tude, presenting the characteristics of dynamic stall. Increasing the initial angle
of attack from 16.65° to 19.98°, the critical free stream velocity decreased from
19.50 m/s to 14.95 m/s, which was attributed to the stall flutter phenomenon. By
varying the stiffness of the springs, the wing was found to form a limit cycle oscil-
lation, when applying an initial excitation at a critical free stream velocity. Even
though the loops of the aerodynamic coefficients versus the angle of attack, were
unconventional for a dynamic stall event, the phenomenon was found to involve
flow separation and reattachment over the suction side of the airfoil, as well as
evidence supporting the formation and subsequent shedding of a vortex near the
leading edge.



Additionally, comparison of the experimental results with two simulation tools
were found in good agreement under steady flow conditions and adequate when
pitching oscillations took place and flow separation was present. However, both
simulation models failed to predict aerodynamic loads of the combined pitching-
plunging limit cycle oscillation, in the case of the elastically supported wing.

Most aeroelastic phenomena are of undesirable character, lead to loss of effec-
tiveness and sometimes even to structural failure. To this end, the present inves-
tigation, in support of previous studies, highlights some of the factors that might
cause aerodynamically unstable conditions and demonstrates the flow mechanism
involved in the above phenomena.

i



Chapter 1

Introduction

1.1 Unsteady Wing Aerodynamics

1.1.1 Sources of Unsteadiness

The blades of a helicopter or a wind turbine, as well as the wings of an air-
craft may encounter under certain flow conditions oscillations of the inflow angle.
This type of unsteady aerodynamic loading, affects the performance, operation
and fatigue life of aero-structures and defines the limits of their operation. It is
thus important, both from technical and scientific point of view, to study such
phenomena and be able to predict accurately aerodynamic loads during unsteady
aerodynamic effects.

The angle of attack of a typical helicopter blade is the resultant of pilot input
controls and flowfield structure. When the angle of attack is low the flow is fully
attached and the perturbations tend to affect phase and magnitude of aerodynamic
forces compared to quasi-steady analysis (Leishman [2006]). In the case of higher
angles of attack, the phenomenon of dynamic stall occurs on helicopter rotors,
which involves alternating flow separation and reattachment over the surface of
an airfoil. For high speed forward flight or abrupt maneuvers the retreating blade
operates at high angles close to stall, as shown in figure 1.1 (McCroskey and Fisher
[1972], Tarzanin [1972], Bousman [1998]). Blade flapping, cyclic pitch input or
wake inflow might cause flow separation in a periodic manner. Generally if time
dependent pitching or plunging is involved on an airfoil, with effective angle of
attack that exceeds static stall angle, dynamic stall will occur. Prediction of
dynamic stall is important for defining the boundaries of operation for helicopters.
Otherwise, unwanted effects may arise such as blade vibration, high stress, negative
aerodynamic damping or aeroelastic instabilities e.g. stall flutter.

In the case of horizontal axis wind turbines, rotor yaw-misalignment, tower
shadow and wind gusts, might result in periods of time that the blade operates un-
der oscillating effective angles of attack. A basic feature of both stall-regulated and



pitch-regulated wind turbines is that under normal operating conditions a portion
of the blade experiences some degree of stall (Butterfield et al. [1991], Leishman
[2006]). The inflow of the rotating blade is inherently unsteady, indicating that
unsteady aerodynamics and especially dynamic stall is of paramount importance
in wind turbine applications as well as in methods to control it (Choudhry et al.
[2016]).

Nowadays, there is an ever-increasing need for more efficient power production
and cleaner-safer aviation. Modern aerodynamic structure design is oriented to
lighter high aspect-ratios wings as a means of improving aerodynamic efficiency,
which in turn increases structural flexibility (Afonso et al. [2017]). The afore-
mentioned increase affects the wing’s structural behaviour, which could promote
effective angle time variation and alter aerodynamic loading. Consequently, these
designs are limited by aeroelastic instabilities generated by the combination of
coupled fluid-structure interaction problems. One phenomenon of this type is stall
flutter, which initiates at relatively low free stream velocities and causes self-excited
periodic oscillations of limited amplitude. It is mainly attributed to nonlinear aero-
dynamic loading caused by alternating flow separation and reattachment (dynamic
stall) over a wing’s surface. The appearance of stall flutter does not necessarily
involve the coupling of two modes as in classical flutter, since torsional mode nor-
mally appears to be more significant compared to bending (Halfman et al. [1951],
Rainey [1956], Razak et al. [2011]).

Current state of the art in aerodynamic design involves the use of new mate-
rials (e.g., Shape Memory Alloys), which are able to alter the aerodynamic shape
depending on the external forcing (Kerho [2007], Karakalas et al. [2019]). Re-
search on unsteady aerodynamics and aeroelasticity is currently the primary field
that provides the necessary information for future aircraft safety, air-loads predic-
tion, blade fatigue minimization, active flutter suppression, gust load alleviation
and flow control for flexible structures. At the same time, conducting reliable ex-
periments on complex aeroelastic problems expands our existing knowledge and
contributes to the improvement of numerical simulations.

However, the difficulty of understanding unsteady aerodynamic phenomena
still exists, because of their poly-parametric nature (pitching — plunging amplitude,
mean angle, reduced frequency, airfoil shape, location of pivot point, Reynolds
number, phase angle between pitching and plunging). Inevitably, in a given ex-
periment some of the latter variables have to be fixed and as a result there are
still open questions which need further investigation. For example, predicting dy-
namic stall still remains a difficult task. A lot of relevant semi-empirical models
have been developed so far, which although they are quite promising, yet remain
reliable only when they are validated through experimental evidence.

Some notable experimental works mentioned in open literature related to dy-
namic stall are those of McCroskey et al. [1976], Carr et al. [1977] focusing on
the measurement of the aerodynamic forces on a pitching airfoil, Koochesfahani
[1989] using flow visualization of a pitching airfoil in water, Jones et al. [1998]



using flow visualization for a plunging airfoil, Anderson et al. [1998] measuring the
force and power on a moving airfoil in water, Lee and Gerontakos [2004] studying
the forces on a pitching wing, von Ellenrieder and Pothos [2008] using PIV around
a plunging hydrofoil and Baik et al. [2012] measuring the forces on a pitching and
plunging flat plate. Similar velocimetry measurements were made by Fenercioglu
and Cetiner [2012] to categorize the vortex formation for high reduced frequency
range of a pitching and plunging airfoil. Recently, Zhou et al. [2021] employed
PIV measurements combined with POD analysis to reveal the periodic dominant
flow pattern near the trailing edge of a NACA0012 pitching airfoil.

Also interesting is the ongoing research on innovative new propulsion systems
for aircraft and ships (unmanned or not) that mimic the motion of various animals
(birds, insects, fish) — see for example, Belibassakis and Filippas [2015], Geissler
and van der Wall [2017], Mazaheri and Ebrahimi [2011], Razak and Dimitriadis
[2014] and Buchner and Soria [2015].

RELATIVE WIND
FROM FOWARD VELOCITY

Stalled
Region

Retreating Blade ?Advancing Blade

/L‘ADE
ROTATION

Figure 1.1: Typical angle of attack for high speed forward flight on helicopter
rotor.

1.1.2 Unsteady Attached Flow

During blade oscillation, the flow might be attached to the blade surface or partly
separated. Among the first fluid-dynamicists who theoretically described the forces
on a sinusoidally plunging and/or pitching airfoil in attached flow was Theodorsen
[1935].

The degree of unsteadiness of aerodynamic problems is dependent on the re-



duced frequency k. For an airfoil of chord c oscillating at angular frequency w in a
freestream velocity U, k is defined as:

wce

U

According to the reduced frequency, unsteady aerodynamic problems are catego-
rized as follows:

k

o k=0, steady flow
o 0 < k <0.05, quasi-steady

e k> 0.05, unsteady (k > 0.2 highly unsteady)

Quasi-steady aerodynamics ignores the effect of the wake on the flow around the
airfoil, which, however, contains a significant amount of circulation that reduces
the magnitude of the aerodynamic forces. Theodorsen [1935] took into account
the airfoil wake effects by applying potential flow theory and provided analytical
solutions in case of harmonic heave-pitch oscillations of small amplitude of a flat
plate (zero-camber, zero-thickness airfoil).

a = Aasin(wt),h = Ahsin(wt + Ag)

The nomenclature is shown in figure 1.2. For the sake of analysis he defined a
transfer function known as Theodorsen’s Circulation function C(k), dependent on
the reduced frequency, which reduces lift magnitude and introduces a phase lag
between the motion of the airfoil and the generation of lift, as shown in figure 1.3.
Finally, the relationship that describes the unsteady lift as well as the pitching
moment about the mid-chord is as follows:

A
Pitch axis
h
U H\
_— o
1 L
0 a T c T

Figure 1.2: Nomenclature for the oscillatory pitching and heaving motion of
a flat plate. Data source: Katz and Plotkin [2001]



1.00

< |
S 0.75
0.50 1 | 1 | J
(a)
13
oy
=]
Ty
g
a
0 0.2 04 0.6 0.8 1.0
— we
(b) k“zU

Figure 1.3: Magnitude and phase lag (b) of Theodorsen’s function. Data
source: Katz and Plotkin [2001]
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, where ¢ = 2b and « denotes the location of pitching axis as a fraction of the
semi-chord (&« = —1 and o = 1 represent the leading-edge and trailing-edge, re-
spectively). The second term in the right-hand side of equation 1.1, which includes
C(k), is related to circulatory lift produced in the wake, whereas the first term is
the non-circulatory part or ”"added-mass”, resulting from the airfoil acceleration.

Although Theodorsen made some simplifying assumptions (the oscillations,
both angular and linear, being very small, the fluid — inviscid, incompressible, the



wake — infinitely narrow and the airfoil represented by a flat plate), his model is in
quite good agreement in many cases with experimental data, as it has been shown,
for example, by Silverstein and Joyner [1939], Halfman [1951] and Rainey [1956].
Garrick et al. [1937] later showed that a plunging airfoil can theoretically gener-
ate thrust for any frequency, whereas a pitching airfoil does so only for reduced
frequencies above a certain threshold.

1.1.3 Dynamic Stall

Earlier we described dynamic stall as the periodic alternation of flow separation
and reattachment over the surface of a harmonically pitching airfoil, for angles of
attack exceeding static stall. We will now attempt to describe the phenomenon in
more detail, as well as the chain of events that govern it. The classical experiment
by McAlister et al. [1982] on a NACAQ012 pitching airfoil with a mean angle of 12°,
an amplitude of 10° and a reduced frequency of k =~ 0.1 is presented in figure 1.4.
The static stall angle for this specific airfoil is 12°. As the angle of attack increases
from its minimum value, the lift coefficient grows linearly with nearly the same
slope as the static curve. Eventually, it exceeds the static stall angle (12°) and
retains the same growth rate, until it reaches an angle of about 16°. At this point
stall seems to create a more profound reducing effect on the moment coefficient,
which is characterized as moment stall. Subsequently, at o &~ 18° a vortex, which
initiates from the leading edge (leading edge vortex-LEV), detaches and starts
to travel downstream. This process tends to move the center of pressure aft,
increasing the lift coefficient once again and decreasing rapidly the aerodynamic
moment causing nose down torsional loads. When the angle of 20° is reached, the
LEV passes over the trailing edge of the airfoil and consequently the lift drops
and the moment recovers, because of the fully separated flow. Afterwards, re-
attachment begins and fully attached flow appears at about 10°.

Types of Dynamic Stall

In the scheme below, two types of dynamic stall are summarized:

e Trailing Edge Stall: Flow separation starts from the trailing edge region
and moves upstream. At some point the reverse flow region extends nearly
up to the leading edge, where the LEV is formed and shed downstream. A
representative image is shown in 1.5a.

e Laminar Bubble Bursting: A laminar separation bubble appears near the
leading edge, formed due to the adverse pressure gradient usually on thinner
airfoils. Asthe angle of attack increases, the laminar separation region bursts
and forms a LEV, which propagates downstream. A representative image is
shown in 1.5b.
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Figure 1.4: Typical dynamic stall lift and moment coefficient versus angle of
attack. Data source: Dimitriadis [2017]
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(a) Trailing Edge Stall. Adapted (b) Laminar Bubble Bursting.
from: Dimitriadis [2017] Adapted from: Dimitriadis [2017]

Figure 1.5: Types of Dynamic Stall

The reviews by McCroskey [1981], McCroskey [1982] are very enlightening
regarding the phenomenon of dynamic stall. A detailed survey of various experi-
mental investigations was done by Choudhry et al. [2014] on parameters influenc-
ing the aerodynamic forces (reduced frequency, Reynolds number, Mach number,
airfoil thickness) of a constant rate pitching airfoil. Leishman [1990] observed,
amongst others, dynamic stall to occur via leading edge separation on a NACA
23012 airfoil at low Mach numbers, which is followed by the shedding of a sec-
ondary vortex. The secondary vortex was formed and shed during the downstroke
motion and caused a significant increase in lift. Geissler and Haselmeyer [2006]
revealed the important role of transition from laminar to turbulent flow and its
evolution during dynamic stall experiments. Their numerical results agreed well
with the corresponding experiments and additionally showed a delay of the on-
set of dynamic stall in free transition. Three-dimensional effects on the problem
have been studied experimentally by Lorber et al. [1991], Lorber [1992] and Piziali
[1994], where a common conclusion is that the tip vortex reduces the relative angle
of attack near the wingtip preventing stall to occur. Mulleners and Raffel [2012],
employed proper orthogonal decomposition (POD) in time resolved particle image
velocimetry (PIV) measurements and developed a new criterion for characterizing
the onset of dynamic stall, correlated with the temporal evolution of one specific
POD mode. A lot of semi-empirical models have been developed in the past such as
Beddoes-Leishman (Leishman and Beddoes [1989]) and ONERA (Tran and Petot
[1980],Petot [1989]), amongst which B-L takes into account attached flow, leading
edge separation and compressibility effects. Higher fidelity CFD models were ap-
plied by Wernert et al. [1996] and later by Wang et al. [2010] resulting in good
agreement with experimental data, but with rather unstable behavior. The models
however capture the main features of dynamic stall. Zhu and Wang [2018] suggest
that dynamic stall behavior under pitch oscillations and oscillating freestream are
different at certain conditions and should be modeled separately. Finally, Benton
and Visbal [2019] attempted to explain the sensitivity of dynamic stall to Reynolds
number by specific mechanics in the boundary-layer of a ramp-up airfoil with the
use of large-eddy simulation. From the above discussion we observe that research



on dynamic stall still has some room for improvement and certain issues, that need
to be addressed.

1.1.4 Aerodynamic Damping

One way to describe the stability of an unsteady aerodynamic-aeroelastic sys-
tem is to measure the energy transfer between the fluid and the structure over
one cycle of oscillation. Essentially, the energy transfer corresponds to the work
done by the aerodynamic loads acting on the structure. For the case of a single
degree-of-freedom harmonically pitching airfoil, the cycle aerodynamic damp-
ing coefficient, as defined by Carta and Niebanck [1969] and Oates [1989], is:

Qmazx

1 1
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where U denotes upstroke and D downstroke. Since the aerodynamic moment
and the angle of attack are experimentally or numerically defined, the cycle aero-
dynamic damping coefficient can be calculated. Negative aerodynamic damping
coefficient is translated to energy transfer from the flow to the airfoil, whereas the
opposite applies for positive values. In this context negative aerodynamic damping
is said to be unstable and could promote aeroelastic instabilities.

Dynamic stall is divided into two types, light stall and deep stall. Under light
dynamic stall the maximum angle of attack slightly exceeds static stall angle
and the viscous zone is of the order of the airfoil thickness. On the contrary,
under deep dynamic stall conditions, maximum angle is well beyond static stall
angle and the viscous zone width is comparable to the airfoil chord McCroskey
[1981]. The aforementioned discrepancies influence the aerodynamic loads. The
differences of the pitching moment between light and deep stall conditions of a
pitching airfoil are illustrated in figure 1.6.

a b
Light stall Deep stall

a ()

—— Upstroke
——- Downstroke
---- Steady

Figure 1.6: Aerodynamic damping light vs.deep dynamic stall. Figure recre-
ated from: Corke and Thomas [2015]

We can observe the appearance of three individual loops formed in both stall



types. The area enclosed in each loop corresponds to the work done on the airfoil
and the direction of rotation determines the sign of the aerodynamic damping.
Counterclockwise loops are associated with positive damping, while clockwise with
negative.

Carta and Niebanck [1969] were among the first, who found that light dynamic
stall of a pitching airfoil can cause negative torsional aerodynamic damping in con-
trast to deep dynamic stall, which tends to be more aerodynamically stable. They
also found, based on experimental data on a NACAOQ0012 pitching airfoil, that the
aerodynamic damping coefficient followed similar trends, at least in the attached
flow regime, with those of Theodorsen’s theory, although the latter systematically
overestimates damping. Theory predicts:

m
I
|

(1.4)

1.1.5 Stall Flutter

Stall-flutter occurs at high angles of attack at which the applied aerodynamic
forces are nonlinear and not easily predictable (Ramasamy et al. [2018]). In fact,
the complexity of stall flutter arises from the unsteady flow separation phenomenon
which is multi-parametric depending mainly on the wing shape and orientation,
Reynolds-Mach numbers and reduced frequency. As we previously discussed, dy-
namic stall constitutes a source of aerodynamic non-linearity. An initial excitation
of an aeroelastic wing at high angles of attack might cause the structure to oscillate
and initiate dynamic stall. In stall flutter, the amplitude of oscillation increases
in time because of the negative torsional aerodynamic damping and finally forms
a limit cycle oscillation (Dowell [2014]). In contrast to classical flutter which is
modelled by linear aerodynamic forces, when stall-flutter oscillations take place,
the angle of attack varies above and below the static stall angle so that the lift and
moment coefficient vary non-linearly within each period of oscillation. A char-
acteristic feature of this flow field is vortex shedding at the suction side of the
leading-edge region which moving downstream affects the pressure distribution on
the wing surface and consequently the aerodynamic forces and moment.
Apparently, the problem becomes even more complex if the wing support is
elastic (aeroelastic problem) which leads to an interaction between the aerody-
namic loading, the reaction of the springs (simulating the structural stiffness) and
the inertia of the wing. The contribution of inertia becomes significant when the
centre of the wing mass is at a distance far from the elastic axis (pitching axis of
rotation). Poirel et al. [2008] examined experimentally the influence of the position
of the elastic axis on a wing’s limit cycle under small angles of attack undergoing
pitching oscillations using rotational springs of various stiffness. Poirel et al. [2018§]
experimentally examined stall flutter of a NACA 0012 airfoil using two degrees of
freedom and various ratios of bending to torsional stiffness. It was shown that
when the ratio was other than one, pitching was the driving mechanism for the
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wing oscillations whereas when it was close to one, plunging was more important,
forcing pitching to oscillate at a frequency which was dictated by the bending
mode.
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Figure 1.7: Critical flutter speed against blade angle of propeller. Figure
from: Fung [2008]

The above phenomenon presents Hopf bifurcations related to abrupt and sig-
nificant changes of the wing oscillation angles for slight perturbations of the free
stream (Dimitriadis and Li [2009], Razak et al. [2011], Abdelkefi et al. [2013]). Pre-
dicting the critical free stream velocity of the stall flutter onset is of paramount
importance for the efficiency and safe performance of the wing. Moreover, from
the structural fatigue point of view, prediction of the frequencies and amplitudes
of the limit cycle oscillations related to stall flutter constitutes a major engineering
task.

Victory [1943] was among the first to observe a decrease in critical flutter speed
at high versus low incidences. The same behaviour was encountered in propeller
blades, as can be seen in figure 1.7. Rainey [1956] and Halfman et al. [1951] inves-
tigated some of the parameters that affect stall flutter behaviour on thin airfoils.
Farmer [1982] developed a two degree of freedom wind tunnel model mount system
and observed stall flutter to consist entirely of pitch oscillations. Carta and Lorber
[1987] performed experiments of forced small amplitude pitching oscillations near
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stall, which proved to be highly unstable (causing negative aerodynamic damp-
ing) and could trigger the onset of the instabilities. Dunn and Dugundji [1992]
achieved reasonable agreement between experiments, including stall flutter, and a
coupled structural-ONERA dynamic stall model on a cantilevered wing. Ekateri-
naris and Platzer [1996] stressed the importance of correctly modeling the laminar
to turbulent transition at the leading edge region. Patil et al. [2001] studied numer-
ically the behaviour of a flexible high-aspect-ratio wing under different conditions
(post-flutter and pre-flutter) and reported both periodic limit cycle oscillations
and chaotic responses, dependent on the initial disturbance. In the case of Tinar
and Cetiner [2006] the wing was elastically mounted with single torsional degree of
freedom. The researchers observed a self-excited oscillation at low Reynolds num-
ber, leading to limit cycles. Employing PIV measurements, the authors revealed
instantaneous vorticity patterns that matched the chain of events, that govern dy-
namic stall. Bhat and Govardhan [2013] also combined force, moment and PIV
measurements under forced pitching oscillations with high mean angles and small
amplitude for various reduced frequencies. Their conclusion was that the phase lag
between the flapping shear layer and the airfoil oscillation, as well as its proximity
to the surface, is related to the sign of the aerodynamic damping. Finally, an
interesting experimental approach has been adopted recently by several research
groups (Onoue et al. [2015], Fagley et al. [2016], Culler and Farnsworth [2019])
for the aim of investigating aeroelastic problems, in which the electric current of
a servomotor attached to the spanwise shaft of the wing is suitably controlled in
order to vary the pitching stiffness and damping as desired.

1.2 Scope of the Thesis and Main Objectives

1.2.1 The Basic Concept

The motivation behind this work was to experimentally investigate the aerody-
namics of an oscillating airfoil at low Reynolds numbers (below 10°), in which
energy is transferred from the flow to the airfoil and vice versa, as well as to eluci-
date aerodynamic and structural conditions under which an elastically supported
wing may enter into self-excited or self-sustained oscillations. The intermediate
tasks that emerged were:

e To construct a two degree of freedom wind tunnel mechanism for forced
pitching-plunging oscillations

e To construct a wind tunnel elastic support mount system with two degrees
of freedom (bending and torsion)

e To conduct unsteady wind tunnel measurements of a pitching/plunging wing
with a NACA64418 airfoil, recording simultaneously its motion as well as
the pressure distribution on its surface at the mid-span level
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e To experimentally study the influence of forced harmonic motion parameters
on the aerodynamic loads and the aerodynamic damping

e To investigate stall flutter phenomenon by means of unsteady surface pres-
sure measurements and phase-locked particle image velocimetry (2D-PIV)
and

e To evaluate flow simulation results by comparing them against unsteady
experimental data.

1.3 Novelties

The present work has delivered:

e Combined measurements of both rigid forced pitching/plunging oscillations
and elastically mounted free response of the same NACA64418 airfoil model
and wind tunnel facility

e Experimental identification of negative aerodynamic damping conditions of
a harmonically pitching NACA64418 airfoil

e Phase-locked particle image velocimetry and unsteady pressure measure-
ments on the surface of the airfoil undergoing self sustained limit cycle os-
cillations

e Proper orthogonal decomposition of unsteady velocity fields of the airfoil
undergoing self sustained limit cycle oscillations.

1.4 Thesis Outline
The thesis is divided in 8 chapters.

e Chapter 1 - Introduction

e Chapter 2 - Experimental Setup-Apparatus

e Chapter 3 - Static Aerodynamic Measurements

e Chapter 4 - Unsteady Measurements of Forced Oscillations
e Chapter 5 - Dynamic Aeroelasticity Measurements

e Chapter 6 - PIV-POD

e Chapter 7 - Comparison with Numerical Simulations

e Chapter 8 - Conclusions
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In Chapter 1 an overview of the current state of the art in wind tunnel testing
of oscillating airfoils was already given above and by that the aspects that yet
remain open were identified. The basic idea behind the experiments that have
been conducted and the novelties of the thesis were presented.

Chapter 2 reports the experimental method followed during the course of the
present investigation. The wind tunnel, the experimental setup and measurement
system configuration is presented. The techniques followed for flow visualization
(tufts and oil flow) and surface pressure recording are described.

Chapter 3 contains the experimental tests of static measurements for Reynolds
numbers 0.5 x 10 and 0.75 x 109, for three different wing configurations, as well
as tufts and oil flow visualization and comparison with other experiments.

Chapter 4 contains the unsteady experimental tests of forced pitching and
combined pitching-plunging measurements for Reynolds numbers 0.5 x 105 and
0.75 x 106.

Chapter 5 contains the dynamic aeroelastic experimental tests, that lead to
self-excited limit cycle oscillations and initially excited that formed limit cycle
oscillations

Chapter 6 describes PIV and POD technique and results during LCO

In Chapter 7 the results of steady and unsteady numerical simulations are
shown and compared with the corresponding experiments.

Chapter 8 contains the conclusions drawn from the present work along with
recommendations for future research.
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Chapter 2

Experimental Setup

2.1 Wind Tunnel Facility

Experiments were carried out at the small test section of the closed-circuit wind
tunnel of the National Technical University of Athens. The test section is octag-
onal, 1.80m wide, 1.40m high and 3.75m long, where the maximum air speed is
60m /s, flow uniformity is 2% and the turbulence level does not exceed 0.2%. The
circuit upstream of the test section has a contraction ratio of 6.45 to 1 and the
flow is driven by a 2.67 m diameter eight-bladed fan and a 300 kW DC motor.

Figure 2.1: The wing model placed inside the test section

15



2.2 Wing and Pressure Transducers

The wing model was made of aluminum with a NACA64418 airfoil, a chord length
of 500mm and a span length of 1390mm. The wing was placed vertically in the
wind tunnel, thus spanning almost the entire height of the test section (wall to wall)
as shown in figure 2.1. Twenty aluminum blocks were manufactured by computer
numerical control (CNC) to the desired NACA profile, removing excessive material
where possible to make it lighter and properly assembled (figure 2.2a).

AN

(a) Exploded view of the wing (b) Amplifiers inside the wing

Figure 2.2: Wing assembly

The pressure distribution at the midspan level was measured by 31 flush
mounted fast responding pressure transducers (Kulite XCS-062 and Meggitt 8515C-
15), the output of which was magnified by custom made amplifiers installed in the
interior of the wing (see Fig 2.2b). Neighboring sensors are placed at slightly dif-
ferent spanwise locations to avoid interference between each other. Specifically, at
the wing leading edge region, Kulite transducers were installed, due to their small
diameter (1.7 mm), whereas Meggitt transducers where placed in the rest of the
chord (diameter of 6.30 mm). The locations of the pressure sensors are shown in
Figure 2.3 and in tabulated form in Table 2.1. Both sensors are fast responding
with natural frequencies well above 100 kHz. Special care was taken, so that trans-
ducer ends are flush with the wing surface, being exposed directly to the flowing
medium, thus avoiding phase lag and amplitude attenuation. The output signals
were digitized with a frequency of 400 Hz using a National Instruments card (NI
6031 E) with a multiplexer. The maximum acquisition delay between the first and
the last digitized pressure signal is of the order of 1ms or less than 0.3% of the
minimum period of the examined oscillations in the present work.

Based on transducers’ signals, the distribution of the pressure coefficient C),
along the chord was calculated as a function of time using the stagnation as well as
the static pressure of the free stream measured by a Prandtl tube located upstream
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of the model, according to the formula:

c, =" _ P~ P (2.1)
5 P00 U? Po — Poo
where:
p, is the static pressure
Doo, 18 the freestream static pressure (i.e. far from any disturbance)
Po, is the stagnation pressure
Poo, 18 the freestream air density
U, is the freestream velocity.

By numerically integrating the pressure distribution on the surface of the air-
foil, the lift, moment and pressure drag coefficients are computed referred to as
C1, Cy, and Cgp, according to the formulas 2.2-2.4, presented below:

C) = i?{—(}’p (7 - €y)ds (2.2)
Cpm = j{(Cp X T) - €xds (2.3)

1
Cap = - 7{ —C)p - (7 - €z)ds (2.4)

where:
7, is the local unit vector normal to the surface of the airfoil

€z, €y, €%, are the unit vectors with corresponding directions (x, horizontal and
parallel to the freestream, y, vertical pointing upwards and z, perpendicular to the
xy plane, respectively)

7, is the vector which connects the reference point with respect to which the
aerodynamic moment is calculated with the point at which the pressure coefficient
is being evaluated.
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Figure 2.3: Locations of pressure transducers

Suction side | Pressure side
(x/c) (x/c)
0 0
0.020 0.009
0.037 0.063
0.059 0.081
0.076 0.119
0.161 0.168
0.261 0.217
0.377 0.268
0.438 0.324
0.512 0.386
0.648 0.467
0.718 0.544
0.791 0.630
0.877 0.710
0.966 0.783
- 0.856
- 0.953

Table 2.1: Locations of pressure transducers
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2.3 Experimental Setup of Wing Forced Os-
cillations

In order to avoid vibrations of the wind tunnel walls to be transferred to the model,
a steel frame was constructed and mounted on the floor of the laboratory, from
which the wing and its drive mechanism are suspended. Special care was taken in
the design of the frame so that no resonance occurs for the examined frequency
range of the wing oscillations. A picture of the frame is shown in figure 2.4.

Figure 2.4: Front view of the steel supporting structure

The wing drive mechanism allows oscillations of two degrees of freedom: a) a
linear oscillation perpendicular to the free stream (plunging) and b) an angular-
rotational oscillation about the wing spanwise axis (pitching). A scheme of the
mechanism is shown in the figure 2.5 below.
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Figure 2.5: Scheme of the drive mechanism of the wing

The linear oscillation of the wing is performed by a three-phase induction
motor (T112A, Neri Motori—4 kW, 1440 rpm) and an inverter (SV-iS7, LSIS) to
control the frequency of oscillation by adjusting the motor rotational speed. The
frequency can be varied in the range 0 to 2Hz. Motion is transmitted from the
motor to two carriages, one above and another one below the test section, which
oscillate simultaneously perpendicular to the free stream with a fixed amplitude
of 50mm (0.1c). The lower carriage is shown in figure 2.6.

Figure 2.6: Lower carriage of the wing

The angular oscillation of the wing is performed by a computer controlled
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stepper motor (Wantai Motors, 110BYGH150-001). The motor is attached to the
upper carriage of the wing (Fig.2.7), so that the combined pitch-plunge oscillation
is feasible. With the use of the speed reducer coupled with the stepper motor
shaft (in blue color in Fig.2.7) an angle of one degree of rotation corresponds to
250 steps of the stepper motor. Further technical details of the mechanism are
summarized in table 2.2.

Figure 2.7: Upper carriage of the wing

| Motor f(Hz) Amplitude Mean Position Controller

Plunging | AC 3P 0:2 50mm Section centre SV-i57
Inverter
Pitching | Stepper 0:2.5  0:10° -30°:30° Arduino Due

Table 2.2: Technical specifications of drive system

2.4 Experimental Setup of Free Wing Oscil-
lations (Elastic Support Mechanism)

The general concept, which simulates the non-rigid wing support, in two degrees
of freedom, is shown schematically below.
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Figure 2.8: Schematic of the typical aeroelastic section

The above scheme represents a simplified aeroelastic system, which consists
of an airfoil mounted through torsional and bending springs of stiffness k, and
kp respectively. The elastic axis (axis of rotation) for the present experiment
is located at x = 0.35¢ from the leading edge of the airfoil, whereas the center
of gravity of the structure at x = 0.46¢, thus the distance in-between them is
Zq = 0.11c (c = 500mm).

Following the above concept, modifications were made to the existing forced
wing oscillations mechanism. For this purpose, both motors (stepper motor and
inductive motor) were disassembled from the wing shaft leaving only the lower
carriage for the wing support, while the upper wing end was set completely free.
Pairs of springs were installed, which exerted restoring forces to the displacement of
the model from its initial equilibrium position. A schematic of the implementation
of the aeroelastic wing system is shown in 2.9.

~Torsional / Bendi
Springs ending
pring /Springs
s—

/

Figure 2.9: Simplified scheme of the elastic support
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The carriage located below the test section is restricted by a pair of com-
pression springs (bending springs), allowing a maximum displacement of +25mm.
Preload of the springs is adjustable, in order to align the equilibrium position of
the airfoil with the center-line of the test section at stand-still conditions. These
springs simulate the stiffness of the model in bending and are interchangeable, in
order to investigate the effect of bending stiffness in the experiments. A calibra-
tion procedure was followed for each spring pair, to determine the total bending
stiffness, natural frequency and damping ratio of the model (Appendix A.5). One
of the aforementioned compression springs is shown in figure 2.10.

Figure 2.10: Compression spring attached to the lower carriage of the wing

To achieve torsional stiffness of the model, further modifications were made.
A metal frame was installed on the lower carriage and a pulley was coupled with
the shaft of the wing with a conical coupler. Another pair of springs (torsional
springs) was used, one end of which was attached to the latter metal frame and the
other end to the pulley. The two springs are installed in order to create a torsional
restoring moment to the pulley. Extension springs could have been utilized for
this application, as in multiple other aeroelastic apparatus (O’Neil and Strganac
[1998],Hill et al. [2006], Vasconcellos et al. [2016], Pereira et al. [2016]), but as
the hooks of extension springs are susceptible to fracture under dynamic loading,
a more robust design was preferred. In this respect, an outer stationary cylinder
was constructed to house each compression spring whereas another moving inner
cylinder compresses the coils of the spring, when displaced. Part of this mechanism
is shown in figure 2.11. These springs are also interchangeable and of adjustable
preload, as well as calibration tests are undertaken for each pair (Appendix A.5).
The initial angle of attack of the wing is also an important parameter for the
experiments, regulated by tightening the coupling element in the desirable angle.
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Figure 2.11: Torsional spring hinged to the pulley of the wing shaft

A picture of the mechanism mounted on the lower carriage is shown in Fig.2.12
including the pulley, the coupler, a part of the wing shaft, one spring with the two
cylinders and the angular sensor for recording the wing motion.

Figure 2.12: Elastic support in torsional and bending degree of freedom

In every experiment, the pitching angle was recorded versus time via a rotary
potentiometer coupled to the wing shaft with a toothed belt-pulley system and the
linear displacement via a wire sensor attached to the moving carriage, as shown
in figure 2.12. The calibration process of the rotary sensor is shown in Appendix
A2.
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2.5 Data Acquisition

The data logging system is shown in figure 2.14 and a brief description is given
below.

Angular Sensor

Linear Sensor

stepper motor
Pressure sensors

signals\L

Spider8
A/D converter

N.L

AD converter

N N

PC2 PC1 PC3

Figure 2.13: Acquisition system

PC1: is dedicated to store and upload sketches to the micro-controller (Ar-
duino Due). The house-written sketches contain matrices with timing intervals,
which determine the sequence of commands to generate each step of the stepper
motor in order to perform simple harmonic pitch oscillations of predetermined am-
plitude and frequency. The method followed for the generation of steps is similar to
the pulse-width modulation or pulse-duration modulation. Namely, the required
angular displacements of the motor are discretized to successive ON/OFF pulses
at a fast (microseconds) rate. The existence of the gear unit (1:9 ratio) and the
use of micro-stepping control (1:10 000) ensures smooth movement of the motor
as well as fine step increments (0.004°) to satisfactorily fit the sinusoidal curve.
The oscillation generated was recorded via the angular sensor and evaluated in
Appendix A.3. The micro-controller is also utilized to achieve phase difference be-
tween pitching and plunging oscillations. The predetermined plunging oscillation
starts by the electric motor. The analog output signal of the plunging sensor is
digitized and fed to the controller. When the wing passes a certain position at a
given direction (i.e., through the center-line with an upwards direction) the con-
troller sends the signal to start the pitching motion after a predefined time delay.
This delay determines the phase difference between the two motions. Moreover,
a procedure has been preceded to match the frequencies of the two individual os-
cillations, so that in the duration of each measurement the cumulative delay is
negligible.

25



PC2: This computer stores data of the pressure transducers. The 31 pressure
sensors and the angular sensor’s signals are sampled at 400Hz for both steady and
unsteady measurements. The signal of the angular sensor is the common-reference
between both A/D converters. Additionally, it allows synchronization of the log
data files from both computers.

PC3: This computer stores data of the angular and linear displacement, as
well as dynamic and static pressure of the freestream.

Figure 2.14: Data Acquisition System

2.6 Measurement Error Analysis

2.6.1 Reynolds number

The Reynolds number, Re = Uc/v, was calculated based on the free stream veloc-
ity U, which was measured by a Prandtl tube following the formula:

_ 2(]70 _poo)
U=y R (2.5)

, where the difference, pg = po — Pso, was measured by a differential pressure
manometer (FCO 432) the accuracy of which was 0.5% of reading. At the same
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time a digital thermometer with an accuracy of 0.5°C' was measuring the free
stream air temperature. For a time-mean free stream dynamic pressure of 143Pa
(Re = 497000), the measured standard deviation was s = 0.16Pa based on a
sample length of ¢t = 25s, consisting of 10000 samples (sampling frequency of 400
Hz). According to the calculated integral time scale 7, = 1.87ms, the number N
of the statistically independent samples is smaller than 10000, namely:

t 25000
N == g = 0085 (2.6)

Therefore, for a 95% confidence level, the statistical error of the dynamic pres-

sure is:

1.96 x s - 1.96 x 0.16
VN /6685

Whereas the corresponding systematic error (of the instrument) is: 0.5% -
143Pa = 0.715Pa. Thus, the total error of the dynamic pressure is:

= 0.038Pa (2.7)

5p1 = 1/0.0382 4 0.7152 = 0.71Pa

Furthermore, for a mean temperature of 26° C (that the experiments were
conducted), the air density was p = 1.18kg/m>. A change of the air temper-
ature by 0.5°C (related to the thermometer accuracy), corresponds to a density
change of 0.002kg/m3. During the experiments, the maximum temperature change
was 1°C or a density change of 0.004kg/m>. Therefore, the density error was:
v/0.0022 + 0.0042 = 0.0045kg/m3.

The error 6U of the free stream velocity, U = 4/ 2;%3 = 15.57m/s according
to the propagation of uncertainty is:

U x /(0.5 % 0.71/143)2 + (0.5  0.0045/1.18)2 = 0.003U

Consequently, the error of the Reynolds number is +0.3%.

2.6.2 Pressure coefficient and Lift coefficient

The pressure coeflicient, previously defined in Equation 2.1, was calculated using
piezoelectric pressure transducers for the measurement of the static pressure p on
the surface of the wing and a Prandtl tube for the measurement of the free stream
total pressure py and static pressure p,,. Each pressure transducer was calibrated
using as reference a differential manometer (Appendix A.1). The same manometer
was used for the measurement of the free stream dynamic pressure, the error of
which was found above to be dp; = 0.71Pa for the case of a free stream dynamic
pressure of py = 143Pa. The output signal of the pressure transducers was linear
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with a deviation from the straight calibration line of about dps = 10Pa (non-
linearity error). Moreover, the statistical error of the static pressure, based on its
standard deviation took values (for the steady case experiments) up to 18% of the
dynamic pressure (at high post stall angles of attack) or 0.18 x 143 = 25.74Pa and
the number of independent samples N=6685, was:

1.96 1.96 x 25.74
— P xXs_ X — 0.62Pa (2.8)

Ops = =
P VN /6685

The corresponding error, according to Taylor [1997] will be:

p:\/(m> (oY ()
Cp Pa (p - poo) (p - poo)
1 6p2 2 (5]75 2
b ()
pol\/p1 Chp Cp
1 10\? /0.62\?
_ L 0.712+(> +<)
pd\/ Cp Cp

1 100 0.38
= \/0.5 + =+

Pd cz o C2
10
Cppd

~
~

Therefore, the error of C), is 10/pg = 10/143 = 0.07, or 6C, = 0.07. Since the
lift coefficient Cj is the integral of C), * dl, the error of Cj is equal to that of Cp,
namely 6C; = 0.07.

For Cp =1 (or p—pso = 143Pa), the ratio of the statistical error to (p —pso) is
0.62/143=0.43%, and the ratio of the nonlinearity error to (p—po) is 10/143=7%.
Combining the above three errors, namely 0.5%, 0.43% and 7%, the error of C,,
will be at most:

V0.52 +0.432 + 72

100 = 0.07

2.6.3 Angle of Attack

The angle of attack was measured via a linear wire sensor. The accuracy of the
sensor is 0.1% of full scale, or 150um. Since a rotation of the wing by one degree
corresponds to a change of the wire length by 840um, the accuracy by which the
angle is measured is 150/840=0.178°. Moreover, the analog output of the sensor
(55.9 mV /deg) was calibrated by rotating the wing by specified angles via a stepper
motor with a speed reducer for increased accuracy. Since, the used A/D converter
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for the digitization of the signal was 16 bit, the resolution of the measured angle
was 0.003°.
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Chapter 3

Static Aerodynamic
Measurements

3.1 Wing Configuration

The first step followed in the evaluation of the aerodynamic behavior of the
NACAG64-418 airfoil profile was to perform static measurements of the pressure
distribution in the midspan level of the wing. By integration of the pressure dis-
tribution, as previously discussed, at a Reynolds number of Re = 0.75 x 105, the
sectional lift coeflicient was calculated.

The span length of the wing was initially 1m long, leaving a gap of 200mm
from both ends to the tunnel walls and the wing shaft was exposed to the air
stream (Fig.3.2a). The three-dimensional wing with an aspect ratio AR = 2 will
be referred to as “free ends” configuration. As expected from the lifting line
theory, the vorticity shed from the finite wing span caused a much lower lift-curve
slope (3.856rad!)than the theoretical value of 2.

Subsequently, to mitigate the effects related to the wing tips, flat aluminum
plates with a nearly elliptical shape, were fixed at both ends of the wing. The above
shape has been proven, among others, to be quite effective from an aerodynamic
performance point of view (Hemke [1927]). The end plates (fences) serve as a
barrier to the flow along the span and around the tips of the airfoil. The total
length of each aluminum plate was 1.8¢, extending a total distance of 200mm
or 0.40c far from the wing surface, as shown in figure 3.1 having a thickness of
4mm. The current setup had the same aspect ratio as the previous and will be
referred to as “fences” (figure 3.2b). After the above modification was made, the
lift slope reached 5.237rad !, namely increased 35.8%. The deviation from the
two-dimensional thin airfoil theory indicates however, that the effect of the tip
vortices was not completely diminished.

31



e

T

(——

1.8¢

Figure 3.1: Dimensions of end plates

To further reduce the aforementioned effect and approach the two-dimensional
infinite wing span conditions, the model was extended from the floor to the ceiling
by adding two wooden parts of the same aerodynamic shape. The wing, together
with the end plates, covered spanwise the whole height of the wind tunnel (leaving
a small gap of 5mm from the walls so that the shaft could move with no friction).
This setup is depicted in figure 3.2c and referred to as “fences+extensions”.
The improvement resulted to a lift curve slope of 5.919rad 1.

Finally, the aforementioned configuration (fences+extensions) was compared
with the plain wing configuration with no fences extending from the floor to the
ceiling (“wall-to-wall”) in terms of the aerodynamic performance and their effect
on three-dimensional flow separation. The absence of fences, allowed the applica-
tion the particle image velocimetry (PIV) technique without interfering with the
flow. Thus, the PIV cameras could be placed outside the test section and cap-
ture the flow near the airfoil surface in the midspan level through a glass window
located at the test section ceiling, without the fences hiding the desired field of
view. For this reason it was considered particularly important to adopt this setup
and ensure that the data are comparable among all measurements. Initially, the
penalty of the fences removal on the slope of the lift curve was estimated. The
resulting slope without the fences was 5.901rad ! or 0.3% smaller than that with
the fences (figure 3.3).

Moreover, the flow behavior regarding flow separation for both setups, was
practically the same. Namely, the flow separation front appears to have small
deviations in the spanwise direction, whether the model bears fences or not. This
is typically seen in the images (figure 3.7), where two techniques have been used
(tufts 4+ oil flow visualization) for both different configurations and are shown
superimposed. The lift coefficient versus angle of attack curves for the previous
four cases are shown in Fig.3.3 and the results are summarized in Table 3.1.
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Figure 3.2: Wing model configurations

151

X free ends
O  fences

1 *  fences+ext
+  wall2wall

-10 -5 0 5 10 15

Figure 3.3: Lift coefficient versus angle of attack for different configurations

Setup dCL/da [rad™1]
Free ends: 3.856
Fences: 5.237
Fences+extensions: 5.919
Wall to wall: 5.901

Table 3.1: Lift slope for different wing configurations
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3.2 Surface flow visualization

3.2.1 Oil flow visualization

To record the flow behavior, close to the wing surface, oil-flow visualization was
applied on the suction side using a colored powder mixed with kerosene, which
when dried on the wing surface it was photographed after the tunnel was shut
down. The “fences + extensions” configuration was first tested at a Reynolds
number of Re = 0.5 x 10%. The wing was covered with a black matte smooth and
conformable film wrap (3.4a) with a thickness of 90um to protect the pressure
sensors and black light lamps (ultraviolet), were utilized to create a fluorescence
effect. Some representative images are shown in Figures 3.4b, 3.4c of the recorded
flow patterns on the suction side of the wing for two angles of attack: 14° and
17°. The painted straight line shown in these images was drawn at a distance of
40% from the leading edge. The flow separation front is depicted as the bound-
ary where the oil is accumulated, because of the higher values of the wall shear
stress upstream of the separated region. It is characteristic that this line moves
upstream with increasing angle of attack, being however curved because of the
three-dimensional character of the separated flow. Winkelman and Barlow [1980]
and Yon and Katz [1998] were amongst the first researchers to notice the formation
of cellular patterns (stall cells) on the top surface of a stalled wing at low Reynolds
numbers. Stall cells on a NACAG64-418 airfoil have also been reported in the work
of Ragni and Ferreira [2016], beyond a certain incident.

(b) (c)

Figure 3.4: Oil flow visualization:(a) A part of the wing covered with a black
film, (b)14°, (c)17°
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The separation line was particularly distinctive and its coordinates were extracted
as they are presented in figure 3.5 for seven angles of attack.
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Figure 3.5: Flow separation lines on the suction side of the wing
(fences+extensions) for seven angles of attack from 11° to 17° and Re =
0.5 x 10%. Line coordinates normalized with the airfoil chord.

3.2.2 Tuft flow visualization

Tuft flow visualization was also used to provide further information about the
flow around the model for the “wall-to-wall” configuration. Tufts made of No 60
sewing thread were fitted on the suction side of the wing with a 5c¢m spacing in both
streamwise and spanwise directions. They covered a region from 0.2¢ to 0.9¢, from
the leading edge, in order to avoid causing any disturbances to the flow which might
trigger an early transition to turbulence. The technique was applied at a Reynolds
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number of Re = 0.5 x 10°, at which part of the unsteady experiments were carried
out with the final configuration (wall-to-wall). This flow visualization technique
was preferred since tufts can respond to unsteady flow changes as in the work of
Piziali [1994]. The obtained photographs at steady flow conditions constitute a
baseline for comparisons with unsteady ones. Representative snapshots are shown
in figure 3.6.

Figure 3.6: Tuft flow visualization:(a)10°, (b)12°, (c¢)14°, (d)16°, (e)18°,
(f)20°

36



Figure 3.7: Superposition of oil and tuft flow visualization: (a)14°, (b)16°

Up to an angle of attack of 12° (figures 3.6a, 3.6b) the separation line seems
to form a border that starts curving as we move away from the mid-span level
(more than half a chord length). This curvature is not detected in the intermedi-
ate angles of attack (figures 3.6c, 3.6d, 3.6e), where a rather straight separation
line is formed. The same trend appeared using the oil flow visualization technique
depicted in figure 3.5. For angles of attack larger than 20°, flow separation is ex-
tended even upstream from 0.2¢ and appears to be curved towards the wing tips
(partially attached flow at the edges) with better organized 3D cellular structures.
Indicatively, a superposition of the results of the two techniques for the same inci-
dent angle is shown in Fig.3.7 despite the different configurations. The differences
are more noticeable near the wing fences.

3.3 Pressure Measurements

The time mean pressure coefficient distributions along the wing chord at its mid
span region are presented in Figure 3.8 for various angles of attack under steady
conditions. Measurements were performed every half-degree of the angle of attack,
but are shown here with a step of 4° for space economy. In each figure, the
horizontal axis represents the distance x from the leading edge normalized by the
chord length. It is reminded that each pressure datum was the average of 10,000
samples acquired with a sampling frequency of 400 Hz. Wind tunnel corrections
were applied to the measured data, which will be discussed further below. The
pressure distributions follow the same trends between low (Re = 0.5 x 10°) and
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high (Re = 0.75 x 10%) Reynolds numbers examined in this work, as can also be
seen in figure 3.10. Therefore we will indicatively discuss the low Re case. The
basic characteristics of the pressure coefficient distributions are:

5 a=-'4.3 ° 5 a=-'0.3 ° 5 a="3. 7°
4 4}t 4
3 3t 3
o™ 2 27 2
1 -l -1
0 0 ﬁ& 0
1 It 1
0 0..5 1 0 0..5 1 0 0..5 1
5 a=7.7° s a=11.8° 5 a=15.8°
4 4} 4
3 3 3
o™ 2 -2 2
y -1 N
0 0 0
1 1t 1
0 0.5 1 0 0.5 1 0 0.5 1
x/c x/c x/c

Figure 3.8: Pressure coefficient distribution for angles of attack: —4.3°
—0.3°, 3.7°, 7.7°, 11.8°, 15.8° at Re = 0.5 x 10° .

e The flow has the typical behavior of a laminar airfoil.

e For 0° angle of attack, the pressure distribution is asymmetric, as expected,
due to the camber of the airfoil, allowing the generation of lift at this inci-
dent.

e A suction peak is formed at the leading edge (x/c=0) of the airfoil at about
12°, reaching a peak of C), = —5 at 18.5°, because of local flow acceleration.
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e At an angle of incidence of 11.8°, as shown in Figure 3.8, the pressure distri-
bution remains flat from 0.65c till the trailing edge, due to flow separation
in which, as it is known, there is no pressure recovery.

e For angles of attack higher than 15.3° a laminar separation bubble seems
to be formed in the region 3.7%¢c to 5.9%¢c on the leading edge suction side
of the airfoil, resulting in a local plateau of the pressure distribution curve
(Katz and Plotkin [2001]).

e Furthermore, flow separation initiates at the trailing edge and moves up-
stream, as it is depicted in Figure 3.9. As the angle of attack increases,
the pressure coefficients one by one tend to obtain nearly the same value
(Cp = —0.8) (starting from the ones located near the trailing edge and
successively moving upstream). At 25° the flow is fully detached from the
suction side of the wing.

6

x/c
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+  0.02
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—O—0.648
—+—0.718
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—B—0.877
—*%—0.966

Figure 3.9: Pressure coefficient of suction side at Re = 0.5 x 10° for angle of
attack range —5° to 25°

e The pressure distribution on the pressure side does not seem to be affected
by the increase of the angle of attack. The only change is the downstream
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movement of the stagnation point by a maximum distance of 6 per cent of
the chord length for the examined angle of attack range.

C, (x/c) @ Re=0.5 x 10°
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Figure 3.10: Pressure coefficient distribution for incidents 0°, 5°, 10° at Re =
0.5 x 10% and Re = 0.75 x 10°
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3.4 Force Coeflicients

The aerodynamic loads are derived from the measured pressure distribution along
the wing chord under steady free stream conditions corresponding to Reynolds
numbers Re = 0.5 x 10% and Re = 0.75 x 10%. The airfoil characteristics of lift,
pitching moment and pressure drag are shown in figures 3.11, 3.12, 3.13 respec-
tively.
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Figure 3.11: Lift coefficient at Re = 0.5 x 10° and Re = 0.75 x 10°

Measurements have been acquired with free boundary-layer transition over
the airfoil, without using trip devices. The basic characteristics of the above
aerodynamic force coefficients are the following;:

e The flow presents a typical behavior of a laminar airfoil profile.

e The linear part of the lift coefficient extends in the interval —8° and 7° of
the angle of attack. The airfoil produces nearly the exact same lift in this
range for both Reynolds numbers and obtains zero lift at an angle of attack
of g = —2.5°.

41



0 T T T T T T
-0.02 t X  Re0.5¢6 | |
O  Re0.75e¢6
-0.04 ]
-0.06 & X 7};31,«3337 )
-0.08 Oo 1
oY 0.1 .
@
-0.12 + ]
-0.14 + Xé““*@,s-
@
0.16 Oaze]
-0.18 | ]
-0.2 1 1 L L ! |
-5 0 5 10 15 20 25

a

Figure 3.12: Pitching moment coefficient at Re = 0.5 x 10° and Re = 0.75 x
106
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Figure 3.13: Pressure drag coefficient at Re = 0.5 x 10% and Re = 0.75 x 10°
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e The aerodynamic coefficient are independent of the Reynolds number up to
the angle of attack of 11°. This can be clearly seen in the lift and pitching
moment curves, while it leaves the pressure drag unaffected at even higher
angles. At larger incidents (o > 11°) the lower Re branch falls short of
the higher, for both the lift and the pitching moment coefficient, due to the
viscous effects.

e The maximum lift coefficient for Re = 0.5 x 106 is Cjymaz = 1.129 at an
incidence of ags = 13.80°. On the contrary, for a Reynolds number of
0.75 x 10% the maximum lift coefficient is Cjmaee = 1.184 at a static stall
angle ags = 15.01°.

e At angles of attack greater than 18.5°, flow separation becomes dominant,
the suction peak on the leading edge rapidly degrades (figure 3.9) and
thereby lift and pitching moment drops and pressure drag rises. Mainly
in the lift curve the coefficients take values with greater scatter. This occurs
due to the double-stall phenomenon, which will be discussed more in detail
in the next section.

3.5 Double stall

As it was shown in the previous section, the aerodynamic coefficients that were
derived from the pressure measurements at Re = 0.5 x 10° demonstrate an irreg-
ularity for angles far beyond stall (o > 18°). Namely, an increased scatter of the
values is observed, mainly for the lift coefficient, as well as for the pitching mo-
ment and the pressure drag. It seems as if there is some discontinuity between the
successive measurements, tending to form different branches of the same curve.

In order to provide explanations of the latter phenomenon, we examined the
measured time series of the pressure sensors’ for the above angles and compared
them with the corresponding data of lower incidents. Typical time-series output
of a sensor located at the leading edge is shown in figure 3.14 for five angles of
attack. An analysis of the latter signal shows that for angles beyond the static
stall angle the pressure coefficient values follow two nearly-separated statistical
distributions, as can be seen in figure 3.15 showing two peaks (C, = —3 and
Cp, = —1.2). The specific time instant of transition from one value to the other
was found to occur simultaneously for a series of sensors, located near the leading
edge on the suction side of the airfoil. This led to the conclusion that two distinct
pressure distributions alternate for identical inflow conditions.
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Figure 3.14: Time-series of the pressure coefficient at the leading edge

(x/c=0) for various angles of attack at Re = 0.5 x 10°. Total samples are
Niime = 48,000 which correspond to 120 sec samples.
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Figure 3.15: Histogram of the pressure coefficient measured at the leading
edge (x/c=0) for an angle of attack a = 22.25°.

Since the probability function of the pressure coefficient shows a minimum at a
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specific C,* value, the data were separated into two groups (one with smaller than
Cpx values and the other greater than Cpx) and a mean value was computed for
each one of them. Thus two different pressure distributions are derived for each
measurement. A relevant result is shown in figure 3.16 for « = 22.25°. During
this measurement, the flow alternates between two regimes: in the first one the
flow is completely detached (black-line), whereas in the second, the flow appears
to be attached up to 40 percent of the chord-length on the suction side (with a
corresponding pressure gradient) and a laminar separation bubble formed in the
region 3.7%¢c to 5.9%c.
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Figure 3.16: Pressure distribution corresponding to the two distinct levels
due to double stall

Accordingly, for the most accurate representation of the results, two lift coef-
ficient values were calculated at the same angle of attack for the cases presenting
the above bifurcation. Thus, in Figure 3.11 of the lift coefficient double values are
given in the range 21.5° — 24.5°. The same phenomenon did not seem to signifi-
cantly affect the other two coefficients, where the difference of the distinct modes
to the average was negligible. In the case of the high Re number this behaviour
appeared to occur for exclusively one measurement.

At this point we should refer to the procedure under which the measurements
are carried out. In some experiments mentioned in the literature the following
methodology is selected: while the tunnel is running, the angle of attack is in-
creased and each measurement obtained until the end of the selected range is
reached. Then, the measurements are repeated at the same angles in a decreasing
direction. Usually in this case phenomena of hysteresis occur, where different lift
coefficients are measured with reducing angle (reduced lift). This is attributed to
the curvature of the airfoil near the nose, because of which the flow does not have
the sufficient pressure gradient to return to its original state. To avoid this kind of
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implications each measurement is conducted here separately. That is, at standstill
conditions, the wing is placed at a desired angle of attack, subsequently the wind
tunnel fan is turned on and the pressure distribution is recorded. This way the
observed bifurcation cannot be attributed to a hysteresis behavior.

The phenomenon which occurred here is known in the literature as double
stall. Gault [1957] correlated different types of stall (trailing-edge, leading-edge,
thin airfoil stall) and the curvature of the airfoil with Reynolds number. Amongst
others he highlighted the existence of a region, where combined leading-edge and
trailing-edge stall may coexist. Double stall has been observed to occur in wind
tunnel tests, as well as on wind turbine rotors, affecting the performance and power
production. Bak et al. [1999] suggests that the transition from one level to the
other is related to the bursting of a laminar separation bubble at the leading edge
of the rotor. The existence of the same distinct two modes is also reported in this
work, as it was previously discussed.

3.6 Wind tunnel corrections

The conditions in a wind tunnel do not allow the flow to develop exactly the same
way, as in free air. For airfoil sections spanning the tunnel, the variation in static
pressure along the axis of the test section is considered insignificant. However, the
walls create the following constraints:

e The area through which the flow passes around a model is reduced, due to
the presence of the wind tunnel walls (solid blockage), which essentially
increases the free stream velocity near the model.

e On the contrary, the wake generated by the model in the test section re-
spectively “blocks” an area downstream of the model, which increases the
velocity outside the wake and in turn creates a pressure gradient. This is
referred to as wake blockage.

e Finally, the walls cause a confinement known as streamline curvature,
which limits the development of the curvature of the free stream.

Corrections regarding the aforementioned effects are accounted for in the present
thesis following the works of Allen and Vincenti [1944] and Garner et al. [1966].
Specifically, for a model of chord ¢ and tunnel breadth h, the parameter o is defined
as: 0 = (12/48)(c/h)?. The corrected coefficients then are:
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, where the ’ symbols represent the corrected coefficients and A corresponds to
the body shape factor of the airfoil.

3.7 Experiments on NACAG64-418 in litera-
ture

The following figures (3.17, 3.18) present a comparison of the current work with
other relevant experimental studies on NACA64-418 airfoil under steady inlet flow
conditions. The comparison serves as a means of classifying the specific experiment
to the related literature, whereas additional qualitative conclusions are drawn.
Some comments on the experiments are listed below: the data obtained in the
NASA Langley two-dimensional low turbulence wind tunnel for various airfoil sec-
tions by Abbott et al. [1945], Abbott [1959] include airfoil testing with wrap around
standard roughness over a surface length of 0.08c from the leading edge on both
surfaces. On the contrary, the plotted curve of Ragni and Ferreira [2016] and
CENER (Velte et al. [2012], Gonzalez Salcedo [2018]) refer to measurements on
smooth surfaces with natural development of the boundary layer, without forcing
the transition to turbulence. NTUA and CENER measurements are conducted at
the same Reynolds number, whereas all others at different ones, which affect
the region near stall.

The present work appears to have a smaller lift-slope compared to Ragni and
CENER experiments (blue and red markers). This is attributed primarily to the
free transition of the experiments mentioned. Nor in our case is there a forced
transition at least intentionally. However, the surface of the airfoil has the fol-
lowing peculiarity. It consists of separate blocks, which when assembled, form
small protuberances between them, even though each one is smooth. This kind of
surface texture might be a source of transition triggering. Specifically, Loftin Jr
[1946] showed that small protuberances extending above the general surface level
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Figure 3.17: Lift coefficient at various Re numbers for NACA64-418 airfoil

of a wing are more likely to cause transition than are small depressions. Unfor-
tunately, it was not possible to improve smoothness of the model, since it carried
sensitive electronics in its interior and pressure sensors on its surface.

For this reason, it was decided to run a Navier-Stokes 2D simulation with
fully turbulent flow (MapFlow), where the results demonstrate good agreement
with the experiment (Figures 3.17, 3.18). This suggests that the quality of the
surface actually forces the transition of the boundary layer to turbulent from the
leading-edge region (more numerical results are shown in Chapter 7).

Furthermore, the turbulence intensity at Delft and NASA Langley wind
tunnels are slightly and extremely lower than NTUA’s respectively, while in the
case of DTU wind tunnel (CENER experiments) it is multiple times higher. The
latter three basic effects were assessed as most significant and were considered to
be the major sources causing the individual differences.
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Chapter 4

Unsteady Measurements of
Forced Oscillations

In this chapter, the unsteady aerodynamic behavior of the NACA64-418 airfoil is
experimentally investigated under pitching and combined pitching-plunging oscil-
lations for Reynolds numbers 0.5 x 109 and 0.75 x 105. The forced oscillations
mechanism described previously (see section 2.3) is used for generating the wing
sinusoidal oscillations, whereas the pressure transducers mentioned in section 2.2
are employed to record the unsteady pressure distribution over the wing surface.

Once again, no trip devices were utilized to force transition of the boundary
layer from laminar to turbulent during the unsteady experiments. The data ac-
quisition process includes sampling of all signals (output of pressure transducers
and displacement sensors) initially at standstill conditions of the wind tunnel for
30 seconds, subsequently the free stream was increased to a certain value at which
static data were taken again for 30 seconds and finally the wing was set in a pe-
riodic motion recording the time dependent signals for 180 more seconds after 10
cycles had been completed. The latter part contains about 180 cycles of oscilla-
tions for a frequency of 1Hz and about 360 cycles for the double frequency. The
data are sampled at a rate of 400Hz without employing any filters.

The aerodynamic behavior of the airfoil undergoing forced pitching oscilla-
tions is presented first. The mean angle of attack is systematically varied in the
range 0° to 15° with an increment of 5°, the amplitude values tested were 2°, 4°,
6° and 8° and for each studied case the frequency of oscillation is altered between 1
and 2Hz. The above measurements were repeated for Reynolds numbers, 0.5 x 10°
and 0.75 x 10% resulting to a total of 64 cases summarized in Appendix A.4.

Regarding the combined pitching and plunging oscillations the cases tested
here consist of measurements with a mean angle of attack of 0° and 15°, a fixed
pitching and plunging amplitude of 8° and 0.1c¢ respectively and a fixed frequency
of 1H z at a Reynolds number of 0.5 x 105. The parameter varied here is the phase
difference between the two motions.
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Cycle-averaged pressure distributions allow the calculation of the cycle aver-
aged lift and moment coefficient versus angle of attack for the 2-D airfoil, as it is
indicatively shown in figure 4.1. In all cases, the cycle averaged coefficients show
a representative behaviour of the individual ones. Nevertheless, when flow separa-
tion is present, the variation between cycles can be greater (e.g. downstroke part
of the pitching motion with a mean angle of 15°, an amplitude of 8° and a reduced
frequency of k=0.1 presented in figure 4.1 with blue points). From now on, the
data presented below will be the cycle-averaged lift and pitching moment coeffi-
cients, where the continuous line corresponds to the upstroke part of the oscillation
(increasing angle of attack) and the dashed line to the corresponding downstroke
(decreasing angle of attack). The static curve is shown with blue points in each
figure.

4.1 Pitching oscillations

4.1.1 Impact of oscillation on aerodynamic loads

We will now try to give a synopsis of the observed results from the pitching mea-
surements and focus on the parameters which affect the aerodynamic loads. The
conclusions listed below are for brevity reasons referred only to the experimen-
tal data for Re = 0.5 x 10%. However, the same trends were found to apply for
Re = 0.75 x 10°.

Effect of mean angle of attack

The effect of mean angle of attack is shown in Figure 4.2 for four different mean
angles, a,, = 0°, ag = 5°, a;, = 10°, oy, = 15° with the amplitude of oscillation
varying between 4° (left column) and 8° (right column).

In the attached flow region, the curves of the lift and the pitching mo-
ment coefficients versus angle of attack present a typical elliptical counterclockwise
loop. More specifically, the lift coefficient loops at low angles of attack follow the
corresponding static curve although they tend to receive lower lift values when
« is increasing with time (upstroke) and higher when decreasing (downstroke).
Theodorsen’s relevant model predicts the previous trend by introducing a phase
lag angle between the motion and the circulatory part of the lift as can be seen in
equations 1.1 and 1.2.

As the mean angle of attack is increased (o, = 10° and a,, = 15°) the influence
of flow separation becomes stronger in a cyclic manner. The hysteresis effect causes
the lift coefficient loop to change direction of rotation from counterclockwise to
clockwise and the moment coefficient to form a clockwise sub-loop. The lift and
moment coefficient reach values far beyond their static counterparts (nose down
pitching moment), before flow separation region extends and causes the lift to
drop and the pitching moment to increase. Subsequently, the flow reattachment
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process extends nearly throughout the downstroke part of the oscillation until the
aerodynamic loads recover. The above process has exactly those characteristics of
dynamic stall. More details will be discussed below.
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Figure 4.2: Effect of mean angle of attack on lift and pitching moment,
Re = 0.5 x 105, k = 0.1. Left column: Aa = 4°, Right column: Aa = 8°

In each cycle of oscillation, two more quantities are calculated, the maximum
variation of the lift and of the pitching moment coefficients which essentially rep-
resent the variation of the aerodynamic loading in a cycle. The probability density
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function of these two quantities, appears to have increased variance when flow
separation takes place. These quantities, apart from their importance on the aero-
dynamic performance of the wing, act also as an indicator of the fatigue of the
aerodynamic structure under unsteady flow conditions.

The average values of the maximum peak to peak variation of the lift coefficient
are shown in figure 4.3 for each case as a function of the mean angle of oscillation.
As the latter angle increases from 0° to 10°, regardless the angle amplitude or the
reduced frequency, Cj,,_, gradually decreases. This is explained by the appearance
of partial flow separation over the airfoil, which causes the steady as well as the
unsteady measurements to enter the non-linear region of lift coefficient versus «
curve.
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Figure 4.3: Effect of mean angle of attack on lift coefficient peak to peak

If the mean angle is further increased (o, = 15°), Cj,—p, no longer depends
exclusively on this angle, being influenced additionally by the combination of the
angle amplitude and the reduced frequency of the oscillation. Generally, Cj,_,
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either remains constant or it takes higher values compared to a,,, = 10°, especially
for (k = 0.2). This is attributed to the large pitch rate during dynamic stall,
which allows the boundary layer to remain attached to much higher angles of
attack resulting in higher maximum lift coefficients.

On the contrary, the peak to peak pitching moment coefficient is found to
increase unequivocally as the mean angle of attack becomes higher (figure 4.4). It
is also worthy to note the particularly large excursions of the moment coefficient at
am = 15° and angle amplitudes of 6° and 8° as result of the dynamic stall process.
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Figure 4.4: Effect of mean angle of attack on pitching moment coefficient
peak to peak

Effect of reduced frequency

In figure 4.5 useful remarks can be noted regarding the effect of reduced frequency
on aerodynamic loads :
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In the attached flow region, a decrease in the C; — « slope is observed as the
reduced frequency k, increases. This was also reflected in the peak to peak lift
coefficient versus the reduced frequency (figure 4.3). For lower k, a narrower loop
is formed and the same happens for the pitching moment coefficient as well. Once
again, from k=0.1 to k=0.2 the Theodorsen’s theory predicts a reduction in the
magnitude of Theodorsen’s function (figure 1.3) and an increase in phase lag, being
consistent with the above observation.

As the airfoil exceeds the linear region of the lift slope for higher mean angles
of attack, the lift loops tend to change direction of rotation near the maximum
angle of attack (forming the characteristic shape eight for k=0.1). This indicates
that at higher reduced frequencies and for 5° 4+ 8°, flow separation does not have
sufficient time to develop on the airfoil surface (lags the motion). An even higher
mean angle establishes a change of rotation for both cases, provided that the angle
of incidence occasionally exceeds the static stall angle, which as it was previously
discussed is 13.80° for the specific airfoil shape and Reynolds number.
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Figure 4.5: Effect of reduced frequency on lift and pitching moment, Re =
0.5 x 10% k& = 0.1. Amplitude: a; = 8°, Mean angle of attack (from left to
right): a,, = 0°, ag = 5°, o, = 10°, v, = 15°

Finally, we proceed to the last case of deep dynamic stall with a mean angle of
15°, where during the pitching cycle the airfoil mostly operates well above the static
stall angle of attack. At the highest reduced frequency, the onset of flow separation
is delayed compared to the lowest. This is clearly documented by employing flow
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visualization with tufts. The technique was applied for two pitching cases (15°+8°,
k=0.1 and k=0.2) by recording the motion of the tufts at a fixed frame rate of
120Hz, using a led photo-diode as a reference blinking at a specific angle of attack.
We should note at this point that flow separation during dynamic stall was revealed
to initiate from the trailing edge of the airfoil and extend upstream, similar to the
steady state experiments. In figure 4.6a, it can be detected that at a reduced
frequency of k=0.1 at an incidence of 16 degrees during the upstroke part of the
cycle, flow separation covers a significantly larger part of the wing compared to
k=0.2 (figure 4.6b). Interestingly enough, the lift coefficient is almost equal for
the above two cases (fig. 4.5). Comparing the pictures 4.6a and 4.6b with the
corresponding static baseline images in terms of flow separation extent we observe
the following: For k=0.1 the image is similar to the static o = 12° (fig. 3.6b), while
for k=0.2 it resembles o = 10° (fig. 3.6a). Therefore, we could say that the onset
of separation in the case of the lowest frequency is delayed about 4° compared to
the static measurements and 6° in the highest frequency of oscillation. Of course,
this condition favors the attachment of the boundary layer to the airfoil surface
at higher incidence angles affecting the generation of lift, so that a significantly
higher Cipnqz is achieved for the highest frequency compared to the lowest.

Figure 4.6: Tuft flow visualization: 15° + 8°: (a) 16.0° upstroke, k=0.1, (b)
16.1° upstroke, k=0.2

58



A similar phenomenon occurs during the event of flow re-attachment. Below,
the images at 10° downstroke are presented (figures 4.7a and 4.7b). For k=0.1
the extent of flow separation region is at an intermediate state between the static
angles of a = 10° and a = 12°, while for k=0.2 it corresponds to the static angle
of a = 14°. Therefore, it turns out that in the reattachment phase the flow lags
even more compared to the flow separation phase.

Figure 4.7: Tuft flow visualization: 15° £ 8°: (a) 9.9° downstroke, k=0.1 (b)
9.8° downstroke, k=0.2
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4.1.2 Impact of oscillation on aerodynamic damping

Before proceeding with the calculations of the aerodynamic damping coefficient,
we introduce at this point another quantity, which contributes to the perception of
the instantaneous work done by the flow (energy transferred between the wing and
the flow) during the wing oscillation. The non-dimensional energy coefficient C,
emerges as the product of the pitching moment coefficient and the wing angular
velocity and is described as follows:

da ¢
dat U

The sign notation adopted for the pitching moment is the usual one, i.e. when
the direction of rotation is clockwise, the pitching moment is considered to be pos-
itive (nose-up), while it becomes negative when the rotation is counter-clockwise
(nose-down). Since the pitching moment measured around c/4 is always nose-down
for the unsteady pitching conditions studied in this work, the sign of the coefficient
is determined exclusively by the angular velocity. Thus, it corresponds to posi-
tive work during the downstroke and negative during the upstroke part. In fact,
positive work represents energy transfer from the flow to the structure (decreasing
angle of attack-nose down aerodynamic moment application), while the opposite
stands for the upstroke part.

In the attached flow region, the loops of C, versus « form an ellipse (Fig.4.8),
where the upstroke part transcends the work done during the downstroke. How-
ever, this form is disturbed as the mean angle of attack increases, especially
when it exceeds the static stall angle. In this case, increased values of instanta-
neous work production appear in the downstroke part of the oscillation, due to the
large nose down pitching moment of dynamic stall.
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Figure 4.8: Effect of mean angle of attack on work done by the pitching
moment, Re = 0.5 x 10%, k = 0.1. Left column: a; = 4°, Right column:
o) = 8°
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The effect of the reduced frequency on the work done by the pitching moment
is shown in figure 4.9. The difference in the attached flow region compared to
separated is apparent, since we observe increased instantaneous work done during
upstroke, when the reduced frequency increases. The loop here is ”attracted”
more to the negative side for the highest reduced frequency, indicating greater
aerodynamic damping.
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Figure 4.9: Effect of reduced frequency on work done by the pitching moment,
Re = 0.5 x 10%. Mean angle of attack (from left to right): a,, = 0°, ap = 5°,
Q= 10°, ayy, = 15°

We will now discuss about the aerodynamic damping =. As seen previously
(equation 1.3), the coefficient of acrodynamic damping is derived by the integration
of the work done on the airfoil by the pitching moment. Thus, the aerodynamic
damping coefficient receives one value for each complete cycle. It is emphasized
that the negative value of the aerodynamic damping coefficient indicates that work
is done from the flow to the airfoil during a cycle. In this case, the oscillation is
considered aerodynamically unstable and could lead to aeroelastic instabilities, if
the wing is not coupled to a motor. The probability density function of the above
coefficient appears to have increased variance when flow separation is involved.
Indicatively, a histogram of = is presented for two cases (figure 4.10), one in the
attached flow region and the other for a typical dynamic stall case. We notice here
that the aerodynamic damping coefficient in dynamic stall receives both positive
and negative values. For example, the average value of the damping coefficient for
a set of cycles may be positive (aerodynamically stable), although in individual
cycles this might be negative (unstable). Therefore, special attention must be paid
to evaluate a forced oscillation in dynamic stall because of the unstable nature of
flow separation.
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Aerodynamic damping coefficient per cycle =
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Figure 4.10: Histogram of = for a pitching airfoil in attached flow and during
dynamic stall

Figure 4.11 shows the correlation of the aerodynamic damping coefficient with
the mean angle of attack. From the individual cases studied, the following points
arise:

It can be clearly seen that for ay,, below the limits of static stall (ay, < ass), the
aerodynamic damping coefficient increases almost linearly with increasing mean
angle of attack. This is a general conclusion based on the mean values of the
cases studied with constant k and Reynolds number, for different amplitudes of
oscillation (figure 4.11).

When «,, exceeds its static stall value, a more complex mechanism appears,
where the aerodynamic damping coefficient acquires negative values (aerodynam-
ically unstable). We can argue at this point that the aerodynamic damping coeffi-
cient generally decreases when «,;, > ags. From this figure, however, it cannot be
concluded whether the angle «,;, is the exclusively sufficient factor that causes the
transition from a stable to an unstable condition since the effect of other parame-
ters (k, Re) is also apparent. However, it is revealed that the existence of negative
aerodynamic damping is linked with high mean angles of attack.

In the next figure 4.12, an attempt is made to evaluate the effect of the re-
duced frequency on the aerodynamic damping coefficient. The latter appears in
principle to grow almost linearly with increasing reduced frequency of oscillation
(for au, < ags). For simplicity, the same symbol is used regardless the individ-
ual amplitude of oscillation, since it highlights its dependence more clearly. The
same trend has previously appeared to exist in the non-dimensional energy coeffi-
cient and is also confirmed for the aerodynamic damping coefficient. Again at the
highest mean angle of attack under constant Reynolds number and constant ampli-
tude of oscillation, the increase of k leads to a further decrease of the aerodynamic
damping coefficient (figures 4.11 and 4.13).
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The last parameter to be discussed is the effect of the angle amplitude of
oscillation. The amplitude has been taken into account since it is included in
the calculation of the nondimensional aerodynamic damping coefficient (equation
1.3). This is confirmed in conditions that the flow is attached. Indeed, in cases
where the mean angle of attack is «;, = 0° or a,;, = 5° there is no indication that
the aerodynamic damping coefficient depends on the amplitude of the oscillation,
as shown in figure 4.13. However, at a,, = 10° there is a noticeable decrease of the
coefficient, for the first time, with an increase of the amplitude. In dynamic stall
conditions with a mean angle of attack of 15° the correlation appears stronger,
with the slope of the curve decreasing significantly. This occurs up to the value of
Aa = 6°, where, regardless of Re and k, all the examined cases are aerodynamically
unstable. Eventually at an amplitude of Aa = 8°, the coefficient obtains slightly
increased values but yet remains unstable.

Closing this section, a brief reference will be made to the effect of the Reynolds
number. From the figures above, one can observe that when the Reynolds number
is increased from Re = 0.5 x 10° to Re = 0.75 x 10° the aerodynamic damping
coefficient is reduced regardless of other parameters. Nevertheless, the above al-
legation can not be properly supported since the number of cases investigated in
the present study are not sufficient.
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Figure 4.13: Effect of amplitude on aerodynamic damping
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4.2 Pitching & Plunging

In this section we will deal with the impact of the combined pitch and plunge
oscillations on aerodynamic loads with special attention on the torsional damping
of the airfoil. Combined pitching and plunging measurements were conducted at
a mean angle of attack 0° and 15° for a Reynolds numbers of 0.5 x 10% with vary-
ing phase difference between the two oscillations. The amplitude of the pitching
motion is 8°, whereas the corresponding one for plunging is Ah/c = 0.1. The
data acquisition process includes sampling of the same signals as in the previous
measurements at 400 Hz first during standstill conditions of the wind tunnel for
30 seconds, subsequently followed by recording for 30 more seconds of static data
and finally recording of the unsteady measurement for 180 seconds after 10 cycles
had been completed.

It is common practice in combined cases to study the aerodynamic behavior
based on the effective angle of attack. The instantaneous effective angle of attack
is composed of the pitching angle «(t) and the plunging-induced angle of attack
(—arctan i(t)/U), as the result of transverse velocity of the airfoil and therefore

defined as:

e £ (t) = alt) — tan™ (h(t) /U) (4.2)

However, the above approach needs further discussion. It is not obvious at
all in this case that the plunging oscillation corresponds to an equivalent pitching
motion, that has the same effect on aerodynamic loads. Interestingly enough, Ol
et al. [2009] found Theodorsen’s formula to have a relatively satisfactory agreement
with a pure plunging oscillation even in the presence of significant flow separation.
Carta [1979] observed significant differences in magnitude and shape of the loops
between pure pitching and equivalent pitching (pure plunging). The normal force
at high oscillation amplitudes for equivalent pitch was found to be significantly
greater, than that for true pitching at the same geometric incidence angle. On the
contrary, Lee and Su [2015] reported great similarity in the behavior of Cp and
Cl-Cm loops of the pure heaving compared to the pure pitching.

The issue of concern in this study, however, is related to combined oscillations
of the same reduced frequency between pitching and plunging with a high ratio
of pitching angle amplitude to the peak angle of attack induced by the plunging
motion. A = Aa/tan ' (h/U) = 7.3. Namely, the contribution of pitching is
predominant in relation to the one of plunging. It is not our intention to investigate
the equivalent problem. This study aims to clarify the qualitative differences
between combined pitching and plunging cases of varying phase difference. This
particular interest stems from the aeroelastic experiments that are described in
the next chapter. For the calculation of the aerodynamic damping coefficient we
adopt the following expression:
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Figure 4.14: Effect of phase difference between pitching and plunging on lift

and moment coeflicient at attached conditions

In the attached flow region (figure 4.14) the values of the lift coefficient, both
during the upstroke and downstroke, are traversing nearly through the same path
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and mainly differ at the extreme values of the effective angle, which arise as a
result of the phase difference. The maximum angle induced by plunging is 1.12°.
Same conclusion is drawn for the pitching moment coefficient loop.
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Figure 4.15: Effect of phase difference between pitching and plunging on lift
and moment coefficient at dynamic stall conditions

The phase difference between pitching and plunging oscillations at a mean
angle of 15° (figure 4.15) affects the angle at which the moment and lift coefficients
stall (a vortex is shed from the leading edge and the vortex surpasses the trailing
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edge respectively). In this sense, the phase difference delays the succession of
events of dynamic stall and contributes to the appearance of a more intense nose
down pitching moment. It also causes a subsequent delay of the flow reattachment
process. In general, it seems to have a more significant effect during the downstroke
phase of the motion.

The phase difference appears to have a great impact on the aerodynamic damp-
ing coefficient when the oscillation occurs above the static stall angle. The coeffi-
cient is calculated based on equation 4.3 and the result is shown in figure 4.16. For
.y = 15° > ags within the range of cases studied, we observe the following: From
a 0° to 90° phase difference, the aerodynamic damping coefficient increases (the
system’s response is more stable). Further increase of the phase difference leads to
greater negative aerodynamic damping coeflicients, the occurrence of which seems
to have its strongest effect at a value of A¢ = 330°. On the contrary, for «,, = 0°
the airfoil is always in the stable region regardless of the phase difference.
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Figure 4.16: Effect of phase difference on aerodynamic damping

Moreover, the above diagram provides an important information about the
combined oscillations at a mean angle of attack near stall: by varying the phase
difference, a substantial reduction of the negative torsional aerodynamic damping
can be achieved. The calculation of the aerodynamic damping coefficient for each
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individual degree of freedom is given in Fig.4.17a, 4.17b. The torsional coefficient
Zq 1s derived based on the geometric angle of attack, as previously described in
Eq.1.3, while the corresponding =, as:
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Figure 4.17: (a) Pitching and (b) Plunging, aerodynamic damping coefficients

In other words, the effect of the phase difference is decisive in both degrees of
freedom. In plunging, negative coefficients appear even in the attached flow region,
while in pitching the effect becomes significant for oscillations about a large mean
angle of attack.

4.3 Comparison of pitching wing data with
literature

In this section, a comparison is made of the data of the present work with those of
the existing literature regarding experimental measurements on a pitching NACA64-
418 airfoil. The comparison aims at drawing additional conclusions in dynamic
stall regarding the present experiment. In figures 4.18 and 4.19 the comparison
of lift and moment coefficient loops are presented under pure pitching oscillations
with a mean angle of attack of 15° and an amplitude of 8° at a reduced frequency
k=0.1 and a Reynolds number 0.5 x 106.

The results of the two measurements are generally very close both qualitatively
and quantitatively. We should notice here that both steady and unsteady CENER
experiments where conducted with free transition of the boundary layer, while the
findings of the current work indicate that the transition of the boundary layer
occurs at the leading-edge region for the steady case. This explains the lower
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Figure 4.18: Unsteady lift loop CENER vs. NTUA

steady lift-slope of the present work compared to that of CENER and seems that
it also governs the unsteady measurements as well. The slope of the lift coefficient
of the NTUA data during upstroke is observed to be slightly lower than that of
CENER. Otherwise, the chain of events of dynamic stall, distinguished from the
lift loops, occur at nearly the same angle of incidence for the two experiments.
The differences identified are smaller than 0.5°. Stronger differences are found
in the pitching moment coefficient loop, although the same general trends are
maintained. The most notable ones are the larger negative peak of the pitching
moment and a successive abrupt increase at the flow reattachment process for the
CENER experiment. This might be attributed to the free-transition of the airfoil,
but no sufficient information is provided. Lastly, it should be mentioned that the
fit of the pitching data to the sinusoidal function of the CENER experiment is less
satisfactory than the corresponding reported in the current thesis.
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Chapter 5

Dynamic Aeroelasticity
Measurements

We have already referred to the elastic support of the wing in section 2.4 and we
will further discuss the aerodynamic measurements, regarding the response of the
aeroelastic system under various conditions.

It is reminded that in the current experiment the parameters that are free
to vary are the pitch and plunge displacements. Therefore, the system has two
degrees of freedom, namely one in bending and one in torsion with spring stiffness
K} and K, respectively. The aim of this study is to focus on the response of the
aeroelastic wing at high angles of attack near stall, which in the previous chapter
proved to be highly unstable (causing negative aerodynamic damping) for both
pitching and combined pitching-plunging oscillations. Beforehand, we will address
the mathematical formulation of the problem, in order to gain an insight of the
underlying physics. The set of equations that describes the problem is:

mh + Kph + Saé = L (5.1)

Soh 4 Iné + Koo = M (5.2)

where:

I, is the torsional moment of inertia of the wing and

S, is the mass static unbalance (i.e. S, = mxzyb with z, the nondimensional
distance between the center of gravity and the elastic axis).

The elastic axis (axis of rotation) for the present experiment is located at
x=0.35c from the leading edge of the airfoil, whereas the center of gravity of the
structure at x = 0.46¢c. Thus, the distance in-between them is 0.11c or z, = 0.22,
non-dimensionalized by half-chord b.

The above set of equations apart from the torsional-bending inertial terms,
restoring and aerodynamic forces also includes the terms of mass static unbalance,
which couple the rotational with the translational response and vice versa. The
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two degrees of freedom are in this case structurally coupled. This behavior can be
observed in practice even in stand-still tests, where the wing is deflected from its
initial position and then left from rest to oscillate freely. Its response to the initial
conditions involves displacement in both degrees of freedom.

As evidenced in the specific aeroelastic problem, analytical expression for the
aerodynamic lift and pitching moment does not exist, since these loads occur at
high incident angles above stall, even if one ignores the dynamic nature of the
problem. Furthermore, in equations 5.1 and 5.2 the effect of structural damping
is neglected to simplify the analysis. One comprehends that accurate modeling of
such problems is a formidable task.

Finally, regarding the notation used in the equations above, the aeroelastic
model is actually subjected to a pitching moment about the elastic axis, located
at x=0.35¢ and not at x=0.25¢ about which the aerodynamic moment is often
calculated (as was the case in previous chapters). The moment coefficient about
the two axes is illustrated in figure 5.1
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Figure 5.1: Pitching moment coefficient at Re = 0.5x 10° about the: 1)elastic
axis and 2)quarter-chord point

The pitching moment coefficient about the elastic axis versus the angle of attack
is significantly differrent compared to the quarter-chord point. The aerodynamic
moment appears to increase linearly with the angle of attack from about C,, =
—0.1 (nose-down) at a« = —7° to C,,, = 0.045 (nose-up) at a = 10°, crossing zero
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at « = 5°. Further increase of the angle of attack has a negligible impact on the
pitching moment, due to flow separation up to approximately o = 18.5°. There
exists a large dC,,/d, < 0 and a successive change in the direction of rotation
of the pitching moment at approximately @ = 18.5°. Beyond this, the pitching
moment coefficient abruptly decreases (due to the extension of flow separation up
to the nose of the airfoil) to a value of C), = —0.06 and remains nearly constant
until a0 = 25°.

5.1 Self-excited oscillations

For the current experiment, the “fences 4+ extensions” configuration was se-
lected, since there was no intention to apply the particle image velocimetry tech-
nique at this stage of the measurements. The use of fences contributes to an
increase of the total mass and mass moment of inertia of the system.

Before proceeding to the aeroelastic tests, the free response of the wing was
investigated under zero flow speed. Thus, the wing was deflected from its initial
position and then left from rest to oscillate freely. FFT analysis of an accelerom-
eter (attached to the wing surface) and the displacement sensor signals revealed
the natural frequencies and the damping ratios of the system. Namely, for the
pitching motion these were 2.23 Hz and 3.5%, respectively and for the plunging
motion 2.66Hz and 7.2%. The damping coefficients were determined using the log-
decrement approach and the structural properties of the system are summarized
in table 5.1. The above frequencies were much lower, than those of the stiff metal
frame on which the wing support was mounted avoiding the vibrations of the first
to interfere with those of the latter.

However, it should be stressed that the natural frequencies of the system are
quite close, resulting in a ratio of w,/w, = 0.84. This feature is essential in the
current experiment as it causes even stronger coupling between the two degrees of
freedom, making it hard to judge which one dominates in the observed phenomena.

Kn[N/mm] Ch mlkg| wplrad/s|
Bending:
19.3 0.072 69 16.71
Ko [Nm/rad] (.  I.|kg-m? wa[rad/s]
Torsion:

247 0.035 1.26 14.01

Table 5.1: Structural properties of the aeroelastic wing for the self-excited
oscillation test

The experimental process was as follows: at first the wing was set at an initial
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angle of attack, which was the equilibrium position of the wing at stand-still con-
ditions, where h/c=0. Subsequently, the free stream (with a maximum turbulence
level of 0.2%) was increased with small increments. When at a given free stream
velocity the wing started to self-oscillate, this was considered as the critical stall
flutter speed. Before the onset of the instability all relevant quantities (surface
pressure, wing motion) were recorded.

Among various examined cases, three representative ones will be discussed
below, which refer to the initial static angles of 16.65°, 18.13° and 19.98°. The
evolution of the phenomenon is shown in figures 5.2, 5.3, 5.4 for each initial static
angle of attack, in which the time series of the free-stream (Uy), the pitch angle
(a) and the displacement (h/c) are shown.
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Figure 5.2: Self excited instability with an initial static angle of 16.65°
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The beginning of time here is arbitrary, as it omits the data measured previ-
ously to focus on just a few seconds before the onset of the instability. To clarify
the response of the system, let us start from the beginning of the experiment
(U=0). As free-stream velocity increases from rest, the applied lift and pitching
moment on the wing increases. The direction of lift in this range of angles of attack
is positive. As a result, the wing is gradually displaced from the center-line of the
test section (h/c > 0), due to the bending stiffness. The same happens in the first
two cases with an initial static angle 16.65° and 18.13°, where the pitching moment
is positive (nose-up) and the wing rotates clock-wise (seen from above), due to the
torsional stiffness. On the contrary, for an initial angle of attack of 19.98°, a few
seconds before the onset of the instability the angle of attack remains unchanged.
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Figure 5.3: Self excited instability with an initial static angle of 18.13°
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It seems that at this particular Reynolds number and angle of attack, the
aerodynamic moment is almost zero. The increment of the free-stream velocity,
especially near the instability boundary was about 0.1m/sec. When the critical
free stream velocity is reached, the oscillation starts in both pitch and plunge.
The mean angle of attack of the angular oscillation and the mean plunge displace-
ment is the equilibrium reached at this point of the experiment. The amplitude
of oscillation then gradually increases for both degrees of freedom. Under this
condition and for the protection of the equipment, the wind tunnel operation was
stopped after recording various parameters of the experiment for a time interval
of a few seconds. The exact final response of the system is not known, however
in preliminary tests conducted before the final measurement, the system formed a
limit cycle oscillation of large torsional and small bending amplitude, when left to
evolve freely.
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Figure 5.4: Self excited instability with an initial static angle of 19.98°

The FF'T response during the onset of the instability reveals a peak at about
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2.55Hz for all of the aforementioned cases. It seems that the system oscillates
at a frequency closer to the plunge degree of freedom. However, it is difficult
to distinguish the degree of freedom which triggers the instability, as mentioned
before, because of the strong coupling of the system.

Increasing the static angle of attack from 16.65° to 19.98°, the critical free
stream velocity decreases from 19.50 m/s to 14.95 m/s. This substantial drop
(—23%) of the critical speed is well documented in the literature, when the mean
angle of attack is increased and it is attributed to the stall flutter phenomenon
(Bisplinghoff et al. [1996]).

Figure 5.5: Evolution of instantaneous lift and pitching moment coefficients
vs. « during the onset of the instability

In figure 5.5, the evolution of the instantaneous lift and pitching moment coef-
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ficient versus the angle of attack is given indicatively for the initial static angle of
16.65° five seconds before the wind tunnel was stopped. As the amplitude of the
oscillation is gradually increased, clockwise lift loops are forming, and the flow sep-
arates and reattaches during each cycle. The last loops here seem to follow nearly
the same path. The above results clarify that the dynamic stall event dominates
the instability. Likewise, the pitching moment about the elastic axis forms clock-
wise loops, which eventually are divided into two sub-loops as the airfoil penetrates
further into deep dynamic stall. The reduced frequency of the current experiment
is k = 0.205 and the Reynolds number corresponds to Re = 0.66 x 10%. The ex-
istence of the clockwise pitching moment loops indicate energy transfer from the
flow to the airfoil.
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Figure 5.6: Evolution of instantaneous energy transfer coefficients during the
onset of the instability

In fact this is confirmed in figure 5.6, where the instantaneous non-dimensional
work (energy) coefficient for the torsional and bending degree of freedom is shown
respectively. The coefficient is attracted mainly to the positive side of the diagram
during each cycle for both degrees of freedom.

The work done by the lift force is larger than the work done by the aerodynamic
moment. A similar result was also observed in Goyaniuk et al. [2020], although
the pitch motion clearly drives the heave motion in the stall flutter phenomenon.
Goyaniuk et al. [2020] and Benaissa et al. [2021] also highlight the significance of
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the ratio of structural natural frequencies on the response of the wing. They ob-
served that, except for cases with a frequency ratio close to one, the introduction
of the heave degree of freedom does not significantly affect the limit cycle oscilla-
tion dynamics. Eventually, the specific structural properties classify the current
experiment to the excluded category.

5.2 Self-sustained oscillations

In this section we will thoroughly discuss another type of instability found to occur
for the given aeroelastic system. In the context of the current experiment both
the torsional and the bending springs were replaced by others of different nominal
stiffness. It was chosen, to preserve the ratio w,/wy, < 1. Fagley et al. [2016] claim
that if the above condition stands, the aeroelastic wing will statically diverge and
fluidic and structural non-linearities will be encountered. Similar was the case
for the previous experiment which led to the onset of the stall flutter instability.
The amplitude of oscillation, however, was prohibitively large to allow further
aerodynamic measurements on the phenomenon.

In this case much stiffer bending springs were installed to avoid implications
related to the vicinity of the structural frequencies. Additionally, the fences were
removed and the wall to wall configuration was employed to allow the implemen-
tation of the particle image velocimetry technique. Removing the fences resulted
in a reduction in both mass and mass moment of inertia of the wing. Finally, the
structural properties of the setup are summarized in table 5.2. The new ratio of
the system is wq/wp = 0.56.

Kp[N/mm] Ch mlkg| wplrad/s
Bending:
68 0.0405 59.7 33.75%
K,[Nm/rad] Ca I [kg -m?] walrad/s]
Torsion:

254 0.0422 0.73 18.8

Table 5.2: Structural properties of the aeroelastic wing for the self-sustained
oscillation test

* The natural frequency of the bending degree of freedom, shown in table 5.2,
does not appear in the FFT analysis of the free-play tests, perhaps because it is
quite close to the super-harmonic frequency of the torsional oscillation. Neverthe-
less, the bending stiffness is calibrated by applying static off-wind loads on the
individual aeroelastic system and subsequently the bending frequency is estimated

by: wp = v/ Kp/m.
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The experiment was conducted as follows: The wing was initially set at an
angle of 16° and the free stream velocity was progressively increased. At each free
stream velocity, the wing was given a step-wise initial displacement in a direction
normal to the free stream. Thus, the present experiment involves the forced excita-
tion of the aeroelastic system. When the free-stream velocity reached the threshold
of U = 14.95m/s (Re = 0.53 x 10°) the wing was driven to a self-sustained oscil-
lation (Limit Cycle) of fixed pitching and plunging amplitude. Below the critical
speed the initial perturbation of the wing was damped. The above procedure was
preferred to avoid large amplitudes caused by the self-excited oscillation observed
in the previous section.

The response of the wing at U = 14.95m/s, following the excitation, forms
a limit cycle of combined pitching and plunging oscillations. Indicatively, in the
upper figure 5.7 the instantaneous pitch angle (black line) and the total effective
angle of attack as the combination of pitch and plunge motion (red line) are pre-
sented within a time frame of one second. Furthermore, in the lower figure the
plunge displacement is depicted with a black line as a percentage of the chord
length (h x 100%/c) and the corresponding angle § = —tan~'(h(t)/U), induced
by the plunge motion with a red line.
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Figure 5.7: Time-series of the pitch and plunge displacements

Thus, it is clear that both plunge and pitch displacements present repeatability
with a certain frequency content. The oscillation is sustained with undiminished
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amplitude for hours within the reasonable limits of a test measurement. Indeed,
the power spectral density of the pitch angle (figure 5.8) as well as the corre-
sponding plunge displacement highlight a distinct peak at 3.32Hz, which is the
frequency of the limit cycle oscillation, followed by its super-harmonics. At this
point we should mention that the reduced frequency corresponding to the free-
stream velocity of U = 14.95m/s is k = 0.35, which ranks the current experiment
from an aerodynamic point of view as highly unsteady.
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Figure 5.8: Power spectral density of the pitch angle during LCO

Therefore, it is demonstrated that the system oscillates at a frequency close to
the natural frequency of the torsional degree of freedom (3Hz), which indicates the
dominant role of the torsional motion during the specific aeroelastic instability.

The instantaneous pitch angle versus its corresponding instantaneous phase
angle for nearly 340 limit cycles is plotted in figure 5.9, accompanied by the phase
averaged values, separated into upstroke (da/dt > 0) and downstroke (da/dt < 0)
of the oscillation. In several charts of this section the phase averaged quantities of
the limit cycle will be presented, with the same distinction of ascending-descending
pitch angle as continuous-dashed line respectively. In this way the simplified results
are shown and illustrate the representative behavior of the phenomenon.
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Subsequently, a curve-fitting algorithm is applied on the phase averaged data
of pitching and plunging displacements. Sinusoidal functions are selected to fit
the data points with satisfactory results. Specifically, the pitch angle manifests a
perfect fit compared to the rather poor one of the plunge response. The equations
and the corresponding R-squared coefficient are shown in figure 5.10.

The above regression analysis reveals some additional parameters of the limit
cycle, except for the frequency, which was already discussed. In particular the am-
plitude and the mean angle of the pitch oscillation is 12.49° and 15.68° respectively,
whereas the amplitude of the plunge oscillation is h = 6.483mm or h/c = 0.013.
The phase difference between the two motions is estimated to be 340.9°. It is re-
minded here that the largest negative aerodynamic damping coefficient appeared
at about 330° phase difference of forced pitching and plunging oscillations. Fur-
thermore, the ratio of pitch angle amplitude to the peak angle of attack induced
by the plunge motion is A = Aa/tan~'(h/U) = 24.1. Namely, the contribution of
plunging in the self-sustained experiment is about 3 times lesser than the forced
experiments investigated previously. The stable limit cycle can also be observed
in figure 5.11, where the phase plot of the limit cycle oscillation is shown to form
a highly circular shape.
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Figure 5.11: Phase plot of the LCO

In order to assess the aerodynamic behavior of the above instability, the in-
stantaneous pressure distribution around the airfoil was recorded and integrated
to derive the instantaneous sectional lift and pitching moment coefficient during
the limit cycle oscillation. The results are shown in figure 5.12 versus the effective
angle of attack, where the red markers correspond to the upstroke, while the blue
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to the downstroke portion of the cycle. As we previously mentioned, the effective
angle of attack induced by the plunge motion is trivial compared to the pitch am-
plitude. Its maximum angle slightly exceeds 0.5°. Therefore, the variation in the
general form of the lift and moment coefficients loops is insignificant.
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Figure 5.12: Instantaneous lift and pitching moment coefficient loops during
the LCO

In a more convenient form, figure 5.13 depicts the phase averaged aerodynamic
loads accompanied by the static measurements at the nearest Reynolds number
measured, i.e. Re = 0.5 x 10°. Although the amplitude and mean angle of attack
of the oscillation are quite large, the lift coefficient loop appears to have a coun-
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terclockwise direction of rotation and a nearly elliptic shape, except for a small
sub-loop near the maximum incident.
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Figure 5.13: Phase averaged lift and pitching moment coefficient loops

It is generally much narrower than a typical dynamic stall loop, which implies
significantly less hysteresis. It resembles the behavior of a pitching oscillation in
the attached flow region. Clearly, the attached flow for this particular case is not
accurate. In a similar experiment of a high reduced frequency pitching airfoil, Li-
iva [1969] notes that the flow is partially stalled during the downstroke portion of
the cycle, even though the lift loop shows the characteristic elliptical shape for un-
stalled flow. The onset of flow separation is significantly delayed, which is evident
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by the extrapolation of the linear regime of the lift coefficient to surprisingly high
angles of attack (> 25°). The appearance of flow separation, as we will later show,
is quite significant in the current experiment. Interestingly enough, during the
downstroke part of the cycle the lift coefficient takes higher values than the corre-
sponding upstroke. According to Leishman [1990] the formation of narrower loops
on a pitching NACA23012 airfoil at k=0.2, is attributed to the large reduced fre-
quency. The reduced frequency of the current experiment is even higher at k=0.35.
Lee and Gerontakos [2004] observed that for k£ > 0.2 on a pitching NACA0012 air-
foil the point of flow reversal moves upstream rapidly and in a rather nonlinear
manner. Additionally, for the same experiment the turbulent separation does not
take place until the instantaneous angle of attack reaches its maximum value. The
authors also note that for large amplitudes (10° < Aa < 20°) a strong leading
edge vortex is detached after flow separation reaches a point close to the leading
edge. The above are features detected at high reduced frequencies, related to the
present experiment, which will be analyzed below.
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Figure 5.14: Time series of phase averaged aerodynamic coefficients

Significant variations are also found in relation to the pitching moment loop.
Firstly, one can distinguish a portion of the cycle, where the pitching moment
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coefficient is positive, namely with nose-up direction. This results from the fact
that the pitch axis is at 0.35¢ (instead of 0.25¢), where even for static measurements
there is a wide range of angles of attack with positive aerodynamic moment. It
is specifically mentioned here, since it influences the work done on the airfoil.
Moreover, the pitching moment loop, does not present the typical figure eight of a
dynamic stall event. Instead the loop forms an almost elliptical shape of clockwise
direction (see Fig.5.13), which indicates transfer of energy from the flow to the
airfoil. The high reduced frequency of the current experiment is believed to have
a considerable impact on the aforementioned shape.

In figure 5.14 the phase averaged time-series of the pitch angle, pitching moment-
lift and energy transfer coefficients are shown over a cycle of oscillation. It is re-
minded that the energy transfer coefficient is calculated from equation 4.1. The
energy transfer from the flow to the airfoil appears more clearly here in the interval
0.3 <t/T < 0.5 of the upstroke part. The same applies within 0.57 < ¢/T < 1 of
the downstroke.
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Figure 5.15: Evolution of instantaneous energy transfer coefficients during

the LCO

In figure (5.15) the instantaneous work done on the airfoil by the pitching
moment and the lift, respectively is shown for a few cycles of the LCO. The work
done by the pitching moment appears asymmetrically attracted to positive values
for larger portions of the cycle, whereas the work done by the lift oscillates nearly
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symmetrically about zero. Essentially the latter work done on the airfoil during
the upstroke is cancelled out during the downstroke part.

Finally, the integration of the mechanical work for a total of 340 cycles of os-
cillation is summarized in the histogram (figure 5.16) of the aecrodynamic damping
coefficient. The calculation is done similarly to the relation 4.3 using the effective
angle of attack, seemingly induced by the plunging motion and with the pitching
moment taken about x/c=0.35. There is a large scatter with an average of -0.1215
a maximum of 0 and a minimum value of -0.2. That is, the coefficient always
receives negative values indicating that energy is transferred from the flow to the
airfoil.
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Figure 5.16: Histogram of the aerodynamic damping coefficient during LCO

Respectively the peak to peak distribution of the lift and pitching moment
coefficients are shown in figure 5.17. Although the motion is of greater amplitude
and mean angle of attack, the peak to peak lift and pitching moment coefficients
do not exceed the ones previously measured during the forced oscillation. This is
related to the elliptical shape of the loops, however the fact does not prevent the
large production of energy that contributes to the formation of the limit cycle.
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Figure 5.17: Histogram of the peak to peak lift (left) and pitching moment
(right) coeflicients during the LCO

5.3 Additional discussion on the influence of
reduced frequency

The conditions between the aeroelastic instabilities investigated previously are
quite different. A qualitative difference exists between self-excited oscillations and
self-sustained (LCO), since the first are more ”transient” due to the increasing am-
plitude of oscillation, while the Limit Cycle oscillations displays a fully-developed
oscillatory behavior with a certain repeatability. From an aerodynamic point of
view, self excited oscillations were observed to initiate at decreasing free-stream
speed with increasing base angle of attack, while the frequency of oscillation was
preserved. Thus, the corresponding reduced frequency of the measurements in
figure 5.18 increases from k = 0.2 (black symbols), to k = 0.22 (red symbols) and
finally k = 0.26 (blue symbols). On the contrary the reduced frequency of the
self-sustained oscillation is k=0.35 (dashed-continuous line). There are also small
variations both in Reynolds number of about 1 x 10° and in the plunge response
of the system, therefore the measurements are not directly comparable. Neverthe-
less, some useful trends are illustrated. In figure 5.18a an ordinary loop related to
dynamic stall is formed for k = 0.2, which progressively acquires a narrower shape
as the reduced frequency is increased. In other words, it seems that the hysteresis
loop is receding as the reduced frequency is increased.
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Figure 5.18: Lift and pitching moment coefficient loops of aeroelastic insta-
bilities
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Another important trend that is depicted in figure 5.18b concerns the pitch-
ing moment loops. One can distinguish the intense concentration of the pitching
moment at a decreasing level from black to red and finally to blue symbols, while
the oscillations are still of small amplitude at the onset of the instability. This
equilibrium has been extensively discussed above. As the amplitude grows larger
a typical figure eight shape of the pitching moment loop evolves for the self excited
oscillations, which suggests a dynamic stall event. However, when the reduced fre-
quency is increased, the counter-clockwise sub-loop retreats against the clockwise
one. Eventually, in the self-sustained experiment which has the largest reduced
frequency the loop is of entirely clock-wise direction.
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Figure 5.19: Phase averaged time series of the pressure coefficient of forced
pitching 15°+8° k = 0.2. t/T=0: upstroke onset, t/T=1: end of downstroke

Below an attempt is made to assess the temporal evolution of a basic deep
dynamic stall feature, which is the shedding of the leading edge vortex. Numerous
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works on deep dynamic stall in the literature report the shedding of a large vortex
from the leading edge during the upstroke of a pitching airfoil, which subsequently
travels downstream before flow separation covers most of the suction side of the
airfoil. The aforementioned feature describes the underlying physics of the phe-
nomenon and has a strong influence on both the aerodynamic lift and pitching
moment until the vortex reaches the trailing edge of the airfoil. Furthermore, a
correlation between a disturbance of the local velocity and pressure on the surface
of the airfoil and the passage of the leading edge vortex is also well documented
(see for example Carr et al. [1977] and Lee and Gerontakos [2004]).
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Figure 5.20: Phase averaged time series of the pressure coefficient of aeroe-
lastic instability 15.7° £12.5°, k = 0.35. t/T=0: upstroke onset, t/T=1: end
of downstroke

Local measurements of hot-film, hot-wire, pressure sensor or global time-resolved
PIV measurements are commonly used for the experimental identification. In the
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case of pressure measurements, the disturbance reflects to a negative maximum
(suction peak), which spreads downstream. In order to gain insight into the evo-
lution of the shed vortex, the phase-averaged pressure coefficient versus the non-
dimensional time of oscillation is shown indicatively in figure 5.19 for a series of
pressure transducers on the suction side of the airfoil. t/T=0 corresponds to the
onset of the upstroke part of the pitching motion, while t/T=1 to the end of the
downstroke. Indeed, the suction peaks are clearly seen to successively appear on
each sensor. In figure 5.19 the black arrows note the time instant of the appear-
ance of the aforementioned disturbance for the case of forced pitching oscillation
15° +£8° k = 0.2 with Re = 0.5 x 10%. This is the forced case with the largest am-
plitude, mean angle of attack and reduced frequency that was studied. The exact
same analysis is repeated for the self sustained aeroelastic experiment, as shown
in figure 5.20. It is reminded that the limit cycle formed is 15.7° +12.5°, k = 0.35
at Re = 0.53 x 106.
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Figure 5.21: Comparative development of vortex peak
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The results of the above analysis are summarized in figure 5.21, where for both
oscillations the temporal and spatial appearance of the negative pressure peak is
displayed. The pitch angle for each oscillation is given in the lower subfigure.
Therefore for the forced pitching 15° 4+ 8°, k = 0.2 it is shown that the vortex im-
parts from the leading edge at t/T=0.38 (20.6° upstroke) and surpasses the trailing
edge at t/T=0.62. Thus, the vortex makes its presence felt up until a pitch angle
of 20.4° downstroke. On the contrary, for the self-sustained aeroelastic oscillation,
the vortex is detached from the leading edge at t/T=0.40 (25.6° upstroke) and its
effect becomes noticeable lastly at t/T=0.65 at x/c=0.65 (22.7° downstroke). The
suction peak can not be observed further downstream. It appears that the afore-
mentioned temporal evolution for the aeroelastic experiment presents a phase lag
compared to the forced case and seems to travel in a more linear manner. Further
discussion on the temporal evolution of the velocity field will follow in the next
chapter.
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Chapter 6

PIV-POD

In this chapter, we investigate the underlying physics of the aeroelastic instability
examined in the previous chapter, which appeared to form a stable limit cycle
oscillation. Therefore, the velocity field at the midspan region of the suction side
of the oscillating wing was measured by employing the 2D-PIV technique. Phase
averaged measurements were obtained at fifteen different pitching angles of the
periodic motion, providing details of the temporal evolution of the velocity field.

6.1 Experimental procedure

The implementation of the PIV technique with the available equipment will be
discussed below. Ideally, a highly unsteady experiment as the one here (k = 0.35)
would preferably be recorded with high temporal resolution. However, this was
not feasible with the available equipment. Thus, it was considered as a satisfactory
alternative to conduct a series of phase locked measurements based on the real-
time pitching angle of the oscillating wing. The phase-averaged velocity field
provides very useful information in understanding the mean effect of the fluid on
its environment, in case that the flow phenomena are almost periodic.

The PIV system consists of: a) a pulsating light source (Nd: Yag Laser, 200mJ
pulse energy, 532 nm wavelength) which produced a horizontal 1.8 mm thick light
sheet (picture 6.1a), b) two TSI Powerview Plus™ 4MP cameras with a 90 mm
objective lens each, attached on Scheimpflug mounts side by side (picture 6.1b )
and c) a synchronizer (TSI 610036) which externally triggered the two cameras
and the Laser source each time it received a step-wise voltage pulse from a micro
controller. The micro controller was connected to a rotary position sensor (which
was measuring the pitching angle) and based on an in-house program, sent a
voltage pulse to the PIV synchronizer, at a certain predetermined value with a
rising or falling trend. Fifteen different pitching angles-phases were selected and
for each one of them three hundred image pairs were acquired. The flow was seeded
with oil droplets of 1 ym mean diameter produced by a commercial generator (TSI
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model 9307). A pulse separation time of 20usec was used for each case.

Figure 6.1: (a) Laser sheet, (b) Installation of cameras

Since the wing model had relatively large dimensions (¢ = 500mm), capturing
the entire region of interest (suction side) with the desired spatial resolution was
not feasible, thus it was decided to repeat the measurements for smaller than the
chord length regions. The 90mm objective lenses were attached to each camera
covering a field of view of about 100mm x 100mm, which was extended by plac-
ing the two cameras side by side operating simultaneously. Thus, three separate
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measurements were necessary to capture the velocity field of the whole chord-
length. The three different sets of fields of view are shown in figure 6.2, marked
as "Leading-edge”, "Middle” and ” Trailing-edge” according to the physical region
covered on the airfoil.
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Figure 6.2: Field of view of the PIV measurement

In each of the three measurement sets, the elastically mounted wing was ini-
tially excited at a critical free-stream velocity to form the limit-cycle response,
described in the previous chapter and subsequently the PIV system was triggered
at fifteen different pitching angles: eight during upstroke and seven during down-
stroke (figure 6.3). At this point, we should note that a failure occurred in the
trigger timing of the measurements in the third set. The original intention was to
capture the flow field at the same phase angles as for the previous two fields of
view. However, the angular sensor was unmounted for safety reasons during the
final re-positioning of the cameras, causing an accidental shift from its initial offset
before mounted again. Therefore, in the last set (Trailing-edge), the PIV system
was triggered at different pitch angle compared to the former and for this reason
the corresponding results are given separately.

Special mention must be made of the following: the coordinate system of the ve-
locity field for each case is arbitrary. The cameras are stationary, held in a position
(over the glass ceiling of the test section) independent of the rotating-translating
wing. For each set of measurements the two cameras were manually moved to par-
tially capture the least solid boundary and the largest possible flow domain. In the
context of comparability and in depth analysis of the measurements, it was nec-
essary to use a common frame of reference for all cases. Therefore, it was decided
that the origin of the coordinate system be attached to the leading edge of the
moving airfoil and the x-axis to be parallel to the chord. For this purpose, eight
photo-sensitive detection marks (with a thickness of a few microns) were glued on
the airfoil’s surface, 100 mm far from the mid span, allowing the detection of the
solid wall versus time. These marks created a narrow discrete reflection of light
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(less than 0.5mm) in the captured image, which allowed for the detection of the
solid boundary.
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Figure 6.3: Pitching angle triggers of PIV.+: upstroke, o: downstroke, black
symbols: ”Leading-edge” &”Middle”, red symbols: " Trailing-edge”

In the foreground, all captured images are pre-processed before the main pro-
cessing level. Initially, a custom dynamic-masking algorithm is implemented based
on maximum intensity (caused by light reflection on the surface) of 3-pixel moving
average, which distinguishes the solid boundary and masks out the solid region.
Subsequently, the minimum intensity of each set of 300 captures was subtracted
(Insight 4G), which removes background noise, improves the signal to noise ratio
and achieves ~ 1% more valid vectors. Furthermore, the images were processed
using an image deformation algorithm (Insight 4G) with an initial interrogation
window 64 x 64 pixels that was reduced to 32 x 32 pixels with 50% overlap at the
final step, resulting in a spatial resolution of 0.8 mm (0.16 % of the wing chord)
and an uncertainty of 0.1 pixel. The above analysis enhances spatial resolution and
precision compared to the conventional correlation, especially for highly sheared
flows and vortical regions (Scarano [2001]). The signal-to-noise ratio was set to 1.5
and spurious vectors were replaced using a 3x3 local median. Lastly, as previously
mentioned a rigid transformation is applied on each set of data including rotation
and translation, which additionally allows for combining (”stitching”) of the same
phase averaged neighboring sets of velocity fields.
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6.2 PIV results

In this section, the temporal evolution of the velocity field for the current exper-
iment will be discussed using the former convention for the pitching angle, where
0 < t/T < 0.5 denotes the upstroke and 0.5 < t/T" < 1 the downstroke part
respectively. The phase averaged velocity fields are presented below every other
8 vectors in both x and y direction, the vectors being non-dimensionalized by
(U=14.95m/sec) and scaled down 8 times for convenience. Moreover, the veloc-
ity magnitude is similarly non-dimensionalized by U and the vorticity component
normal to the measured plane 2 is calculated as Qc/U, while the iso-contour line
of Qc¢/U = 0 is skipped for clearness.

6.2.1 Upstroke

During upstroke at o = 9.27° (¢t; = 0.1647), the flow is attached at the suction
side up to about 75% of the chord from the leading edge (Fig.6.5). Downstream of
the latter point, a reverse flow region is formed, where negative velocities appear
in an area close to the wing surface of a thickness of about 10 mm (2% of the
chord). The reverse flow region is also imprinted in the iso-contour lines of figure
6.7 as the shear layer creates a strip of negative value of vorticity. The fluid at
a small distance downstream of the trailing edge follows the motion of the wing
being directed perpendicular to the chord. Shortly after, at 11.19° (t2 = 0.1917")
in the attached flow region the velocity magnitude takes high values near the
leading edge (up to 1.6 U) which are gradually reduced towards the middle of the
chord(Fig. 6.6). At t3,t4 and t5 as the airfoil pitches up to 19.37° the separation
point seems to move only slightly upstream. Nevertheless, at the same time the
velocity magnitude progressively increases in a region near the leading edge (0 <
x/c < 0.3). Specifically, near the nose the maximum magnitude is 2.4 U. At
20.4°, (t¢ = 0.312T") a closed recirculation zone is formed near the trailing edge
as denoted by the drawn streamlines. When the pitching angle further increases
to 24.11° (t; = 0.37T"), the separation point travels upstream to the middle of the
chord, the separated flow region further expands and the velocity magnitude at the
leading edge increases to 2.7U. Thus, the external flow seems to partially follow
the contour of the airfoil so that the lift remains high (C; = 1.6). Eventually, a
rather weak vortex of clockwise vorticity is formed near the trailing edge of the
airfoil at a = 26.46°, (tg = 0.4167"). Moreover, a further increase in the angle of
attack from 24° to 27° causes an abrupt rise of the pressure drag (figure 6.9), which
is attributed to the formation of a circulatory flow in the suction side. The lift
coefficient consequently increases from 1.6 to 1.9. The phenomenon is attributed
to the formation and shedding of a large vortical structure from the leading edge
of the airfoil, which induces low pressure at the wing surface. In the previous
chapter, within this exact time frame (0.40 < ¢/7T < 0.65) a negative pressure
peak was shown to propagate successively downstream linked, in the literature,
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with the presence of the leading edge vortex.
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Figure 6.4: Phase-averaged velocity field upstroke, "LE”& ”Middle”
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At the same time, the pressure drag coefficient is increased, since the external flow
does not follow any more the contour of the airfoil. Similar flow features as the
ones discussed here were shown by Mulleners and Raffel [2012], who experimentally
studied the flow about a pitching airfoil using time resolved PIV.
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105




1.5

045 1 1 1 1 1 1
0 5 10 15 20 25 30

Figure 6.8: Phase averaged lift coefficient.+: upstroke, o: downstroke, black
symbols: ”Leading-edge” &”Middle”, red symbols: ”Trailing-edge”

0.6

0.5

04

Cdp

021

0.1r

0 5 10 15 20 25 30
a(°)
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6.2.2 Downstroke

At o = 21.15° (t30 = 0.677T) of downstroke the flow separation region has ex-
tended up to the leading edge (figure 6.10). Interestingly enough, further down-
stream within the time-frame tg < ¢ < t;3 the fluid moves backwards with rel-
atively high velocities (of the order of U), which increase near the wing surface
(figure 6.10). Had the flow been solely separated, the fluid would move with much
lower speeds, normally being a small percentage of the outer flow. More specif-
ically, at 21.15° (t10 = 0.677T") the flow at the leading edge moves far from the
surface with velocity magnitudes up to U, while in the rest of the suction side the
reversed flow region obtains velocity magnitudes up to almost 0.9 U (Fig.6.12).
The evolution of the shear layer formed around the nose of the airfoil can also
be observed in figure 6.12, as the convection of vorticity gradually weakens and
the shear layer bends towards the airfoil at the instants t19,t11 and t13. A great
reduction of the pitching angle is necessary to cause the flow to reattach. In fact,
at a = 8.35° (t15 = 0.8517") the flow has reattached up to 30% of the chord for the
first time with velocity magnitudes up to U. Downstream of x/c=0.3, the fluid is
almost at rest, in comparison to the reverse flow region.

Consequently, the above behaviour indicates the effect of the previously dis-
cussed leading edge vortex. It appears that this vortex during the early stages
of the downstroke part still induces significant velocity near the surface, which
explains the existence of the high magnitude reverse flow region. Unfortunately,
in the current experiment, the PIV measurement window was not large enough to
record the flow far from the wing surface, where the vortex center is supposedly
located.
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Figure 6.13: Phase-averaged velocity (left) and vorticity (right) magnitude
contour during downstroke, FOV: ”Trailing-edge”

The phase averaged pressure distribution is shown in figures 6.14a and 6.14b for
the corresponding upstroke and downstroke phases measured with the PIV system
(" Leading-edge” &”Middle”). A profound difference between the two phases is the
high pressure suction near the leading edge during the upstroke (better shown
in figure 6.15), caused by local flow acceleration. Another interesting feature is
the elevated suction in the second half of the airfoil (0.5 < z/c < 1) during the
downstroke in comparison to the upstroke phase for the first three cases (21.15°,
17.13° and 12.83°). This is the exact region, where the reverse flow was previously
shown to develop. On the contrary, a flat pressure distribution occurs for the last
case (8.35°) at x/c > 0.3, where the flow is still detached. Otherwise, the pressure
distribution in the rest of the airfoil does not present major differences. This agrees
with the small variations of C; (up to 0.2 units) between the two parts.
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Phase Averaged Pressure Distribution Upstroke
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Figure 6.14: (a) Phase averaged pressure distribution upstroke, (b) Phase
averaged pressure distribution downstroke
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Figure 6.15: Leading edge region upstroke

The pressure variation during a cycle is shown in Fig. 6.16 at the leading-
edge region of the suction side up to x/c = 0.16. At x/c = 0, during upstroke the
pressure becomes progressively negative reaching a peak suction value of C}, = —14
at a = 24° due to the local flow acceleration. During downstroke, the pressure
increases initially with a high rate to C, = —1 at the same angle of 24° and then
with a lower rate returns to positive values, due to the deceleration of the flow, as it
was previously shown. Moving downstream, the suction peaks are reduced as well
as the variance of the pressure coeflficient between the upstroke and downstroke
phases.

The tangential velocity profiles at eight-time instants of the cycle (0.19T,
0.24T, 0.30T, 0.37T, 0.68T, 0.73T, 0.79T, 0.85T) are shown in Fig. 6.17 up to
x/c = 0.2 of the suction side. The vertical axis is the non-dimensional normal
distance from the wall. At upstroke, the flow accelerates reaching or even ex-
ceeding U approaching the wing surface (time instants 0.19T to 0.37T) whereas
during downstroke (0.68T to 0.85T) the velocity profiles exhibit the characteristic
inflection upstream of the flow separation point, tending at the end of this phase
to reattach.
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Figure 6.16: Pressure coefficient loops of leading edge sensors
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Figure 6.17: Tangential velocity profiles
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6.3 POD results

Proper orthogonal decomposition (POD) constitutes a technique that is often used
to reveal dominant features of the flow field or otherwise stated, frequently ob-
served flow patterns in space and time (Holmes et al. [2012], Aubry et al. [1991]).
Several researchers have used the aforementioned method to capture the quali-
tative behavior of unsteady fluid dynamic systems by obtaining a reduced order
model based on particle image velocimetry measurements, amongst them being
Gkiolas et al. [2020], Kapiris and Mathioulakis [2014], Mulleners and Raffel [2012].

In this context, the Snapshot POD technique, first suggested by Sirovich [1987]
was applied on the velocity fluctuations (u/,v") (instantaneous minus time mean
velocity) of the present experiment. The reconstructed velocity fluctuations are
derived as follows:

"(z,y,t) ZO‘I ) (z,),

l‘ Y, t Zaz

, where ®! (z,y) and ®¢ (x,y) are the two-dimensional vector fields along x and y
respectively of the i-th mode. The total number of modes is N, which in this spe-
cific technique equals to the total number of snapshots. Additionally, «;(t) is the
corresponding temporal POD coefficient of a time instant t on the corresponding
POD mode i, given by the following formula:

M
= (W (k, )P} (k) + ' (k, )L (k, 1)) (6.2)
k=1

, where k represents an index of location and M is the total number of grid nodes.
The POD modes represent exactly the aforementioned dominant spatial features
of the flow.

In order to examine the evolution of the flow field in more detail, the proper
orthogonal decomposition analysis was performed on 1600 PIV snapshots of the
eight temporal phases (200 snapshots each) captured at the ”Leading-edge” and
"Middle” region. The algorithm was applied on the velocity fluctuations along a
common grid and snapshots were set in sequence from phase 1 to phase 8. First
the velocity fluctuation matrix 2MxN is constructed as follows:
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The autocovariance matrix of the velocity fluctuations is then formed R =
UTU and the eigenvalue problem is subsequently solved numerically. Its solution
provides the eigenvectors ®;, which represent the spatial modes of the system and
the corresponding eigenvalues ); indicating the relative contribution of each mode
to the total energy.

After the modes of the system are extracted, they are subsequently sorted
by decreasing energy content. The normalized eigenvalues and the corresponding
energy content of each mode is presented in figure 6.18.

0
10° 10 10 10°

——o6— Middle
—>—— Leading edge

10° 10" 10° 10°
Number of modes

Figure 6.18: Normalized eigenvalues (up) and cumulative summation (down)
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Moreover, in table 6.1 the content of the first six dominant modes is shown. It
is observed that the summation of the three first modes in each set corresponds to
76.4% and 87.7% of the kinetic energy of the velocity fluctuations for the ”Leading-
edge” and ”Middle” regions respectively.

Mode ‘ Energy (LE) ‘ Energy (Mid)

1 0.620 0.805
2 0.086 0.043
3 0.058 0.029
4 0.039 0.012
3 0.026 0.010
6 0.022 0.008

Table 6.1: Energy content of POD modes

The first three modes are then plotted as common vector fields in figure 6.19
(using a scale factor accordingly to each case) to assess the physical meaning of
the otherwise statistical technique.

The first mode is related to an attached flow state for both ”Leading-edge”
and "Middle” windows. The vectors are directed backwards to the free-stream,
however the corresponding coefficient a; should be taken into account, which re-
ceives negative values during the upstroke and positive during the downstroke of
the cycle. Therefore, the first mode contributes to a fully-attached state at pitch
up and a reverse flow motion at pitch-down.

The second mode depicts a separated flow state at both the ” Leading-edge”
and the ”"Middle” field of view. It is related to a shear layer that emanates from
the leading edge for the first case and the separated boundary layer at the latter.
As we previously discussed, the flow separation starts from the trailing edge and
progressively expands upstream as the airfoil pitches up. Therefore, the contribu-
tion of this particular mode becomes more significant during the phase averaged
instants of the PIV, where the presence of flow separation becomes more dominant
(i.e. from t7 = 0.370T to t10 = 0.677T).

In the third mode, at the "Middle” field the flow seems to form two regions
with counter-rotating circulation that only partially appear. The corresponding
as coefficient was found to be negative at 19 = 0.6777, indicating a change of
rotation of the swirling flow in the observed vector field. The above circulation
is ”statistically” derived as a dominant flow feature which extends even up to the
"Leading-edge” field of view (right edge of the image). Presumably, the above
feature is associated with the passage and shed of the leading edge vortex, fre-
quently reported in dynamic stall experiments. Similarly, Mulleners and Raffel
[2012] found that the onset of dynamic stall was related to the temporal evolu-
tion of one particular energetically dominant coherent flow pattern (third POD
mode). More recently, Deparday and Mulleners [2018] showed that the onset of

117



dynamic stall and vortex formation on a pitching airfoil is also linked with the
time instant of the maximum leading edge suction by employing PIV and surface
pressure measurements.
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Figure 6.19: POD modes

The temporal evolution of the POD coefficients a1, s and ag of the first three
modes is shown in Fig. 6.20a and 6.20b as a function of non dimensional time.
No obvious relationship was found to apply for the time-series of the derived «
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coefficients. Therefore, it was decided to employ a cubic spline interpolation to the
data using as control points the 200 averaged values of each of the eight triggered
instants. The above technique does not constitute a method of predicting the tem-
porally sparse missing data, but it rather serves as a means of showing the general
features of the temporal evolution of the flow field. To demonstrate an accurate
relationship, many more than eight points would be needed, for which purpose
time resolved measurements would be more appropriate. The interpolation of the
third mode in the middle region shows that its contribution becomes more signif-
icant from 0.40T to 0.60T, where it is maximized. Eventually, the specific time
frame (0.40 < t/T < 0.65) matches with the propagation of the negative pressure
peak previously observed to translate downstream of the leading edge.
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Figure 6.20: (a) LE coefficients, (b) Middle coefficients
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The last observation worth mentioning regarding the POD analysis is the
fourth mode of the ”Middle” region shown in figure 6.21. The latter mode is
linked with the the appearance of a well-shaped vortex, which covers more than
0.3c in the x-direction and more than 0.1c in the y-direction. The energy content
associated with the specific mode corresponds to 1.2% of the total kinetic energy.
The relatively low energy content might be attributed to the poor concurrence be-
tween the triggered captures and the considered event of vortex passage through
the reported region. This is probably the reason why the vortex is not detected
in the phase averaged velocity fields in the first place. Nevertheless, the above
flow feature emerges as relatively dominant and in fact receives a temporally max-
imum value at t/T=0.73 with a negative sign, rendering the direction of rotation
to clockwise.
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Figure 6.21: POD Mode 4 Middle

Closing this chapter, useful remarks were made about the underlying physics
of the observed limit cycle oscillation. Generally, the stall flutter instability was
found to present the basic feature of dynamic stall, involving alternating flow
separation and reattachment over the surface of the airfoil.

The aerodynamic moment coefficient was previously found to be positive (nose-
up) during 0.3 < t/T < 0.57 and negative (nose-down), during the rest of the
downstroke part. This resulted to an energy transfer of the sustained oscillation
from the flow to the wing within 0.3 < ¢/T < 0.5 of the upstroke part and 0.57 <
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t/T <1 of the downstroke. The first part coincides with the temporal extension of
the flow separation region upstream of x/c=0.7 on the suction side of the airfoil and
the subsequent onset of the dynamic stall process, whereas the latter occurs during
the passage of the leading edge vortex from x/c=0.4 to x/c=0.65, being responsible
for the presence of a high velocity reverse flow region and the subsequent flow re-
attachment phase.
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Chapter 7

Comparison between
Experiments and Numerical
Simulations

In the framework of the present research, an effort was made to simulate numer-
ically some of the aforementioned experimental cases with computational tools
developed in the past at the National Technical University of Athens. The selec-
tion focuses on cases, which involve dynamic stall, both light and deep.
Therefore, a strong viscous-inviscid dynamic stall model for 2D airfoils was
initially employed, which allows the prediction of flow separation location under
unsteady conditions. The boundary layer is solved up to the separation point,
coupled with the wake model. The latter consists of two thin shear layers, which
are introduced to capture the flow features even when massive separation occurs.
The first shear layer originates from the trailing edge and the other one from the
separation point, while both emit vorticity in the wake as shown in figure 7.1. More
information regarding the model can be found in Riziotis and Voutsinas [2008].

Double Wake Model

Boundary Layer Equations
Solving / Upper Surface

Stagnation Boundary Layer Equation
Point Solving / Lower Surface

Figure 7.1: 2w double-wake model
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Nevertheless, during deep dynamic stall, complex flow features appear espe-
cially near the leading edge (Benton and Visbal [2019]), which create the need for
high fidelity computations. The use of Unsteady Reynolds-averaged Navier—Stokes
(URANS) simulations comprises the first step towards a deeper understanding of
the underlying flow mechanism of dynamic stall. Furthermore, Large Eddy Sim-
ulation (LES) or even less computationally demanding hybrid URANS-LES tech-
niques, such as Detached Eddy Simulation (DES) specifically contribute to a more
detailed description of the dynamic stall vortex formation (Visbal and Garmann
[2018]).

In this context, the MapFlow solver is utilized, which solves the unsteady
compressible Reynolds-Averaged Navier Stokes equations on unstructured grids
using the Finite Volume method. The k-w SST model as formulated by Menter
[1993] is used for the turbulence modelling in the case of URANS simulation.
Further details related to the above model can be found in Papadakis [2014].

The DES technique ultimately consists of the LES mode which resolves the
larger scale turbulence eddies, whereas the flow inside the boundary layer is mod-
eled with URANS. The present experiment has proven to deal with massively
separated flow, where DES is thought to be more capable compared to URANS
(Spalart [2009]). Of course, the computational cost of the LES simulation is signif-
icantly higher than that of the DES. For the above reason, the DES technique was
chosen here. The same computational mesh is used for both URANS and DES
simulations to avoid grid related deviations. A representation of the employed
unstructured computational mesh for the URANS simulations is depicted in figure
7.2.

Figure 7.2: Computational mesh for the 2D URANS simulation
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For the 3D DES simulation, the 2D mesh was extruded in the lateral direction
up to the aspect ratio of the wing, consisting of 50 spanwise stations.

The above models have been successfully validated against unsteady exper-
imental data in the past in Riziotis and Voutsinas [2008] and Papadakis [2014]
respectively, thus the goal is to use them to extract more aerodynamic data (that
the experiments are not able to provide) and ultimately check their validity in
the previously described limit cycle aeroelastic oscillations. Foil2w comprises a
low-cost dynamic stall model, while MapFlow a high-fidelity solver.

The aeroelastic instability found previously to occur (stall flutter) is tackled
here as an individual unsteady aerodynamic problem, since it leads to a repeatable
limit cycle of combined pitching and plunging displacements. Our initial inten-
tion was not to predict the critical speed of the otherwise self-sustained aeroelastic
instability, but rather conclude on the optimal comparison of the periodic oscilla-
tions with the existing computational tools. Thus, the following results compose
a preliminary study on the observed phenomenon.

7.1 Steady Simulations

Before proceeding in more complex unsteady flows, it was considered necessary to
initially assess the comparison of simulations and experiments under steady state
conditions, specifically at a Reynolds number of 0.5 x 10%, which are also very close
to the ones of the limit cycle.

Details are given below regarding the steady simulations of the RANS (MapFlow)
model. The following results presented are generated by steady simulations up to
13°. Above this angle of incidence, the unsteady terms had to be taken into ac-
count, due to the large fluctuations of the flow field.

Solver MapFlow
Number of Dimensions 2D
Grid Cells 220 000
Turbulence Model k-w SST
Inlet Turbulence Intensity 0.2%
Transition Fixed at the leading edge
y" <1

Concerning the f2w simulation, the viscous-inviscid model includes prediction
of transition based on the eV spatial amplification theory, which is used in the
current simulation, essentially considering a free-transition of the flow from laminar
to turbulent.
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Figure 7.3: Lift coefficient vs. angle of attack at Re = 0.5 x 10° in steady
state conditions. Comparison of experimental and simulation results.

In the linear regime of figure 7.3, the MapFlow model seems to adequately
predict the lift slope, which closely resembles the experimental one. The foil2w on
the other hand, which enables free transition of the flow affects the slope of the
lift coefficient, being steeper compared to the fully turbulent. The loss in airfoil
performance due to the fixed transition has been multiple times reported in lit-
erature (e.g. in Bragg and Gregorek [1987], Somers et al. [2005]) and attributed
to the earlier trailing-edge separation caused by the tripped boundary layer. Sim-
ilarly, the CFD model predicts nearly the same zero lift angle in relation to the
experiment, while foil2w overestimates it by 0.6°.

Beyond the linear regime and as the separation front extends further upstream
with increasing angle of attack, the MapFlow model deviates from the experimen-
tal values and tends to overpredict the lift coefficient. This is attributed mainly to
the 2D CFD simulation, which is not capable of producing the three dimensional
features of separated flow (stall cells), as shown in Manolesos et al. [2014]. Nev-
ertheless, in the same study, even the 3D simulation reproduces the experimental
data with a delay of 3°. On the contrary, a better agreement is achieved with the
foil2w model at high angles of attack both qualitatively and quantitatively.

In general, regarding the pitching moment coefficient shown in figure 7.4, an
agreement is found between the models, which satisfactorily predict the results
compared to the corresponding experimental ones up to an angle of attack of
approximately 10°. At higher angles of attack, the simulation data start to devi-
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ate and ultimately differ significantly from each other above 15°, while eventually
MapFlow approaches again the experimental values. However, the latter behaviour
cannot be accredited successful as this is the exact same region where large discrep-
ancies previously appeared in the lift coeflicient. Interestingly enough, for a > 17°
the pitching moment coefficient predicted by the foil2w simulation significantly
drops (post-stall), due to fully detached flow on the upper surface of the airfoil,
similar to the experiment.
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Figure 7.4: Pitching moment coefficient vs. angle of attack at Re = 0.5 X
10° in steady state conditions. Comparison of experimental and simulation
results.

Furthermore, a comparative diagram of the pressure drag coefficient is pre-
sented in figure 7.5. The pressure drag coefficient is under-predicted within the
linear region of lift between —8° and 7° of the angle of attack by both models.
Specifically regarding the foil2w model, direct pressure integration has been found
in the past to underestimate drag (Riziotis and Voutsinas [2008]) compared to
applying momentum theory on the airfoil. On the contrary, the predictions are
relatively accurate above 10° as the flow begins to separate. Finally, the quantity
is adequately computed even in the post-stall region with the use of the double-
wake model. The accurate prediction of the aerodynamic loads is also confirmed
by the pressure distribution shown in figure 7.6, which is indicatively presented at
an angle of attack of 11.24°.
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Figure 7.5: Pressure drag coefficient vs. angle of attack at Re = 0.5 x 10° in
steady state conditions. Comparison of experimental and simulation results.
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Figure 7.6: Pressure distribution at o = 11.24°, Re = 0.5 x 10° in steady
state conditions. Comparison of experimental and simulation results.
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7.2 Unsteady Simulations

In this section we will deal with the numerical results of unsteady simulations. The
following simulations focus on cases, which involve dynamic stall, both light and
deep, where in previous section the occurrence of low or even negative aerodynamic
damping coefficients were experimentally reported. As already mentioned, the
above can be a condition of aeroelastic instabilities. In this context, simulations
with both the 2D viscous-inviscid interaction dynamic stall model as well as 2D
URANS and 3D DES are included.

7.2.1 Pitching 10°+8° k£ =0.1

As shown in the previous paragraph, a good agreement between experimental data
and numerical predictions was achieved under steady state conditions, based on
fully-turbulent CFD simulations. However, the hypothesis of fully-turbulent flow
during unsteady pitching conditions had to be further investigated, examining
the influence of two transition models: the v — Rey and the Amplification Factor
Transport (AFT) models, which produced very close results. Thus, for the sake of
brevity, only the AFT model results are shown in the following figures, which were
found to be in marginally better agreement with the corresponding experimental
data.
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Figure 7.7: Lift coefficient vs. « for pitching 10° 4+ 8°, k = 0.1.

In general, the foil2w and the fully turbulent MapFlow simulations appear to
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have similar results, as shown in figure 7.7, partially in the upstroke and in the
downstroke part of the pitching motion of the airfoil. The AFT simulation on the
other hand predicts slightly higher lift values during the upstroke and lower during
the downstroke compared to the other two simulations, thus forming a wider loop.
Eventually, the experimental lift coefficient during increasing angle of attack shows
considerably lower values compared to the simulations. However, a similar slope of
the measured lift curve appears with the foil2w and the fully turbulent simulations
(values are shifted vertically by AC; =~ 0.1), while the transitional AFT simulation
is steeper.

In the downstroke part of the motion, both foil2w and the fully turbulent CFD
simulations predict higher C; values, while the AFT simulations are in agreement
with the measurement. Differences are also found at lower angles of attack, where
the experiment displays a characteristic shape eight of the loop, which does not
occur in any of the numerical results.
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Figure 7.8: Moment coefficient vs. « for pitching 10° £ 8° k = 0.1.

Regarding the numerical results of the aerodynamic moment in figure 7.8,
it appears that the transitional model offers the most satisfactory comparison
with the experiment. For the most part of the upstroke but for a small part of
the downstroke of the pitching motion as well, the prediction coincides with the
measurement. The results of the foil2w simulation appear to be similar, while the
corresponding fully-turbulent are significantly different. It should be mentioned
that the simulations performed here are two-dimensional, thus ignoring 3D effects.
Nevertheless, it was previously reported in the work of Manolesos et al. [2014],
which utilizes the same CFD solver, that even 3D CFD data lag the experimental
results by 3° in terms of 3D flow separation at steady state conditions. Had this
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also been the case with the unsteady pitching experiment, it would explain the
systematically lower measured lift coefficient. In the specific experiment, however,
there is no additional information on the evolution of the separation point so that
the above assumption cannot be assessed.

7.2.2 Pitching 15° +8° k= 0.2

In this test case, an experiment was conducted with an even larger mean angle
of incidence and a higher reduced frequency, focusing on the performance of the
f2w (double wake) model. The difference in the lift coefficient presented during
the upstroke part of the oscillation between the experimental and numerical data,
presented in figure 7.9, is mainly attributed to the free transition, which explains
the increased slope of the simulation curve. Moreover, the predicted stall angle is
fairly accurate at about 21.5°, although the lift overshoot is more pronounced in the
numerical prediction. Subsequently, the numerical result is largely underestimated
during the early stage of the downstroke part, i.e. from about 23° to 17°. The
above behavior probably originates from the two dimensional approximation of
the simulation. It seems as if excessive vorticity is predicted to be produced in the
leading edge, which leads to a more abrupt stall as it is shed in the wake, compared
to the progressive loss of lift recorded in the experiment. Similar discrepancies are
also reported in Martinat et al. [2008] as a result of the two dimensional assumption
of the flow field. For the rest part of the downstroke motion, the predicted lift
coefficient is in good agreement with the experimental data.
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Figure 7.9: Lift coefficient vs. angle of attack for pitching 15° +8° k = 0.2.
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Regarding the pitching moment presented in figure 7.10, the following is ob-
served: A more sharp drop of the aerodynamic moment is numerically predicted,
with a phase lag of about 1.5° compared to the experiment. Subsequently, dur-
ing the downstroke part of the oscillation, the two curves deviate significantly.
Smaller nose down moments are computed, as well as large fluctuations appear in
the early downstroke phase. Thus, the more abrupt dynamic stall behavior of the
simulation influences the shape of the pitching moment loop, which is expected to
substantially affect the torsional aerodynamic work produced.

-0.05

-0.1f

U005t .o
-0.2 .
exp std
-0.25 exp up 1
— — — -exp down
2w double
03 | . . .
0 5 10 15 20 25

a

Figure 7.10: Moment coefficient vs. angle of attack for pitching 15°+8° k =
0.2.

Finally, for a more detailed evaluation of the simulation, the temporal evolution
of the pressure coefficient is shown in figure 7.11 on the suction side of the airfoil
in the area near the nose up to x/c=0.25. The comparison is made between the
first 8 sensors in the midspan of the wing and the calculated values at nearby
spatial stations available from the numerical simulation. Time instant t/T = 0,
corresponds to the onset of the upstroke part of the pitching motion, while t/T
= 1 to the end of downstroke. A satisfactory agreement is achieved during the
upstroke part of the oscillation, while there are discrepancies during the downstroke
specifically after t/T = 0.6. Moreover, in the area close to the leading edge of the
airfoil (z/c < 0.04) the model seems to predict the onset of flow reattachment
earlier.
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Figure 7.11: Pressure coefficient temporal evolution on suction side up to
x/c = 0.26 for pitching 15° £ 8° k = 0.2.

On the contrary, further downstream (fig.7.12), during the downstroke part of
the oscillation the baseline pressure of the fully detached flow on the suction side is
underpredicted (flat pressure distribution) in comparison to the more progressive
pressure variation reported in the experiment. The above feature causes the abrupt
loss of lift and aerodynamic moment coeflicients previously reported.
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Figure 7.12: Pressure coefficient temporal evolution on suction side down-
stream of quarter-chord for pitching 15° 4+ 8°, k = 0.2.

7.2.3 Aeroelastic experiments: 15.5° + 12.5° k = 0.35

Following the comparisons previously made, the numerical results are presented
below for the case of the limit cycle oscillation, which was extensively discussed in
the two previous chapters. It is reminded that in the current experiment the wing
was driven to a self-sustained oscillation (Limit Cycle) of fixed pitching and plung-
ing amplitude by applying a given step-wise excitation at a free-stream velocity
threshold of U = 14.95m/s (Re = 0.53 x 10°).

Type DES (RANS+LES)
Number of Dimensions 3D
Grid Cells 9 x 10°
Turbulence Model k-w SST (DES variant)
Turbulence Intensity 0.2%
Transition Fixed at the leading edge
y* <1
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It was well documented from the phase averaged PIV measurements that the
above aeroelastic instability involves massive flow separation, which led to the
decision of employing the double wake and DES models in the corresponding sim-
ulation. Regarding the DES simulation, two separate tests were conducted, where
the pitching & plunging motion was introduced either as a function (equation 5.10)
or as the recorded timeseries for a few cycles from the actual sensors’ signals. The
above investigation was conducted due to the relatively poor sinusoidal fit of the
plunging oscillation. Nevertheless, it was observed that the two different versions
were almost identical and did not cause any substantial effect on the results.

In figure 7.13, the lift coefficient versus the geometric angle of attack is shown
for the assessment of the above simulations. It is clear that the numerical results
illustrate a different trend compared to the corresponding experimental. Namely,
the experimental lift coefficient loop appears to have a counterclockwise direction
of rotation and a nearly elliptic shape, except for a small sub-loop near the max-
imum incident. It is generally much narrower than a typical dynamic stall loop.
Instead, the numerical simulations present a regular dynamic stall loop with a
clockwise direction and a loss of lift during the downstroke part of the motion, due
to flow separation. The discrepancy from the experiment, both in the upstroke
and even more in the downstroke part of the oscillation, is evident. This is even
more profound for the double wake model results. The only exception is the satis-
factory prediction of the lift coefficient near the maximum angle of attack for both
simulations. Nevertheless, the two models present quite similar trends.

21 DES 1
1.8}F exp up i
— — — -exp down
1.61 *  expstd .
*  MapFlow std
147 2w double i
1.2 i
U ] - —
0.8 a
0.6+ X i
*
04F%* i
e
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0 1 1 1 1 1
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Figure 7.13: Lift coefficient vs. angle of attack during LCO, k=0.35.
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Likewise, the experimental pitching moment loop in figure 7.14 does not present
the typical figure eight of a dynamic stall event. The loop forms an almost elliptical
shape of clockwise direction, which indicates the energy transfer from the flow to
the airfoil. The high reduced frequency of the current experiment is believed to
have a considerable impact on the aforementioned shape. Instead the numerical
result from the double wake simulation illustrates a rather conventional dynamic
stall shape with two sub-loops of opposite direction of rotation. However, the
above cannot satisfactorily explain the actual self-sustained oscillation observed
from an energy transfer perspective.
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Figure 7.14: Pitching moment coefficient vs. angle of attack during LCO,
k=0.35.

It should be stressed however that, to the best of the author’s knowledge, nu-
merical simulations of pitching and plunging oscillations of such a high reduced
frequency in this moderate Reynolds number regime are rarely reported in the lit-
erature. It is also worth noting here that in the previously presented 2D URANS
simulations mesh independent results were obtained. Concerning the DES sim-
ulations, significant deviations depending on the mesh are often reported in the
literature (Spalart [2009],Wang et al. [2012]). In general, a suggested rule of thumb
is that the aspect ratio of the cells should be close to unity. The latter was not
possible in the current research due to the computational cost, however as an
alternative the number of spanwise stations of the extruded mesh was gradually
increased up to 50, eventually reaching a total of 9 million cells. Nevertheless, the
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meshes tested did not produce any significant spanwise variation. The Q criterion
iso-surfaces (Q=0.1) of the oscillating wing are presented in figure 7.15 for four
angle incidents during upstroke and downstroke of the periodic motion. More in-
tense three-dimensional effects are observed at @ = 4.2° downstroke, during the
flow reattachment phase.

a = 23.9°up o = 28.1°down

o = 12.0°down a = 4.2°down

Figure 7.15: Q criterion iso-surfaces (Q=0.1) of oscillating wing

It is reminded that transition modeling is not applied in the above simulation.
Further research should also be done on the choice of the time step Dt, in order
to ensure its independence and respective convergence.
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Chapter 8

Conclusions &
Recommendations

8.1 Conclusions

The aim of the present work was primarily to experimentally investigate the aero-
dynamics of an oscillating airfoil at low Reynolds numbers (below 10°), in which
energy is transferred from the flow to the airfoil and vice versa, as well as to elu-
cidate aerodynamic and structural conditions under which a non-rigid airfoil may
enter into self-excited or self-sustained oscillations. To this end, the following steps
were taken:

e Experimental measurement of the surface pressure distribution on a NACA
64418 airfoil under steady flow conditions, sectional aerodynamic loading
and surface flow visualization

e Experimental study of the influence of various forced harmonic motion pa-
rameters on the aerodynamic loads and aerodynamic damping

e Investigation of stall flutter phenomenon by means of unsteady surface pres-
sure measurements and phase-locked particle image velocimetry about an
elastically mounted wing, and

e Evaluation of numerical results against unsteady experimental data.

Forced Oscillations

The flow about a pitching NACA 64418 rectangular wing was experimentally ex-
amined in a subsonic wind tunnel. Having a chord length ¢ = 500 mm and a
spanwise length 1390 mm leaving a small gap from the wind tunnel walls, the
wing was set to forced pitching motions about an axis 0.35 ¢ far from the leading
edge with reduced frequencies up to 0.2, Re up to 0.75 x 10%, mean angles up to
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15° and angle amplitudes up to 8°. Based on pressure measurements at the wing
midspan region, lift, and moment coefficients were calculated versus the geometric
angle of attack.

Under static conditions and for angles higher than 17° (beyond the static stall
angle), the lift curve showed two branches due to intermittent flow separation
from the leading edge region corresponding to partially attached and separated
flow regimes (double stall).

On the one hand, during pitching oscillations, the peak-to-peak lift coefficient
Clp—p in a cycle increases with the angle amplitude, whereas for relatively low
mean angles (o, < 10°), Cj,_, is reduced with increasing mean angle. On the
other hand, the peak-to-peak moment coefficient within a cycle is increased with
respect to either the mean angle or the angle amplitude. Under dynamic stall
conditions, the large excursion of the pitching moment and the shape of its loop
are related to negative torsional aerodynamic damping, so that the system becomes
aerodynamically unstable. Below the mean angle of 15°, all cases studied in the
present work were aerodynamically damped. However, for pitching oscillations
about a mean angle near the static stall (a,, = 15°) and pitching amplitudes
from 4° to 8°, negative torsional aerodynamic damping may appear, depending on
the reduced frequency and the Reynolds number. Moreover, energy is transferred
from the fluid to the wing during the downstroke part of its periodic motion.
Nevertheless, under the latter conditions, the sign of the aerodynamic damping
coefficient changes between cycles due to the inherently unsteady flow behavior of
dynamic stall. Similarly, negative torsional aerodynamic damping at large angles
of attack was also recorded during combined pitching and plunging oscillations,
while a substantial reduction was achieved by varying the phase difference between
the oscillations.

Aeroelastic Experiments

The forced oscillations at high angles of attack near stall were proved to be highly
unstable (causing negative aerodynamic damping) for both pitching and combined
pitching-plunging oscillations. Thus, the response of the elastically supported wing
was examined at large initial angles of attack. The bending and torsional degrees
of freedom were in this case structurally coupled and the elastic axis was located
at x/c = 0.35, which largely affects the aerodynamic pitching moment. The ratio
of the natural frequencies of the examined system (torsional to bending) was in
each case wq /wp, < 1.

Self-excited oscillations: When the wing was initially placed at high angles
of attack (near static stall), self-excited oscillations occurred in pitch and plunge
at a critical free stream velocity. The amplitude of oscillation gradually increased
for both degrees of freedom. The mean angle of attack of the angular oscillation
and the mean plunge displacement was the equilibrium reached at this phase of
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the experiment. During the self-excited oscillations, typical dynamic stall loops
were presented for both lift and pitching moment coefficients, which indicate a
stall-flutter instability. Work was done on the airfoil in both degrees of freedom,
thus supplying energy to the system. Increasing the initial angle of attack from
16.65° to 19.98°, the critical free stream velocity decreased from 19.50 m/s to 14.95
m/s. This substantial drop (-23%) of the critical speed is attributed to the stall
flutter phenomenon.

Self-sustained oscillations: When the elastically mounted wing was initially
placed at a high angle of attack and an initial excitation was applied at a free-
stream velocity threshold of U = 14.95m/s (Re = 0.53 x 10°), a self-sustained
oscillation (Limit Cycle) of fixed pitching and plunging amplitude took place. Be-
low the latter speed, the oscillation was damped. The frequency of the limit cycle
lied close to the natural frequency of the torsional degree of freedom indicating its
dominant role. The torsional response was found to be highly sinusoidal, whereas
the bending slightly deviated from the above form with a phase difference of 340.9°.
The lift coefficient loop appeared to have a counterclockwise direction of rotation
and a nearly elliptic shape, except for a small sub-loop near the maximum incident.
The pitching moment loop similarly formed an almost elliptical shape of clockwise
direction, which indicates energy transfer from the flow to the airfoil. The above
occurred within 0.3 < ¢/T < 0.5 of the upstroke part and 0.57 < ¢/T < 1 of the
downstroke. Essentially, the work done by the lift force on the airfoil during the
upstroke is cancelled out during the downstroke part, whereas the pitching moment
seems to contribute more in the energy transfer from the flow to the structure so
that the aerodynamic damping coefficient receives negative values.

PIV measurements

Phase averaged PIV measurements were conducted in the mid-span level of the
wing during the above limit cycle oscillations, which demonstrate the following;:
During the upstroke of the oscillation the flow accelerates on the suction side, while
at the same time the separation region expands upstream in a non-linear manner
with respect to the motion of the wing. A shear layer related to the flow separation
is consequently developed and similarly evolves. At o =~ 27° during upstroke, the
lift coefficient slope is suddenly increased, the pressure drag rises significantly and
a negative pressure peak disturbance is formed, which successively propagates
downstream. The above events are linked with the formation and shedding of a
vortical structure from the leading edge of the airfoil.

During the early downstroke part of the oscillation the flow has been fully
detached from the suction side of the wing. However, a strong reverse flow region
is formed near the airfoil surface, which obtains velocity magnitudes up to almost
0.9U around z/c = 0.65. The reverse flow region, which is thought to be induced by
the passage of the leading edge vortex, causes locally elevated suction pressure and
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gradually weakens in magnitude as the angle of attack decreases. Simultaneously,
the shear layer previously formed around the nose rotates towards the airfoil as the
flow starts to reattach. Generally, the stall flutter instability was found to present
the basic feature of dynamic stall, which involved the alternating flow separation
and reattachment over the surface of the airfoil.

POD analysis: The first predominant mode of the POD method is related to
a streamlined flow regime, whereas the second depicts the shear layer formed due
to flow separation. The two modes are temporally alternated in accordance to the
evolution of the phenomenon. Moreover, the third mode is associated with a circu-
latory flow formed in the middle region of the airfoil, whose contribution becomes
more significant in the interval from 0.407 to 0.607, which temporally matches
the propagation of the negative pressure peak previously mentioned. Thus, it is
believed to be linked with the shedding of the leading edge vortex.

Numerical simulations

Regarding the computational results, the 2D fully turbulent RANS simulation was
found in good agreement with the experimental measurements under steady condi-
tions for angles of attack up to 15°, but deviated beyond this incident. Conversely,
a greater slope (due to free transition) in the linear region of the lift coefficient
was predicted by the foil2w model, however the aerodynamic loads at even larger
incidents (up to 22°) were satisfactorily predicted.

The pitching simulations were found to present similar trends as the experi-
mental results. Some agreement was partially reached, in light stall with the 2D
URANS simulation containing transition modelling as well as in deep stall with
the viscous-inviscid dynamic stall model. On the other hand, both models fail
to predict aerodynamic loads of the combined pitching and plunging limit cycle
oscillation, that was observed to occur in the case of the elastically supported wing.

8.2 Recommendations

The recommendations discussed next concern some short term improvements of
the experiment as well as some long term goals for future research.

Short-term improvements:

Simultaneous data acquisition: The measurement of surface pressure distribution
with simultaneous analog to digital converters instead of multiplexing is suggested.
Upgrading the data acquisition to a simultaneous system will contribute to the
greater reliability of the measurements and the ability to measure them with even
larger sampling frequency. This will allow to analyze the unsteady chain of events
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of the dynamic stall phenomena in greater temporal resolution as well as the eval-
uation of the results in relation to the local turbulent characteristics.

Forced transition: The use of a trip wire to trigger the flow transition to turbu-
lent is considered necessary to assist the simulation. The predetermined transition
aims at clarifying the considered assumptions and further develop the computa-
tional simulation.

Study of the effect of tunnel walls: It has been frequently observed in literature,
that the 3D effects of the wind tunnel walls might alter significantly the computa-
tions, especially during dynamic stall, where flow separation is apparent. There-
fore, their inclusion in the calculations is considered useful.

Wing Surface finish: Finishing the surface of the wing is a task that must be com-
pleted so that the surface protrusions of each piece are smoothed and no longer
constitute a source of flow transition.

Use of Strain gauges: Measurement of total aerodynamic loads using Strain-Gauge
in order to account for the aerodynamic loading subjected at the whole wing.

Long terms goals

As stated in the introduction of this work, the development of the experimen-
tal investigation was motivated by certain engineering problems as well as fluid
structure interaction phenomena that constitute major challenges for the research
community. A list of such problems are given bellow:

1. Control of the stall flutter aeroelastic instability using jet actuators.

2. Construction of a cyber physical system which uses feedback control to sim-
ulate variable torsional and bending structural properties of the flexible wing
model for the investigation of its aeroelastic response over a wide range of
applications. For example cases with a frequency ratio of wy/wy >> 1 are
of great interest, due to their frequent use in wind turbines.
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Appendix A

Calibrations

A.1 Calibration of Pressure Transducers

Before testing, all pressure transducers were calibrated. A pressure-vacuum line
was connected to each location and the diaphragm of each transducer was subjected
to pressures approximately £1250Pa above and below the atmospheric pressure,
while a Furness FCO432 manometer, was used as the reference instrument. A
photograph of the calibration procedure is shown in Fig.A.1 and an example of
the output in Fig.A.2.

Figure A.1: Photo of the calibration procedure of pressure transducers
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Figure A.2: Calibration of transducer No.1. Solid line: linear fit

A.2 Calibration of Angular Sensor

The angular sensor was calibrated, as well, directly on the final setup using a step-
per motor coupled to the wing shaft (Fig.A.3). The procedure was performed in
the range £75° from its initial position by rotating the stepper motor both clock-
wise and counterclockwise in predetermined steps. The outcome of the process is
shown in Fig.A.4.

Figure A.3: Photo of the calibration procedure of angular sensor
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Figure A.4: Calibration of angular sensor

A.3 Calibration of Pitching Oscillation

The simple harmonic pitch oscillations are produced by the stepper motor, which
generates each step of rotation after predetermined timing intervals. The ampli-
tude, frequency and goodness of fit were confirmed in each case by recording the
actual oscillation, as shown in Fig.A.5.
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Results

General model:

f(x) = a+b*sin(2*pi*x+d)
Coefficients (with 95% confidence &
a= 4838 (4.836,4.841)
b= -5907 (-591, -5.903)
d= 1569 (1.569, 1.57)

Goodness of fit:
SSE: 0.5014
R-square: 1
Adjusted R-square: 1
RMSE: 0.02837

0 0.2 0.4 0.6 0.8 1
x=t/T

Figure A.5: Sinusoidal fit of pitching oscillation

A.4 Pitching cases

Reynolds | Mean angle (°) Amplitude (°) f(Hz) k Reynolds | Mean angle (°) Amplitude (°) f (Hz) k

Low_1_ai 0.046 1.925 1.003  0.099 | High 1 ai -0.084 1.942 1.004 0.067
Low_1_a_ii 0.006 1.946 1.985 0.196 | High_1_a_ii -0.138 1.955 1.990 0.130
Low_1_b_i 0.034 3.889 0.999 0.098 | High_1_b_i -0.091 3.906 1.000  0.065
Low_1_b_ii -0.006 3.911 1.932  0.190 | High_1_b_ii -0.145 3.925 1.937 0.127
Low_1_c.i 0.008 5.888 0.966 0.095 | High 1 c.i -0.149 5.905 0.968 0.063
Low_1_cii 0.002 5.886 1.916 0.189 | High 1 c.ii -0.107 5.904 1.906 0.125
Low_1.d_i 0.007 7.810 0.968 0.095 | High_1.d.i -0.128 7.837 0.965 0.064
Low_1_dii -0.065 7.836 1.867 0.184 | High 1. d.ii -0.142 7.866 1.864 0.121
Low_2_ai 4.836 1.943 1.003 0.099 | High2_a_i 4.831 1.946 1.014 0.065
Low_2_a_ii 4.855 1.963 1.984 0.196 | High 2_a ii 4.866 1.967 1.982  0.129
Low_2_b_i 4.842 3.904 1.002 0.099 | High 2 bi 4.864 3.918 1.000 0.064
Low_2_b_ii 4.866 3.935 1.944  0.192 | High_2_b_ii 4.875 3.944 1.949 0.126
Low_2_ci 4.838 5.907 0.967 0.096 | High 2 ci 4.846 5.928 0.965 0.063
Low_2_c.ii 4.914 5.906 1.912 0.189 | High 2 c.ii 4.939 5.929 1.915 0.124
Low_2.d_i 4.869 7.827 0.967 0.096 | High 2.di 4.896 7.851 0.966 0.063
Low_2_d.ii 4.876 7.857 1.863 0.184 | High 2 d.ii 5.772 7.886 1.865 0.121
Low_3_a_i 9.802 1.939 1.017 0.100 | High 3 a_i 10.640 1.923 1.002  0.066
Low_3_aii 9.886 1.961 1.986 0.196 | High 3_a_ii 10.750 1.962 1.983 0.129
Low_3_b_i 9.805 3.918 0.997 0.098 | High-3_b_i 10.640 3.924 0.999 0.065
Low_3_b_ii 9.889 3.948 1.933  0.191 | High_3_b_ii 10.750 3.943 1.936 0.126
Low_3_ci 9.814 5.913 0.968 0.096 | High 3_c.i 10.670 5.926 0.969 0.063
Low_3_c_ii 9.941 5.916 1.913 0.189 | High_3_c_ii 10.850 5.930 1.918 0.124
Low_3_d.i 9.863 7.869 0.965 0.096 | High 3_d.i 10.770 7.888 0.967 0.063
Low_3_d-ii 9.929 7.913 1.863 0.185 | High_-3_d.ii 11.720 7.937 1.866 0.122
Low_4_a_i 14.850 1.972 1.015 0.101 | High 4 ai 16.540 1.989 1.002 0.066
Low_4_a_ii 14.960 1.976 1.982 0.195 | High 4 a_ii 16.690 2.002 1.976 0.130
Low_4_b_i 14.860 3.937 0.999 0.099 | High 4.bi 16.610 3.968 0.999 0.065
Low_4_b_ii 14.990 3.955 1.940 0.191 | High 4 b ii 16.710 3.979 1.932 0.127
Low_4_ci 14.930 5.955 0.964 0.096 | High4_c.i 16.620 5.941 0.966 0.063
Low_4_c_ii 15.070 5.945 1.905 0.189 | High 4 c_ii 16.790 5.934 1.914 0.126
Low_4_d.i 15.020 7.893 0.965 0.097 | High 4.d.i 16.720 7.883 0.968 0.064
Low_4_d_ii 15.040 7.938 1.863  0.185 | High_4_d_ii 17.650 7.910 1.865 0.123
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A.5 Structural Properties of the Elastically
Supported Wing

With each new set of springs, prior to measurements, free oscillation tests were
performed to estimate the natural frequencies and damping ratios of the system. A
total of five tests were performed for each degree of freedom by deflecting the wing
from its original equilibrium position under still air and its response to rest was
recorded , as shown in Fig.A.6. FFT analysis of an accelerometer (attached to the
wing surface) and the displacement sensor signals revealed the natural frequencies
and the damping ratios of the system. The damping coefficients were determined
using the log-decrement approach.

Freeplay tests

20 T T

a(®)
S

_20 1 1 1 1 1 1
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>

_10 1 1 1 1 1 1

Figure A.6: Freeplay tests of elastic properties

Further details regarding the mass and mass moment of inertia of the individual
components of the aeroelastic wing are given in TablesA.2, A.1.

Wing + extensions 0.6477

Shaft 0.0006
Pulley 0.0800
Fences 0.5333

Total (No fences) 0.7282
Total (With fences)  1.2616

Table A.1: Mass moment of inertia of rotating wing
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Plunging m (kg)

Wing + shaft 41.3

Pulley + pitching springs + base  11.2
Extensions 4.2
Aluminum plate 2
Bearing housing+coupler 1
Fences 9.3

Total (No fences) 59.7

Total (With fences) 69

Table A.2: Mass of translating wing
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IMepixndn

Ynv nopoloo SlotelPr) UENETHONXE TEWRUUATIXG 1) U1 WOVIUT) OEQOBUVOULXT] X0l JEQOE-
Ao T cuuTEELpopd Tonavtoluevne acpotouric NACA 64418 oe aplBuolc Reynolds xdtw
tou 105, Apyixdc oxomde Htay 0 TpoodoPIOUSS TOV TaPXyGVTOY Tou EMNEedlouV ToL oe-
poduVoLXd PopTia xou TNV depodUVOULXY| arocPeon ot eEUVOYXAOUEVES TUNAVTIWOELS TEO-
VEUOTC X0l CUVOUNOUEVES TANAVTWOOELS TEOVELSTG-BUbong tng acpotourc. Ewwodtepa, un
UOVIUES UETPNOELC XATAVOUWY TUECTC TEOYUATOTOLRONXAY CTNV ETLPAVELN TNG AEQOTOUNS OF
€va €VPOC UECWYV YWVIWY TREOCTITOONG, TAATOUS TONAVIWOTNS, AVIYUEVWY CUYXVOTATOY %ol
Olapopwy Paong UETAED TOV CUVOVACUEVWV TONAVTWOOENMY. 2E TUNAVTIOOELS ouLyoUs TEo-
VEUOTC UE UEOT Yovia TEOoTTOoNS XdTw amd 15°, ONeC Ol TEQINTWOELS TOU UENETHONXOY
anocPévovtav agpoduvopxd. Avtibeta, o yéon yovio 15°, 6mou nopatneinxe to Qoavod-
HEVO NS SUVUIXTG OmONELAS O THELENG, TEOXAONXE apvnTixy| acpoduvouxy andcPeor oe
oteédn. H peydhn diadpoun tne agpoduvopixng pomhc xou to oo tou Bedyou xotd
Oldipxeta EVOC TATIROUS XUXAOL TaNdvTwone PBeébnxe va oyetileton pe tig ouvbrixeg oaepo-
duvoxg acTdlelog, xabmg evEpyELld HETAPEROTAY ATO TO PEVCTO TEOG TNV TTEQUYA XOUTA
10 x0fodnd pépoc tne meplodxrc xivnorc. H ad&non tne avnyuévng ouyvotntac oe authyv
NV TepinTnon odrynoe o nepautépn alEnoT TNg apvTXng agpoduvouxic andcfeonc. To
(010 cuvéPel xan ye Ty adénom tou TAdToug TaNdVTWoNG €wg xou 6°. Ouola, apvntixy aepo-
duVoULXT) amOGPeoT) o GTEEPN XATAYEAPNXE XAUTA T1| OLAEXELN CUVOUUGHUEVOV TUNAVTOCEDY
Tpovevonc-Podiong, dtav 1 Yéon yovio TardvTwong utepéBatve TN Ywvid OTATIXAG ATWAELC
otheene. Xtg nopamdve cuvBixes onpavtixr xelbnxe 1 enidpoaom tng Slapopds PdoNg ue-
Ta€0 TOV CUVBUACUEVWY TONJVTWOEWY TNV OTEENTXN acpoduvouixy| andcPeon. Ilepoutépw,
UTO UOVIES GUVBTXES pONC Xou Yot YwVieg uPmhoTepes and 17°, 1 agpotour| tapoucioce Suo-
Aelmouoo amoxOAANGCT TG poYC Tepl TO UETOTO TEOGPONTG AN UEQIXWSG TROCKONNNUEVT] OE
TARRWS AmoXONANUEVN oY) (BLTAY amdAeta oTARENG).

Aopfdvovtoc unddn ta nopamdve anoTENECUATA, 1) ATOXELOY TNG TTEQUYOS O ENXOCTIXY
oTheln UeXeThOnxe UTd apyxéc YViEC TEOOTTWONG HEYONUTERES NS YoVidg OTATIXAC
andretog othEne. O N6yoc OTEETTIXAC TPOC XOUTTIXAS BLOCUYVOTNTAC HTAY We /Wy < 1
xan oL 0o Pabuol exevbepiog napousiacay douwxr o0levén. Xe xplown ToydTnTa ToU EXE-
Depou peldpatog, mapatnERdnxe 1 exxlvnon AUTOBLEYELPOUEVLV TANAVIWOOEWY GE TEOVEUOT
xan POOlon pe aEavOUEVO TINETOC, UE TO YUPUXTNELOTIXA TNS BUVOLXAC ATONELLS O THEL-
&ne. Av&dvovtac Ty apyxn Yovia tpdéontwone and 16.65° oe 19.98°, n xplown toydtnTa
exelBepou pedpatoc petdbnxe and 19.50 m/s oe 14.95 m/s, yeyovéc nou anoddbnxe oto
pouvopevo Ttou mTepUYLool amdetag otheEne (stall flutter). MetafdiNovtog to uétpo
duoxaudlag Twv edatneionv, N ttépuya Beédnxe va oxnuatilel oplaxd xUxAO TINAVTOONS, UE
apyxt) diéyepon oe xplown TayuTnTa exedbepou pevpatoc. Ilapdho mou ol Pedyol TV ae-
POBUVAULXWY CUVTENEG TV CUVIPTHOEL TNG YWVIOG TPOCTTOONGS OEV ATMEXOVICAY EVOL TUTIXO
oupPdy duvaurc ard el oTHEENS, N PO Beébnxe var amoxoANdToL xou Var ETAVAXONNSTOL



TEPLOOLXE TNV TAEUEE LTIOTUESTG TNG AEPOTOUNG, Xabme emTAéOV G ToLyElo TEXUNElwoay TO
OYNUATIOUO XaL TNV eTaxoNoLbn €xiuon wog divng amd to uétono npocBorg.

Emn\éov, ta anoteNéopata Teocouolnong Ue 600 SLaQopeTIXd UTONOYIOTIXG epyonela Boé-
Onxay o xoNY cuPPLVIo UE TOL TELPAUATIXG DEDOUEVA UTO UOVIUES CUVOTXES PONC KoL XAVO-
TounTxd o€ oLV XES TEOVELOTE, TOL TEPLENUPavay amoxOXNAToT TG potg. (lotdoo, xaL Ta
0V0 UOVTENT AMETUYAY OTNV TEOXEEY TWV AELOBUVOHLXMY PORTIOV TNG CUVBUACUEVNS TANS-
VIoNg Teoveuong-Pubiong optaxol xUx ou, Tou Tapatnehinxe va cupPaivel oty TTépuYA
ue eENac T oTRELEN.

To neplocdTEpa AECOENACTING QavOuEVAL lval aveETLOVUNTOU Y oEAUXTHEW, OONYWVTIS OF
ATWONELXL ETUOOCEMV NELTOLEY (0 1) OPLOUEVES PORES UXOUN XAl XATACKEVAC TIXT ac Toyla. [
TO 0X0TO AUTO, 1) ToEOLCA EPELVA, TEOS LTOC TARLET TEOTYOUUEVOY UENETWY, UTOY UM
(el oplopévoug amd Toug ToEAYOVTIES TOU UTOPEl Vo TROXANECOUY 0epOBUVOUIXE oo Tabelc
OLVOYXES HoU HATADELXVUEL TOV UNYAVIOUO POTC TTOU EUTAEXETAL O TAL TTUPATIAVE POVOUEVAL.
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Kepdiawo 1

Ewocoyoyvn

1.1 Mn pwoviun Aepoduvouixn IItepuyag

1.1.1 TIInyéc Mn povipotntag

H pon vOpw amd nteplylo EXXOTTER®Y, DPOUElc AVEROYEVVNTELOY XaBDC Xxou
TTEQUYES LEROCHAPW Y, XATA TN didpxela TN Aettovpylog Toug, yapaxtnelleton and un
HOVLUOL QaVOUEVAL, dNAaDY| TtEdlal To UTHTWY Tou peTafdANovTon ue Tov xpdvo. H un poviuod-
TNTa €(TE TPOEPYETAL MO EMUTAYVVOUEVT] VAo TOL (BLOU TOU GTEPEOV COUATOC EITE and TN
LeTAPON TV cuVONXWY TNE enepyduevNg PO UTopel Vo BewpnBel uia cuvoplaxy| Biéyepaon.
Tao petaforopevo agpoduvouixd goptior Tou ToEUNUPAVEL 1 EXACTOTE XATAOKEVY|, EMNEES-
Couv TNV anddocT, TN Aettoupyio xou TNy unyxavixh xonwor xabdg enione xabopllouvv xou ta
Oplo Aettoupyiog TS, ALUmo TOVOUUE, NOIOV TN onuacio TNG UENETNG TOV TORATAVG Q-
VoUEVoY ot NG axplfoic TeoPAedne TwV depoBUVIUIXOY QOETIWY XUTA TN BLEEXEL AUTEV
TWV POVOUEVOY.

H yovia mpéontwong evog tumxol ntepuyiou exontépou elvol To amoTéNeoUd TV
YEWRLOUWY €L0OB0L TOU TUAGTOU Xo Tou Tedlou tng pong. Otav 1 yovia medbontwong Tou
ntepuyiou elvon pixeY| 1 por elvol TAHEWE TEOCKONNNUEVT] GTNY ETLPAVELAL X0 OL TUNAVTWOCELS
TOU OWUATOE TEVOLY VoL ETNEEACOLY TO PUETEO XL TNV QAT TWV AECOBLVIULXWY POoPTIWY OE
olyxplon Ye TNy olovel otabepy| avéhuon [1]. otdoo, oe peyoritepes ywviee TpdonTOONC
eUavileTol TO PUUVOUEVO TNG BUVAUUIXNS AMOAELNS OTHELENS, To omolo Tepihauavel T Suo-
BOYXY| AMOXONANOT XOU EMAVUXOANNOY TNS PONC TNV EMPAVELL TOU TTTEPLYloL. e LPNNEC
T OTNTEC TEOCW TTAGYG 1| OE ATMOTOUOUS EAYUOUS, TO TTERUYLO XoC TEPLO TREPETAL G TNV
(Bl xatevBuvor pe auTAV NS EMEPXOUEVNS PONC, AelTovpYEl oe LPMAEC Yoviee TpdoTTw-
one xovtd ot yovia andiews otieene [2],[3],[4]. Emnhéov, n nteplyion tou dpopéa, 1
ueTaforn Tou xVXAXo0 BrAuaTog xar 1 Sielcduon Tou oudEEOL CTOV ETERYOUEVO dpouéd,
unopel va 0By RoEL OE AmOXONNNOT TNG PONG XAUTA TEOTO TEELOOXO. ['evind, €dv 1 acpoToun
undxeltow oe npdvevon N fuBon, drou N gouvouevn ywvia TedoTTwong unepPalvel TNV Yovia
AmWAELS OTHPIENS, NaUPAVEL (Do TO QavOUEVO TNG duvoxic anwielos othpene. H npd-
AeEN TNC BUVOLXAC ATWAELXG OTHEIENS Elvon WBLaiTERa oNuUaVTIXY| GTOV XaBopLlous TwV oplwy
Aettoupylag Tou ENXOTTEPOU. ALUPOPETIXA, EVOEYETAUL VO TEOXUNECEL AVETLOVUNTA ATOTENE-
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opata OTWE oL xpadaouol Tou TTepLYiou, N LPNNY XATATOVNOT, 1 AEVNTIXY| AELOBUVOULXY
anooPeon 1 GANEC AEQOENACTIXEC AGTADELEG OTIWE T.Y. O MTIEPUYLOUOS AMWOAELNS OTARENC
(stall flutter).

Ly neplntwor Tov avegoyevnteiwy opllovtiou dova, 1 exTeomh Tne ywviae Tpoca-
VOUTONOPOU TOU Opopéd WS TEOS TOV GVEUO 1 To pouvoueva oxiaons Aoyw mopousiag Tou
TOEYOU XATAVTL ToU dpouéa xabeg xat o pLTée avéuou, umopel va odyRoouv e KEOoVIXES
TEQLOBOUC TIOU O DEOUENC NELTOURYEL UTO TANAVTOUUEVY] QUUVOUEVT] YWVl TedoTTwoTs. Eva
%xowo yapxtneloTixd twv A /T ue plBuon woylog elte péon yetaforic tne ywviag Priuotoc
Twv ntepuyloy (pitch regulated), elte yéow e amdietog otipene (stall regulated) etvon
6TL UTO xavVoVIXES cLVBYXES Nettoupylag, TUnua Tou Spopéa mopouctdlel oe xdmowo Bobud
andreto otheEne [5],[1]. H enepyduevn por tou meplotpepduevou dpopéa elvar £YYEVHC
UN-LOVIUY), UTOOEXXVOOVTAS OTL 1) UN-UOVIUT) AEQODUVAULXT) XOL LOLAETEQA 1) DUVOULXT] ATWNELY
othelene elvan udlotng onuaciog oTIC EPUPUOYES AVEUOYEVVNTELOY Xxabm xou oTig Lebbdoug
ENEYYOU TV unavev [6].

LueEpa, UTEEYEL ULt BLUEXMS AUEAVOUEVT oVaY XY VLo UTOTENECUATIXOTERY] TOEOY WYY
evépyelog xode xan yia "xabapdtepn’, acparéctepr acpomholo. H olyypovn oxediaon ae-
COBUVAULIXWY XATAOAEVWV TEOCAVATONCIETOU O ENAPEVTERES TTEPUYES, UPYNADY NOYWYV ETL-
unixoug we péoo Pertivong Tne aepoduvauixrc anddoong, To onolo Ue T oelpd Tou 0dTYEl
oty LBETNoN oNoéva xou To edxaunTeyY Ttepuyiny [7]. H npoavagepbeico tdor ennpe-
Glel TNV XATACHEVAC TIXY) CUUTERLPORE TOU TTEPUYIOL Xou AMOTENEL EUVOIXT] cLVEY XN i
TNV LETOPONY TNG QAUVOUEVNS YOVING TEOCTITWONG XOL TNS AEPOBUVAUXNAG PORTIONG WS EMO-
xoxovbo. Katd ouvéneia, n véa oyedloon mepiopileton and acpoehacTixée aotdbeleg mou
onuovpyolvIaL Aoy TG oUCELENG INANAETLORACEWY PEVC TOU-XaTaoXELHC. "Eva gouvouevo
oUTAS NG LopPhc lvan o 0 TTepuyLouds anwietas otheng (stall-flutter), o onolo exxuvel
OE OYETIXA YAUNAES T OTNTES ENEVBERTC PO HOU TTPOXAUNEL AUTOBIEYEPOUEVES TUNAVTCELS
0ploxol) xUxAou. AToddeToL XaTd ®VELO NOYO GTN UN YROUUUXT] AECOBUVIULXT| POETLON), TOU
TEOXANELTAL ATO T1) BLADOYLXT| ATOXONNTION) KAl ETAVATROOUONNNOT] TNG POYNC O TNV ETUPAVEL
TOL TTEPUYIOL Xot LVABWS TEoxael TN BLEYEEOT TNS CTEENTIXAC WOLOUORYNE TwV TTEQUYiWY
oty xotevbuvon teplotpoghc Toug (8], (9], [10].

1.1.2 Taldviworn Acpotounc oec Ilpooxodinuévn Pon xou
Avvouixr Anwieio Xtredng

Koatd ) didipxelor Tng ToNGVTOoNS (Lag TTEPUYAS, 1) pOT) UTOREL Vo efvoll TPOGUONNIUEVN
N UEPXMS AMOXONNNUEVY amd TNV emipavels. Metold TV TpoTOV ogpOdUVOUIC TGV TOU
TepLéypaday BewpenTind TIC BUVAUELC O AEQOTOUY), TOU UTOXELTAL GE TUAAVTWOT TPOVEUOTC
/%o POBoNe o mpooxoAAnuévn pory Ytav o Theodorsen [11]. e avthv v mepintwon
N avnyuévn ouyvotnta k, yapoxtneiler to Babud un-povipdtnrac tne porc. I agpotoun
Y0PONG €, TOU TUNAVTIOVETOL UE YWVLOXY cUVOTNTA w, e exelbepo pedua TaydTnTog U, To

k opileton we:
we

Pl
ITpoxewévou va cuunepndfer tnv enidpaocn Tou oudpeou TN poY| YLEM ATd TNV AERO-
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Tout), o Theodorsen épioe pro cuvdptnom petagopds C(k), mou e€aptdton and TNV ovyuévn
oLUYVOTNTA. DTNV TERIMTOON NUITOVOELD0UE TONAVTOOTE O Tedveuan a xat fOOon h, dnhady:

a = Aasin(wt), h = Ahsin(wt + Ad)
, MECW OVAAUTIXMY UTONOYLOUMY 0By ONxe o Tn ox€on Tou TEAXS OIVEL TOV GUVTENECTH

davoong Cp xaL 1oV GUVTENESTH aepodLVOULXC PO Cf, YUP® ATO TO HEGOV TNG AEQOTOUNC
CUVOPTATEL TOU XEOVOU:
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‘Onou ¢ = 2b, 1 0pd1) TNC AeEOTOUNE XL TO & ONADVEL TNV B€om Tou dEova Teplo TROPTG
¢ 1000076 entl TNe Nu-x0pdhc (o = —1 xou o = 1 nepioTpoPn nepl 0 PéTOTO TPOSPoNAC
XolL TNV XU EXQUYAS, avTioTou a).

And v dNN1 mhevpd, 6tay 1 Yovio TEdOTTOONG TG agpoTounc unepPalvel TNy oTa-
T Yoo anodelg oTAENS epgavileton To QUUVOUEVO TN BUVOLXNG ATONELLS O THELENG.
Hopoaxdto, Ba anomeipabolye va neptypdouye To Qovouevo autd xabde xar tn dradoyn
TV YEYOVOTWY TOL TO BIETOLY PE TN Xehon evog topadelypatoc. To xhaoowxd nelpapo [12]
agpotouic NACAO0012 oe tandvtwon npdveuong ye péor yoviog npdéontwong 12°, thdrtog
ToavTwong 10° xou avrypévn ocuyvotnta k ~ 0.1 nopatiBeton oto oyhua 1.1. H yovia
OTUTIXAC AMONELNG OTARIENG TNS CUYXEXPWEVNS agpoTounc elvon 12°. Kato tnv dvodo tne
OEPOTOUNC ATO TNV EXGYLO TN T TNG YwVid TEOCTTWONG, 0 CUVIENECTHG AVWwone auEdvel
Yoo Ye TNy Blor oxedov xhlom mou eupaviCel xan 1 avtioTolyn oTatixy| xoumONy. Te-
Aixd, unepPaiver Ty yovia otatxfc andewog othpEne (12°) xou diatneel tov Blo pubud
aOEnong, uéxeL va @Tdoel o yovio tedéontrong tepitou 16°. Yto onueio autd 1 duvoxn
OTWNEL OTAPIENS PaUVETOL Var ONULOVEYEL Uiat EVTOVY) UELWOT) GTO GUVTENEC TY| AEQOBUVOULIXTC
pomic, omdTe xan yopaxTNElleTon TEMTA WS ameLl 6 TREENS TNg agpoduvauxrc poric. Ile-
poutépw, Yot a & 18° wior 8ivn exhveTon amd o pétwno meocorng xou apyilel var SLadideTon
xatdvtt. Auty 1) Swadaota telvel var HETaXVACEL To x€vTpo Tieong eniong xatdvtt, awidvo-
vTag Eavd TOV CUVTENECTY| TNG AVOOTS XAk UELOVOVTAS porydolal TNV oEpoBUVOLXY| POTY| TTOU
Tpoxael avbwporoyloxd oteentind @optia. Otay 1 agpotoun @Tdoet ot yovio TpdonTwoNg
20°, n Blvn TEEVE amd TNV oxUn) EXPUYNC XL XUTE CUVETELX 1) AVWOT| UELWVETAL XOL 1) POTN
EMAVERYETAL, NOY® TNC TANPOS ATOXONANUEVTS poic. 'Emeita, 1 @dorn enavo-npooxdANNoNng
e ponc Lexwvd mepinou otig 10°.
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YoAua 1.1: Tumixd Sorypduporta (a), cuvteres Th dvwone xat (b), cUVTENES TH AEPOBUVIXTAC
pomhc cuvapTAoN TN Ywviae tpdontwone. Inyr [13].

Evdewtind, 6éuata mou oyxetilovton ye v exxivnor tne duvaixic amwietog oTRpLing
[14], Tnv Bladoyf TV YeyovdTey Tou T SiETouy [15], T yetdPaon g poric and oTpwTA oE
TLEPWON [16], Ta TpWLdoTaTa awvoueva Tou egavilovon [17], Ty gvonohnoia otov aplbud
Reynolds [18], etvon optopévo uévo amd autd Tou anacyoNolV TNV EEUVNTIXY XOWOTNTA

uéxpL xou orUEPA.

1.1.3 Aecpoduvauixrn AnocPeom xou Iltepuyiondc Anwleiag
XtipEng

‘Evag tpénoc vy va meptypdipet xavele tnv euotdbelor VoG YN LOVLLOU 0ERODUVIULXOU-

AEPOENAC TIXOU CUG THUATOS (VAL UEGK TOU UTONOYIOUOU) TOU oAy OUEVOL £0Y0U TWV OEQO-

BUVOUIXWOV PORTIWY OTO CTEPESD GO XATY TN BLIOXELN EVOS TAHEOUS XOXAOU TONAVIWONG.
[o v mepinTwon e TohavToLuevng acpotours, evog Babuod exeubeplog, oe mpdveuon o
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OUVTEAEC THE AEPOBLVUULXNAG ATOCPECT S Yol Ulol TAYET TERLO TEOYT), OTwe optleTan
otc gpyaoiec [19] xou [20], eivou:

[1]

1 1 o
S ]{ Conegador = —— /a (Gl — Culla)dor (1.3)
orou o delxtng U unmodnhavel v avodxr dladpopr| TN yYwviag mpodoTtwong eve o D
NV xabodixn, avtiotorya. O apyNnTindg CUVTENECTHE AEEOBLVIULXE ATOGPECTC LUTODEVIEL
UETAPORS EVERYELNG ATO T POT) TROS TNV 0EEOTOUY), EVW To avtideTo ouuPalvel yio Tic BeTinée
TWég. Me auty| v évvola, To cloTnua lvar acTalég otay 1 agpoduvouLxy| anocfeon etvou
apvnTX xan uTtdpyet ThovoTnTo var TpoxAnBoly oe auTtéd acpoehac Tixé ao TdbeLeS.

O mrtepuylopodg anwdelog othAetEne (stall flutter) epgpavileton oe vdniéc yo-
vieg npdonTnoNg, 1oL To eaproloueva aepoduVaXS popTio elvan un yeouuxd [21], dnwe
TUEATNEHOOUE TEONYOUUEVWS Vo cupPalvel pe v duvauxr andieta otheEne. H apyixn
OLéyepom EVOC AEPOENACTIXOU TTEQUYIOU 08 LPNAES YwViee TPOOTTOONS UTOPEl VoL TPOXO-
AECEL TNV TANAVTWOT] TNG XATACKEVHAS XU TNV EVoEET TNG BUVOLXT ATONELL OTHEIENG. X TOV
TTEPUYLOUO OMONELAS OTARENS, TO TAATOC TNG TONAVTOONG QUEAVETOL YEOVIXE ANOY® TNG
OPVNTIXAC OTRETTIXAC AEEOBUVOUIXC amdoPeone xou TENXS oynuotilel pio TaAdVTWwoT opLo-
%00 x0xhou [22]. O Victory [23] Atav pyetald twv TpdhTOV EPELYNTHY TOU TUEATHENCE T
uetwon e xelowng taxdTnTac €Vvapdng ToU QoUVOUEVOLU GE UPNNES EVOVTL XOUUNADY YOVLOV
npbontwone. Ou Carta xou Lorber [24] mporypatonoinooy neipduorto e€avory XooUéVwY ToNo-
VIWOEWY TEOVEUCTC XEOU TAATOUS XOVTE 6 TN O TUTX! YwVia andelag o ThpENng, oL onoleg
amodelyOnray agpoduvopuxnd actabeic (apvntn aepoduvaxy| andofeor) xou xatéAniay 6 To
CUUTEPAOUOL OTL TETOLIC LOPPNC TONAVTWOELS Bt uTopoloay Vo TEOXINEGOLY TNV €Vapln Tou
pouvopévou. Téhog, oe TelpduoaTo UE TUPOUOLES EEAVAYXAUOUEVES TONAVTWOELS UE CUVOLAOUO
UETENONG TV AEEOBLVAXADY PopTiwV xabne xou tng uébodou Particle Image Velocimetry
(PIV) [25], ov ouyypageic utoothpiEay 6Tt 1 Lo TEENOT KETOEY TOU TAAAVTOUEVOU QUANOU
BLATUNONG Xl TNS XIWVOVUUEVNG AEROTOUNGS, XS xon 1 eyyvTnTa petadl toug oyetileton ue
TO TPOCTUO TOU CUVTENECTY| AEQEODLVOULXAC andcPeong.

1.2 Avtuxeipevo tng Awatefng xoaw Kbplor Xtodyor

1.2.1 H Baowxr] Ioga

Yxondg e epyaciac HToy opyixd 1) TERAUUATIXY UENETN TNG OEPOBUVOULXTG LG TONO-
VToUUEVNS agpoTopfic ot younhoig apfuolc Reynolds (xdtw amd 10°), xatd tnv omola 7
EVEQYELNL UETAPEQETOL OO TN POY) OTNV VEPOTOUT| Xal avTioTeoga, xalne emlong xau 1) Oie-
EEOVNOT] TWV AELOBUVAULIXMY X0 DOULXWY GLVIXWY LUTO TIC OTIOLES ULa TTEQUY A UE ENAC TIXN
othelen unopel va eloéNBel oe auTOBLEYELPOUEVES 1) AUTOCUVTNPEOVUEVES TanavTwoel. Ta
evOldueca 6 Tédla ToL TEoEXLPUY YTov:

o H xotaoxeus unyaviopol eavoryxaouévey ToNdvVTwoeny oe Tpéveuon f/xo Bibon
HOVTENOU AXAUTTNG TTEQUYAC OF AEPODUVAULXY| OYjpory Y
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o H xataoxeuy) eNactixod unyxaviopol othpleéne poviéhou ntépuyos e 6Vo Pobuoic
exeubeploc (og xdudn xou otpédn)

o H dicorywyn un HoViHwY UETPNOEMY OE OEPOBUVOULXT] COHEOYYO LOVTENOL TTEQUYOG
oe mpbdveuon f/xo Pobion pe acpotouy NACAG4418, ye mopdAANAn xatorypop Tne

DEong xou NG xATAVOUNC TUECEWY OTNV ETULPAVELL GTO UECOV TOU EXTETACUATOG

o H meipopotinn peétn tne enidpaong e€avary XoAoUEVOY TUNAVTOCEWY O TA AECOOLVOULX
popTiol Xl OTO CUVTENECTY| AEROBLVOULXYC andoBeong

e H Biepelivnon tou Qavopévou TTEQUYICHOU BUVOULXASC ATNELNS OTHPIENS UECK TNG
HOTOY LUPHC TOV 1Y) LOVIHWY XATAVOUWY TECTS ol XeNoNg TNG TEY VXN particle image
velocimetry (2D-PIV) ev gdoet xou

o H aliohdynom TV amoTeENEoUATOV HOVIENOTOINONS NS PONC OE U UOVIHES GUVOTIXES
UEow oUYXELONG UE AVTIOTOLY O TELPUUATIXG DEQOUEVAL.

1.3 Awpbpewon tng Epyaociag

H napotoa epyacio yoplleton o oxte) xepdhonas:

e Y10 Kegdhowo 1 napoucidchnxe ¥on napandven o oxondg tng epyasiog xou pio cOvToun
BiBNoypaginy| emoxoémnon

e Y10 Kegdhouo 2 yiveton meprypapy| TG TELRUUATIXAC OLATAENS XU TNG TELROUATIXNS
uebddou mou axorovbr\Bnxe

e Y10 Kegdhato 3 oulntodvion oL TELpaUaTIXES BOXES OTATIXWY PETPHOEWMY OE apLD-
uolc Reynolds 0.5 X 105 xon 0.75 x 10, yio TECOEPLC OLUPORETIXES OLAUOPPOTELS
TTEPUY WY

o Y10 Kegdhouo 4 mepléyovion To AmOTENECUATA TOV U1 LOVIUOV UETEHCEWY TONAVTOU-
UEVNG GEPOTOUNG LY DS OE TPOVELGT Xat cLVBLacUd TpdveuoTs/Pubione oe aplbuoic
Reynolds 0.5 x 108 xou 0.75 x 106

o Y10 Ke@dhouo 5 avohbovion TELpaUITIXEC HETPNOELS OE TTEQUYO ENAOTIXAC OTHRIENC,
TIOU 001 YOUV GE AUTOBLEYEPOUEVES TONAVTWOELS KO AU TO-CUVTNEOVUEVES TUNAVTWOELS
0pLox00 XUXNOU UE aEyLxY| OLEYEEOT)

o Y10 Kegdhawo 6 meprypdpovton 1 teyvixt) PIV xou POD xou 8{dovton tor amotehéopota
NG EPUPUOYTHE TOUS O TNV Tapolo epyacia

e Y10 Kegdhawo 7 napouctdlovTon Tol amOTENECUTO OTATIXWY XAl U1 LOVILWY ootBun-
TIXOV TEOCOUOLWOEWY Xl 1 GOYXEICT TOUG UE ToL avTioTOoL oL TELEdoTOL

o Y10 Kegdhowo 8 mapouoidlovton Tor CUUTERAOUTO X0 OL TEOTACELS VLol LEANOVTLXY)
€PELVAL.



Kegpdloto 2

Iepapotinry Aratagn

2.1 Aepoduvapixn Xpoyyas

Ta nepduoto TEoyUATOToONXOY GTO XMEO BOXOY TNG WXEHS DLITOUNS TNG oepOdU-
voxhg ofjpayyog Tou Efvixod Metodfiou ITohuteyveiou. To turua doxucv ivar oxtoryw-
g Slotopnc we madtog 1.80m, Udog 1.40m xou uixoc 3.75m, 6mou 1 uéyiotn TodTNTo
avépou etvan 60m/s, 1 opotopoppia e pofc 2% xou to eninedo tHEPNe dev unepPaivel To
0.2%. To xOxAwuot avavTL TOL YHEOU BoxdY €xel Aoyo olyxhiong 6.45 mpog 1 xou 1 pon
odnyelton uEcw evog QuoNTEd oxTG TTEPLYIDY dlauéTeou 2.67 m PE WA CUVEXOUS
eevpatog 300 kW.

Yyfua 2.1: To yovtého ntépuyag TomobeTnuévo xatoxdpupa UECA GTO YWEO DOXIUWDY NG
QEPOBLVIUXTC TRy YOS



2.2 Movtelo Ilzépuyag xow Moppotponeic Ilie-
oneg

To povtého tng mtepuyag elval XATAOHEVACUEVO aTtd ONOUUIVIO UE TROPIN AePOTOUNS
NACAG64418, urxoc xoedrc 500mm xo. uhxoc exnetdopatog 1390mm. Tonoletridnxe xo-
TAXOPLPA EVIOE TOU Y WEOU DOXLUWY TNG AECOOLVIULXNE CHEXYYIS, UE OLAXEVO DML EXAUTE-
pwhev TOV ToLWUATOY, OGOoTE Vo xwveltar exeVBepa (Xy.2.2a).

QA

(o) Aventuyuévn 6dn poviérou (B") Hxextpovixd xuxhdpoto evioyuong

Yyfua 2.2: YuvopuoNoyNoT LOVTENOU TTEQUY S

O xatavouée mécewv 610 PECOV TOU eXTETAoNATOC UeTENOnxay ye Tt xeron 31 uop-
poTEOTEWY TEONS YEHYOPNS ATOXEIONS, XAONOC ETIONG NAEXTEOVIXA XUXADUATO EVIOYUOTS
TV onudtwy e€680u eyxatac t@nxay eviég tou poviéhou (BX. Xy.2.2f"). O poppotponeic
TomobeTHONXaY 610 Uog TN ETMPAVELNS TNE TTEPUYOS O XOVTLVEC OTOC TACELS XATY TO EXTIE-
TAoUL, WO TE Vo amogeuyBoiy petadl Toug napepforéc. O Béoeic Tov acbntipny paivovtol
o710 oyfua 2.3 xou oe mvaxomonuévn popy otov IIv.2.1. To oruata e€680u Pnpromolndn-
xav pe ouyvotnta 400 Hz ye tn xerion mounhéxtrn. Me Bdon to orjuata Tov popgoteoréwy,
1 XATAVOUT| TOU OLVTENESTY| Tieag O xaTd Unfxog Tng X0pedYic uToXoyioTnxe mg cuvdpTnon
TOU XPOVOU YENOWOTOLWVTAS TNV Teon avoxomrg xafng xou T ototixy tieon tou exelle-
eou peduatog mou uetednxe and cwifva Prandtl avdvti tou poviéNou, clugpova ye tov
TuTO:!

C, = P~DPx _ P~ P

_ — 2.1
500U Po— Poc 21)

OTou: p, oTUTIXT TiEDT
Doo, OTOTIXY e ENEVBEPOU pedUaTOC (ONN. Uoxpld amd onotadrnoTe dotopayT)
Do, Teomn avoxonhc (oXuxn)
Poo, TUXVOTATA TOU afpa eENEVBEpOL peduaToC
U, toydtnta ehetbepou pedpatoc.



0.2 T T

ylc
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Yyhua 2.3: Hpogih agpotounc xou Béoelc poppotponény mieong

Suction side

(x/¢)

Pressure side

(x/¢)

0.076 ‘ 0.161 ‘ 0.261 ‘ 0.377 ‘ 0.438 ‘ 0.512 ‘ 0.648 ‘ 0.718 ‘ 0.791 ‘ 0.877 ‘ 0.966 ‘ - ‘ -

0 ‘ 0.020 ‘ 0.037 ‘ 0.059

0 ‘ 0.009 ‘ 0.063 ‘ 0.081 ‘ 0.119 ‘ 0.168 ‘ 0.217 ‘ 0.268 ‘ 0.324 ‘ 0.386 ‘ 0.467 ‘ 0.544 ‘ 0.630 ‘ 0.710 ‘ 0.783 ‘ 0.856

ITivoxag 2.1: Oéoeic popypotponéwy mieong

Me v aplBuntuxs ohoxifpwon tng xatavouhc Teone oTny EMPAVELR TNG AEEOTOUNS,
UTONOY(LOVTaL Ol GUVTEAECTEC AVWOTG, OEPOBUVOUIXTIC POTAC Xol avTloTAONS LopPHS, TOU
avapépovtan avtiotoya wc Cp, Cp, xou Cyypy, oOupwva pe toug tonoug (2.2)-(2.4), mou mo-
povaotdlovTol TopaxdTL:

Ci=1§=Cy-(ii-G)ds,  Co=§(C,x7)-cids, Cap=1§—~C,-(ii-&)ds,
(2.2) (2.3) (2.4)

OToL:

7, T0 Yovodlafo xdBeTo BLdvuoUo OTNY EMPAVELN TNE AEPOTOUNC

€x, €y, €2, T Lovadlafar Slaviouato ye xateubivoelg (x, optlovtia xoL TUEIANNAT, G TO
exelbepo pedua, v, xdPetn npog ta v xat z, xdBetn oo eninedo Xy, aviioTolya)

T, T0 Bidvuoya BEong mou cuVBEEL To onuelo avaopdc we TEog To onolo utoloyileTo
agpoduVaXT) oY Ue To onueio oTo omolo unoloyileton 0 cuVTENET TG TileoNg.

2.3 Ilepopoatixr; Awdtoln Efavoyxoocueévoyv Ta-
Aaviwoenyv IItepuyag

O unyoviopoc xivnone e TTEPUYAS ETULTRETEL TANVTWOELS 000 Bobucv exeubeplac: o)
™ YeoUX ) TONVTWOT xotd Tov eyxdpoto otn exelbepn poY| dZova (PUBon-plunging)
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xou B) TN YoVXA-TEpIo TEOPIX TONEVTOOTN YUpw omd Tov dEova TNG TTEPUYOS XOTd TV
xatevbuvor tou extetdopatoc (npdveuon-pitching). To ox€dlo tou ev Noyo unyaviouwol
palveTar oto oy 2.4.

Electric
motor

Stepper motor attached to
e pupper carriage

Eyhuo 2.4 Yynuatixy| aneXOVIoT] TOU UNYoVICUOD EE0VOYXACUEVOV TONAVTIOCEDY NS TTE-
puYaS

H yeopuixnr) Takdvitoor tou ntepuylou exteleitar and évav Tolpacixd emorywyixd
AVNTHR UE AVUC TROPEN TAONE YL TOV ENEYXO TNG CUYVOTNTAC TNS TOAAVTWOTG, TOU Ue-
TafdiNetan oo elpog 0 éwg 2Hz. H xivnon petodidetan and tov xivnthpa oe dLo @opeia,
TAVW XAl XATW Om6 TO TUHUA OOXLUWY, TOU TUNAVTOVOVTOL TAUTOYEOVA UE GTalEpd TAGTOC
50mm (0.1c).

H yoviaxy, ToddvTwor tou ntepuylov exteelton and €vay Bruoatixd xivnthpa exey-
YOpevo and uroloyioTh. O xntipoc elvar TpocuETNUEVOS GTO dvw Popeio Tou Ttepuyiov,
€10l OO TE Vo efval €QUXTH 1) CUVBUACHEVT TONAVTOOT TedVELoTC-Bldong.

2.4 lIlepopotixr Awdtagrn EXellOspov Talaviwosny
ITtépuyag (EXactinds Mryoviopnods thetEng)

H yevuq 1€, n onola tpocopoudvel Ty edxountn otielln e ntépuyas, o 8o fob-
nolg exevleplog, palveton oYNUATIXG TUEAXATO.
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Lo 2.5 Nynuatiny] aneixdvior) TUTIXHC AEPOENIC XN BLdTaENg

To mopamdve AVTITEOCWTEVEL £V ATAOTONUEVO UEQOENAC TIXO CUCTNUA, TO OTolo amo-
TENELTOL OO UL AEPOTOUT] UE CTEETMTIXG o XAUUTTIXE eharThipta uétpou duaxoudloc K, xou
K}, avtiotouga. O ehaotixde d€ovos (dEovae meplotpoghc) yLo To Tapdy melpapor Pploxeton
ot0 x = 0.35¢ and 1o pétwno nEocPoArrc NS AEPOTOUNC, EVG TO XEVTEOo Pdpouc Tng xoto-
oxevfic 0t0 = = 0.46¢. Tl To oxomd autd, xou oL 8Vo xwvnTheeg antooulelydnxay and Tov
G&ova TNe MTépuyac XaL 6TO x4Tw Gopeio TomobeThBNXaY Lelyn ehatnplwy, To onola aoxovV
OUVUELS ETAVAPORAS XATE TNV EXTEOTY| TOU UOVTENOU amtd TNV opyixY| Tou BEoT .ooppoTiog.
To dvw dxpo Tou wovTéNouL Aoy TANPwS exeLlepo.

Yuyxexpiéva, 1o xdtw @opelo tng mtépuyog meploplleton and éva Cebyog exatneinv
ovunicong, puBUlOUEVNS TEOEVTAONC OV ETUTEENOUV UEYLOTY UETATOTION XaTd £25mm.
To Lelyog autd MPOGOUOUOVEL TNV KU TTTIXY) Suoxaiot Tou povtérou.

I v emiteuyfel n otperTiny] duoxoudio Tou poviéNou, €yvay TepaTépw TEOTO-
rowoelc. Mia yetodkiny| Bdor tonofetiOnxe oto xdto @opeio xou pio Tpoyaior culelyOnxe
ue Tov d€ova tng ntépuyac. Ileputépm, éva diho Ledyog eatnplov yenouonotdnxe, to éva
dxpo TOU OTolou HTAY CTEPEWUEVO GTNY METUNAXTY Bdom o To dANO dxpo oTny Tpoy oAl
Ta 800 TapaTdvw EXNATAELY ONUOUEYOVY UL POTY) ETUVAPORAS XATA TNV CTEETTIXY EXTPOTN
N TTEPUYOC.

‘Ol T ehatipla mou xpnotponoiinxay ivar evorndipa xan puBulouevng npoéviaong,
xofdc xon doxyée PBabuovounone €yivay oe xdfe Ledyog yior TOV TEOGBLOPLOUO TOL UETEOU
duoxaudlag xar Tou cuvtereo T andoPeong. H apyin ywvia npdontwong tou ntepuylou el
VO UL CUAVTIXT TTUPAETEOG YLoL Tl TiELRdUaTaL, 1) ontolar puBuileton e 0 GUGPIEN UNyvVIXOU
OGUVOEGHOU ToL GEova Ue TNV Teoyania oTtny emtBuunty ywvia.

Mo exxéva tou unyaviogod mou eivar tomobetnuévoc 6To xdTw Qopeio paiveTon 01O
2x.2.6 cvunepiopPovouévng Tne Teoxaiiag, Tou GUVBESUOL, EVOC TUAUATOS TOU dEova TNG
TTépUYAS, TV CEUYHOY EXaTplwY ot TwV achnTipwy petatonione. Xe xdbe nelpopa, 1 ywvia
TEOOTTOONG TN TTEQUYOS XATHYPAPOVTAY UECW oucONTApd TEQLOTEPOPLXO) TOTEVOLOUETEOU
CUVOEBEUEVOL UE TOV GEOVAL TNG TTEPUYAC XOL 1) YROUWUXTY) UETATOTLOT Héow acnThpa xo-
Awdlou ENENc-whnonge.
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Eyhua 2.6: Mrnyavionog ehac Tixnc o THeENS TTépuyas UE CTEETTIXG Xl XUUTTXO Poaduoic
exeubeplac

2.5 Koataypapn AcdopneEvov

[N v Aettoupyio ToL GUG TAUATOC Xou TNV XATAYEAPT) TWY BEBOUEVOY XeNoULOoTOLADNX LY
teeic H/T, émou mapoaxdte Siveton plor cOvVTOUN TEPLYEUPY) TOU GUC THUATOC.

PC1: O H/T1 yenowonoifnxe yiot Ty amobfixeuon xou YeTapodetnot aryoplbuny ot
wxpoereyxth (Arduino Due). Ou adybpiuol teptéyouv untpoda He xpovixd dlac ThoTa, To
omola xaboplCouv TNV oxoroubioe evTon®V Yo TN dnuovpyio xdbe Prucatoc tou Priwatixod
HXVNTAPA TTEOXEWEVOU VO EXTENOUVTOL OTAES PUOVIXES TONAVTWOOELS TEOXAOOPLOUEVOU TING-
Toug xou ouyvotnTac. O uixpoekeyxTrg Ypnowonoleiton eniong yior TNy eniteudn dlaopdc
pdone HETAED TWV TANAVTOOEWY TEdveuong xou BoBlong.

PC2: 'Evag deltepog unohoylo g anodnxedel TiC UETENOEIC TWV HOPPOTROTEWY TUECT.
Ou 31 awoOnthpeg mleong xan To orpaTa TOU YoVioxol aobnthpa Aoufdvovtal ue cuyvétnTa
oetypoatorndiog 400 Hz 1600 yior uoVIUES 6G0 %o Yl U1 UOVIUES UETEHOELS.

PC3: 'Evag tpltog umoroyloThc amolfnxelel Tic HETENOELS YOVIOXAC XL YEUUULXAS UE-
TATOTUONG, XUBME xou TNG duVLXNC XaL oTaTXNG TlEGTE Tou exeLbepou pedpatog.
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Kegpdiowo 3

Iewpapatixeg Metpnoetg
IItepuyag os Movipeg XuvOnxeg
Pornc

3.1 Awpopypwoeic Movielou Iltépuyacg

Yta mhaiota g mapovoag dlatelPrc, Siedhiybnoay oTaTIXéC UETENOES TOV XUTAVOUWDY
Tleong oY emPAveL TNG TTEPUYNS OF TECOEQPLS DLAPORETIXES OLULORPWOELS TOU LOVTENOU
LTt péVIES cuvBixec pofc ot apbud Reynolds Re = 0.75 x 10°% xou 1 cepoduvopuixy| Toug
oUUTEPLPORA AELONOYHONXE UEGK TOU UTONOYIOUOU TOU CUVTENEC TY| AVOOTC CUVAPTHOEL TNG
yoviag TpdonTWoNC.

2NV TeWTN OLORPOT), 1 TTEPUYN PEPEL Uxog exmeTdouatog 1m agprvoviag xevo
200mm and to 800 dxpo TNG ©C T TOLXWUATA TNS ey YaS xou Tov dEova extebeluévo
o710 pedpa aépa (Xy.3.1a). H Siapbdppwon auth avagépeton oto oxfua 3.2 oc “free ends”
xou 1 x\lom Tou cuvteNeoTH dvworc elvon 3.856radt. Ytn cuvéyela, ota dxpa TNS TTéPU-
yog oo TEOMxay eTinedeg TAAxES, EANELNTIXOV oxAUaTOg, OTwe euxxoviletar oo Xy.3.1[,
Tou eumodiCouy TN POt xUTd UAXOC TOU EXTETAOUATOS Xou YUpw and Ta axpormteplyta. H
olauoppwon auth avagépetal ws “fences” xau emituyydvel XN O TOU GUVTENEGTY| AvwONG
5.237rad'. Me ox0md vor UETELACTODY TEPAUTER® To TELOLALC TATAL POUVOUEVDL TTOU AoLBEvouy
KWOEA OTA AXEA, TO LOVTENO EMEXTAONNUE and TO BANMEDO UEYEL TNV 0p0YY| TEochETovTag 600
EONVES TPOEXTAONC TOU (Blou aepodLVOUIX0) oy uaToc. AuTH 1 Blodppno areixoviCeto
oto oyfua 3.1v" o avagpépeton we fences+extensions” pe x\ion 5.919rad . Té\og, 7
Tpoavapepbeloa dloaudppnaor cuyxelbnxe ue TN dlaudEPWoT ATANE TTEQUYAS, Xwplc Tig enti-
nedec TAGXES, Tou exTelveTal amd To ddnedo uéyet Ty opogy| (“wall-to-wall”, Xy. 3.18"), 1
omola LB TAONXE TENXE, Yot NOYOUS EUxONa 61N Biearywy”) TV petpriocwy PIV, uiog xou
1 TpoxUTTovoa ¥ ion v 5.901rad !, Ot xeundONEC TV CUVTENEGTMY EVOOTIC GUVAPTHOEL
e yoviog tpdontwone rapatifevio oto Xy.3.2.
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() ()
Eyfua 3.1 Alop@ioels LOVTENOU TTEQUY IS

1.571
X free ends
O  fences
1 *  fences+ext
+  wall2wall

-10 -5 0 5 10 15
a

Yyfua 3.2: XUVIENECTAC AVOONS CUVORTACEL YOVIOG TEOCTTOONS Lol TIC OLPOPETIXES
OLAULOPPOCELS TOU HOVTENOU TTEQUYAS
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3.2 OnTtwornoinon tnc Pong otnv Entgdvela tng
IItepuyoc

[ty a€loNoynon g anoxdONANoNG TS PONG, OTNY EMLPAVELN TNG TTEPUYAS, EQIPUO-
OTNXE 1) TEXVIXY OTTIXOTONONG TNG PONC WE AGBL TNV TAEUed untoricone. Mia avtimpocw-
TEUTLXY| EXOVAL a6 TO anoTéENECUA TNE HeBdBoL aivetan oto Xy.3.30 o€ ywvia tpdbonTwoNg
14°. H euBeio ypauur) HE AVOXTO XOUXVO XEMUN, TOU QUVETOL GTNV EXOVA OXEDLIC TNXE
oe andotaon 40% and 1o yétwno npocPorfc. H yeouun antoxdAAnone tne porc amelxo-
viletal ©¢ T0 6pl0 OTOU GUGCWEEVETAL TO AGBL, AOY® TOV UPNNOTEPWY THIOVY SLTUNTXNG
TAONC O TNV ETUPAVELXL AVAVTL TNG ATOXONANUEVNS Teptoyc. Elvan yopoxtneiotixd 6t oauth n
yoeouy) xwveltan ovavTt xofode awdveton 1 Yovio TEOoTTOONSG, WO TOCO Elvol XOUTOAT AOY®
TOU TELOOIIO TATOU YapoxThpa TNG amoxOXAnong tne eofc. H ypauur| amoxd N nong vrtav
Wlodtepa Blaxptth) xon oL cuvtetaypévee g e€hxdnoay dnwe mapoucidlovion 6To oYU
3.3B" v entd ywvieg mpdomTwong and 11° we 17°. H teyviny| epapudcdnxe ot dlopdepnon
"fences+extensions” tnc ntépuyac oc aplpd Reynolds Re = 0.5 x 10°. ‘Opowa cuprept-
(popd TAPOLGINOE 1) YREAUUMY| ATOXONNTIONG XL Ue TN Dlopdppuon "wall-to-wall”, uéown e
OTTIXOTONONG TNG POTC OTNV ETULPAVELN TNG TTEQUYAS UE XENOoN VNUaTiwy.

gravity

10.8

=

10.6

104

0.2

EEEEER
RRIRR2000
+>O% + 0 X

39

17°
midspan

WY
+
Q

¥
+

e

-0.2

1-0.4

1-0.6

1-0.8

(o) (B)

Yofua 3.3: Ontixonoinon tne pofc ue A&dL: (o) Avtimpoowrneutixd anotéhecyo ot ywvio
npdontwone 14°, (B’) Métwno anoxdAAnong e pofc TNy TAeUpd utonieons YL ywvies
TpbonTwong and 11° we 17°. H eXNelBepn por elvon and apliotepd mpog tor Se€iLd.
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3.3 Mereroeig nleong

Ot péoeg xatavopés Tou CUVTENECTH| TUECNE XUTd UAXOC TNS YOEDHC TN TTEPUYAS OTO
uéoov tou exmeTdopatog mopovatdlovial 6To Nyhua 3.4 yia Sldpopes YwVIEC TPOCTITWONC
U6 otabepéc ouvbrxes. e xdbe oxfua, 0 0pWldVTIog AEoVaS AVTITPOCHTEVEL TNV ATOCTAOT
X ond TO UETWTO TEOCLONAC AOLIC TATOTOMNUEVT TTEOC TO UNRXog TNe Yoednc. Kdbe pétpnon
anotelel Tov péoo 6po 10.000 deryudtov mou efigdnoay ye cuyvétnta detypatorndlog 400
Hz. O xatavopée nieone oxoloubolv tic dlec tdoeic petalld xoaunov (Re = 0.5 x 109)
xou Uy (Re = 0.75 x 10°) apucdv Reynolds xou v Tov Néyo awtdv culnrodvron
eEVOETIXG yLot TNV Tep(mTmaon Tou younioL Re. To Paoixd yopoxTneio Tixd ToV XoTavoumy
TWV CUVTENECTWYV TlEoNg Elvou:

=-4.3° =-0.3° =3.7°
5 a 5 a=-0.3 5 a=3.
4 4 4
3 -3 3
a-2 2t 2
QO
-1 1 -1t 1 -1 1
, [ & . _
1t 1 1 1 17 1
0 0.5 1 0 0.5 1 0 0.5 1
=7.7° =11.8° =15.8°
5 a s a 8 5 a=15.8
4 4t 4
3 -3 3
a -2 -2 2
O
1 -1 1
0 0 0
1 1t 1
0 0.5 1 0 0.5 1 0 0.5 1
x/c x/c x/c

Yyfua 3.4: Kotavouyée cuvteectwv mieong oe ywvieg npdontwong: —4.3°, —0.3°, 3.7°,
7.7°,11.8°, 15.8° og Re = 0.5 x 10° .

o H pon mapoucidlel tnv tumixy cuuTERLPOpd aEPOTOUNS "o TPWTHG-pONS .
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[ yovia tpdortwong 0°, n xatavour| Tng tleong elvon acOUUETEY), OTWS AVAUEVOVTAY,
AOYO TNG XOUTUAOTNTAUC TNG AEQOTOUNC.

Mo xopugy| utornieone oynuatiletor oo pétono tpocforic (x/c=0) tne aepotouhc
neplnou ot 12°, mou @tdvel 6To péyioto C) = —5 o1ig 18.5°%, Noyw Tng emtdyuvong
NG PONG.

Ye yovia tpéontwong 11.8°, 6nwg gatveton oto Xy 3.4, n xatavouy| tieong mopa-
uével eninedn amd 0.65¢ pEypl TNV oy UYNS, AOYW ATOXONNNONG TNG PONEC XATA TNV
onolo dev LTdpEyEL avdxTnon Tieong.

[No yovieg mpbéontwong peyonidtepee and 15.3° gafvetan vo oynuatiletar BONaxog
oTpwTAC amoxOANoNG oty mepox) 3.7%c éwc 5.9%c otnv TAeupd umornicong TNg
QEQPOTOUNG, UE OUTOTENEGHA VO TOTUXO TINATOUA TNS XoUTOANG Xatavopnic Tieong ([26]).

Emn\éov, n amoxdNAnon tne pong exwvd and 1o pétwno npocBolhic xat xiveltal avd-
vit. Ko n yovio npdontwong auidveton, oL cUVTENECTEC Tieone évag Tpog €vay
telvouv va Nafouv oxeddv v Bt (Cp &~ —0.8). Xtuc 25° n pofy amoxoANdTou
TAPOS OO TNV TAEVEA UTIOTEGTG TNG TTEQPUYAS.

H xotavoun tne mleong oty mhevpd unep-nicone dev goalvetan vo emnpedleton ond
v adénon e yoviog tepéontwong. H uovn axloryy| elvar 1 xotdvtt xivnor tou on-
uelou avoxomic xotd YEYIO TN andcTaoT 6 TOWC EXATO TOU UHXOUS TNG YOEONS YLo TO
e€etalbpevo e0pOg YOVLOV.

3.4 Acpoduvopixol XuvieleocTEG

Ta agpoduvouixd goptior TEOEEYOVTAUL Amd Tr HETPOVUEVY) XUTOVOUT| TEONE XAUTA UHXOG

NS X0e0NE Tou mTEPUYIoL LTS cuVBxeS oTabepric exelbepng POY|C TOL AVTIGTOLYKOVUY GTOUC
apBuoie Reynolds Re = 0.5 x 106 xou Re = 0.75 x 10%. T KAEAXTNELO TIXA TN AVWOTS, TNG
AEPOBUVAXTG POTIAG Yol TNG AVTIO TAONG HOPPNS TNE AEEOTOUNE PalvovTol G T O UATA 3.5,
3.6, 3.7. Ou yetproeig mpaypoatonoidnxay ye exedbepr petdfacn Tou oplaxol GTEMOUATOC
TAVW GTNY AEEOTOUT, YWwelg T ¥eHor cuoxevwy uetdfoong. Ta Paouxd xapaxtneloTixd Tov
QELOBUVOLIXY GUVTENECTMV elvon Tt oxdXouba:

o H pon mapoucidlel Tnv TumixY| CUUTERLPOEA aEPOTOUNC "o TEPWTHC-pONS .

o To yoopuxd tuhua Tou CUVTENESTH dvwone extelveton oTo SldoTnua —8° we 7° Tng
ywviae tpdéontwone. H aepotour| topdyet oxeddv tov Blo ouvt/Th dvwong ot autd to
e0pog xan yLor Toug dLo apetbuois Reynolds xou undevixr| dvoon oe ywvia Tpdbontwong
ap = —2.5°.

o Ou moluxée xounONeg elvon aveldptnteg tou optbuol Reynolds péyel ) yovia npo-
omtwong Tewv 11°. Autd galvetar xabupd GTIC XOUTONES AVWONS %O AELOBUVAUXNC
POTNC, EVE APHVEL AVETNEEAC T TNV AVTIOTAOT HOopPNC OF axOuUn UPNAOTERES YOVIES.
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e axdun peyohvtepes (o > 11°) 0 x\ddoc tou yauniol aptbuol Re unokeineton tou
LPNAOY, TOGO Yol TOV CUVTENECTH AVWOTEC OGO XAl YLl TOV CUVTENEGTY| POTAC.

Cla)
1.5 ’HJ 7777777 —. T T T T T
i aﬂ;li()l"i
IC, =1.184]
Lmex s
I |-
O 05F “ d
i
oA
| a =13.80°!
. 58 i
ICc  =1.129
0r [ fmax g
X Re 0.5¢6
®®® O Re0.75¢6
)
_0.5 1 1 1 1 1 1
-5 0 5 10 15 20 25

Yyhua 3.5: Luvteheothc dvwong oe Re = 0.5 x 10% xou Re = 0.75 x 10°

o O uéyotog ouvtereo g dvwong v Re = 0.5 X 108 etvar Chppaz = 1.129 o2 yovia
amwAeLog oTARENG ass = 13.80°. AvtiBeta, yio aplBud Reynolds 0.75 x 10% o HEYLOTOC
oLVTENEGTAC Svewong eivat Cling, = 1.184 o 1 yovia azs = 15.01°.

e Y yovieg mpdomTwoNng YeyaNlTepES and 18.5°, 1 amoxdAANoT NG porg xabic Torton
xuploEyn, N xopuyy urornicone cto pétwno mpocforrc unofabuileton yeryopa xou
XOTA CUVETELXL 1) AEQOBLYVOULXY| AVWOT| XOUL POTH) UELVOVTOL Xk 1 avT{oTooT Lop@hc
awgavel. Kuplwg oty xoundNn dvoong ot ouvteNecTéc malpvouy TWES UE UEYAT
dtaomopd. Autd cupfaivelt Noyw Tou @ouvouévou TN BIMANG amwAelg oTheleng, To
ornolo Bo oulntndel AenTouepéoTEPA OTNV EMOUEVY EVOTNTAL.

210 onuelo autd Ho mpémel var avapépouue OTL GTA ATOTENECUATA TV AEQODUVOULXWY GU-
VIENEG TOV TOU TopoualdlovTal €xouv eqopuocTel Slopbnaelc oyeTind ye TNy enidpoor g
EUPEUENS TNS POT| UEoO GE JEPOBLVALXY| OTipory Y o) AOYW TOU HOVTENOU, B) NOYw TOU
op6EEOU XABOSC Xl Y) TNS XAUTVUNDONG TWV PEVHATIXGDY YRoUMY P Bdon tic epyaociec [27]
xou [28].
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X Re0.5¢6 | |
O  Re0.75¢6

-0.02 -

-0.04 ¢
-0.06 &%
-0.08 ¢

m

OF 01t

-0.12 ¢

-0.14 + X%o W%@, 1
()] O@b

-0.16 -
-0.18
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Yy 3.6: Luvteleothic aepoduvapuixic pormic ot Re = 0.5 x 109 xou Re = 0.75 x 10°

C,(a)
dj
0.5 : ; L , ,
X Re 0.5¢6

0.45 O  Re0.75¢6 1

047 dég
0.35 )(;xx 1

031 xX X
0.25 <« ©

25

Yy 3.7: Luvteheothc avtiotaong wopwhc oe Re = 0.5 x 10% xou Re = 0.75 x 10°

3.5 A Anoleta XtripEng

Ye ywviee TpOoTTWOoES dpxeTd UeYoNDTERES amd TN Yovio andietos othpldne (a >
18°), mapatnerdnxe mponyouuévee auENUEVY SLUCTIOPd TOV AEPOBUVOLXDY GUVTENECTOY,
21VelwE VLol TOV GUVTENET TY| AVWONG, XABME XL VLol TNV AEEODLVOLXY| POTY| XU TNV AV TIoTAO
wopyric. Paivetan cov va undpeyel xdmota acUVEXELL HETAED TV BLABOYIXWY UETEPNOEWY, UE
v tdon va oynuotilouvy dlapopeTinols ¥Xddoug tng Blag xouniing. Metd and oyetixn
AVEAUGCT) TOU €YIVE GTO GHUA TWV HOPPOTEOTEWY TEONS XUTA T1| OLUEXELL TWV UETPNOEWY,
dlamoTlnxe 6Tl 1 oY) evorrdooeTon UETACY 800 XUBECTWTOV: OTNV TEAOTN 1N oY) Elvan
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TANPWS ATOXOAANUEVY], EV® GTT OEVTEQT, 1) POY| TUPAUUEVEL UEQIXWS TROCHONNNUEVT] XOTH
€vol TOCOGTO TOU UAXOUS TNG Y0edhg oTnv TAevpd utotieons. To gouvéuevo mou cuvéfn
€0w elvan Yvwoto otn BifNoypapic we "double stall”, To onolo éxel napatnenbel t6co oe
UETPNOEIC OE aEpodUVOLXY) OYpary Y, 000 xai O BpopEels avegoyevwnTewwy, enneedlovtog
™V an6doon xou TNy moapaywyY toxbog [29],[30] Twv unyxavey autdy.

3.6 Ilswpdpota o Aspotoun NACA64-418 otn Be-
BAroypapia

To nopoxdte oyhuota (3.8, 3.80") mapoucidlouy pio oy xplon Tne TeEYoUcaS Epyaciog
UE dANeC oxeTIXéC melpouoTinég uenéTeg o agpotouny NACAG4-418 und cuvbnxeg poviung
porc. Xt metpdpata mou €ywvay ot NASA unrple e€avayxaouévn petdfoon tng pong ot
TUEPOT, eved ota melpduata CENER xaw Ragni fitay eetbeprn. Ou petprioeic tov NTUA
xou CENER npoaypatomolotvtar atov (610 apdud Reynolds, eve dXeg oL d\Aeg o€ dLapope-
Tx00¢, oL OTOlEC PalveTol VoL ETNEEGCOLY EVTOVA TNV TERLOYY| XOVTA G TNV ATWAELL OTHRLENG.
H puxpdtepn xhlon oty xoumdAn dvwong tng nopoloog epyaciog amodideton xuplwg 6N
uetdPoom Tng poric and oTpwTy o TUPPOOTN oXeGOY NON amd To PéTwno tpocPorrc. Ilapdio
TOU 1) UETAPaoT AUTY| OEV EYIVE ECXEUUEVA UE TN YENOT) XATOLIG CUOXEVT|C, Dewpelton Twg N
TLOTOTNTO TNS EMLPAVELNS TNV TROXANEL, e€antiog wxpnv tpoeZoy v mou gépel. O oyuplondc
potveton va evotabel ue Bdomn Ty xo\ cuppevio Tou eupavilouy oL TapoUcES HETPNOELS UE
npocouolnwon CFD nou éyive oTic (Bleg ouvbrixec ye mAHews TupPndT oY) o8 ONO TO UHXOoC
e aepotouric (MapFlow).

YAua 3.8: (o) Xuvteheo g dvwong ot didpopoug aplBuouc Re yia aepotoury NACA6G4-418,
(B’) Xuvteheothc aepoduvouixic pomic oe didgopous apBuouc Re yio aepotouy NACA64-

418.
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Kepdlowo 4

Iewpapatixeg Metpnoeig Mn
Movipov 3uvinxwy Pong
IItepuyag o E&avayxaocuevn
ToldvTewon

270 XEQPANUO AUTO TUPOUCIALETAL 1) TELOUATIXY UENETN) TNC U1 LOVLUNG OERODLVIUXTG
ouuneptpopdc ttépuyog pe acpotou] NACAG4-418 o TaNaVTMOELS TEOVELOTC Xl GUVOUO-
opévne mpdveuorc-Bubione oe apbpotc Reynolds 0.5 x 10 xou 0.75 x 10°. H Swdixaocia
e pétpnone mepthopfavel Ty Serypatoandion KXwv Tov onudtov (€£080¢ HopPOTEOTEWY
mieone xou awobnthpec petatonione) pe ovyxvotnta 400 Hz: o) oe ouvbrixes avnoiog tne
aepoofparyyas yia 30 deutepdbienta, B) oe mpoxabopiouévn T NG TaUTNTAC ENEVBEPOL
PEVHATOC O XOTOYPAPY) TOV GTUTIXGY dedopévwy Yo 30 SeutepdNemta Xau TENXA, ¥) OE
TaNGVTOoT yior 180 deutepdenta UeTd TNV oXoxApwor 10 TAYpwv xOXAV.

‘Opoa ye o mporyolueva and T OTLYULAES XUTAVOUES TOU CUVTENECTY| TlEONG Tpay-
uatomotOn oy oL utoloylouol Tev oTiylolwy xoBDC XaL TV €V QACEL UECWY TWOV TOV
CUVTEAECTWV AVWOTG XL AEQOBUVAUXNC POTAG CUVORTACEL TG yYwviog mpdontwong. To
dedopéva Tou TopoLCLAloVTaL TUEUXAT® Elval Ol €V QACEL HECES TUWES TV AEQOOUVOULXWY
CUVTENECTWY, OTOU 1| CUVEXNAS YEUUUY OVTICTOLYEl GTO avOOIXO TUAMA TNG TANAVTOONG
(abEnomn ywviag Tpdomtwong) xan 1 Sloxexouuévn oty avtiotouyn xabodur dtadpour| (¢bi-
VOUGA YWViaL).

4.1 Tolaviwoelg nedveLoNS

H péon yovia npdéontwong petafAidnxe oto ebpog 0° éwg 15° ye PBrua 5°, ou Tiuég
TOU TAATOUS ToAGVTwong Atav 2°, 4°, 6° xou 8° xou oe xdfe meplntwon mou peethdnxe n
oUYVOTNTA TG TONAVTOONG UeTAPNAONXE peTald 1 xou 2 Hz.
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4.1.1 Emnidpaom TOV NAPULETLOY TNG TAAAVIWONS CTA AELO-
OLUVOULXA popTia
IMopoxdto Bo emxevipnbolye ot mopouéTeous Tou eNNEEdloUV To AECOBUVIULXE POE-

Tla, 6mou v Noyoue cuvtopioc Ta TepopaTnd dedouéva avapépovio o Re = 0.5 x 10°.
Qoté00, oL Biec tdoeic Beébnxay va toybouv xou v Re = 0.75 x 10°.

Enidpaocn tnc péong yoviag npéontwong

H enidpaon tng uéone ywviag npdéontwone gaivetar oto oyfua 4.1 yio téooeplc dlapo-
PETIXES TWES TNC MEoNS yoviag, a,, = 0°, ag = 5°, oy, = 10°, = 15° pe 10 MNdTOC
ToNGvTwong vo xupaivetan petadd 4°(opoteph oThNY) xou 8° (8e&id otiin). H otatind
XOUTONY eppavileton pe unhe onueio oe xdbe Sudrypopua.

1.5

-0.05 ...,

-0.1

m
m

-0.15

-0.2 -0.2

-0.25 -0.25
-10 0 10 20 -10 0 10 20

Eyfua 4.1: Enldpacr g yéone ywviag TeOoTTOONG 0TOUS CUVTIENEGTEC AEQOBUVAUXNC
dvoone xo porhc oe Re = 0.5 x 105, k = 0.1. Apioteph) otz n: Aa = 4°, Acfid otAhn:
Aa = 8°

XNV TEOOKOANNUEVT] TEELOXY] PONG, Ol XOUTUNES TWV CUVIENECTWY AVOONS XOoU
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aEEOBUVIXNG POTIAC EVAVTL TNG YOVIOG TEOCTTWONS TAEOVGLALOULY VOV TUTIIXG EANELTTIXG
Bedyo avbwporoyiaxhc popds. 1o cuyxexpiuéva, ol Bpdyol oe YaUNAéC Yovieg TpdoTTOONG
Batvouv yOpw and v avticTolyn otoTixr) xoumONT xou Telvouy va Ao Bavouy youniOTERES
Tiwée dvoone 6tay To o auidvetan Ue To Ye6vo (avodixr| Bladpour)) xou uPNNOTEPES GTOV
HELOVETAL, 0E ouUPwvio we To povtéro tou Theodorsen [11].

Kabde n péon yovia tpbontoone awidveton (ay, = 10° xou a,, = 15°) n enidpaon tng
anoxOANNOTE TN PoNg yiveTon LloyuedTERN XoTd TEOTO TepLodx6. O Ppdyog Tou cUVTENEC TN
Gvwong oANALEL Popd TEPLO TEPOPTC O MRPONOYLUXY|, EVE) O GUVTENEC THC AEROBUVAUXTC POTHAC
oyxnuotilel Vo empépous xhelo ol Bpdyouc avtibetng popdc. Ot Tiéc TwV AEEOBUVIULIXODY
CUVTENECTWV LUTEPPAlVOLY ONUAVTIXA TIC AVTIOTOLXEC OTATIXES, TPV 1) TIEPLOY T ATOXONNNONG
NS poY|C EMeXTAOEL X TEOXUNETEL TTWOT TNE AvwoNg xak adENTT TN AEEOBUVAULIXHAC POTIAG.
21N ouvéyelor axoNoubel 1 BladXaslo ETAVATEOOXONNNONG NG PONE XATd TNV xabodIxT
xbvnom e agpotouric €we 6Tou avaxtnBolV Ta agpoduvaXd popTio. H mopandve dadixacia
€xel axELBOC ExElval Tl YOEOXTNELOTIXE TNG BUVOULXAC ATONELAS O THEIENS.

Ye xdbe xOxho ToNdvTwong, umoroyilovtar 800 axdun ueyédn, N péyioTn peTaforn
TV GUVTENECTOV avwong Crp_p, xon agpoduvaxhc ponic Cp, ,—p O Wa TAEY TEpiodo.
O péoec téc e péyloe petaforhc (and xopuyy| o x0pUPY) TOU CUVTEAECTY AVWONG
patvovton 0To oyfua 4.20" WG CUVAETNOT TNG UECTC YWVINE TINAVTWOTNG.

Is Aa=2° I Aa=4° 02 Aa=2 02 Aa=4
0.15 0.15
1 1 R
5 s 01 0.1
© F g o &} Q *
o
03 03 ¥ o+ 0.05 % 0.05 e}
S % % O x Q Q *;
% > 9 o D g
0 0
0 0
0 70 20 0 70 20 0 10 20 0 10 20
(23 o @ @
m m
Is Aa=6 /s Aa=8 o2 Aa=6 02 Aa=8° 6
* X
¥ ¥ 015 0.15 *
1 ¥ o ! Q T
P ) & %X X S ox
5 o + o0l
3 Tx % * . 0.1 o
© * * ~ o) + x
05 05 o *
0.05 +x 0.05 ¥
0§ ¢ Fox
£ *
0 0 0 0

0 10 20 0 10 20 0 10 20 0 10 20

Yoo 4.2: Enidpaon tne péone yoviag tpbontoons (o) otn wéyiotn LeTaforr Tou cuvte-
Neo 1) dvwong o TAEN x0xho, (B’) otn péylotn HeTaBONT) TOU GUVTENEG TH AEEOBUVOLXT
pomhg o AN xUXNO

Kabdde 1 péon yovio tpdontoong avidveton and 0° oe 10°, ave&dptnto amd 10 TAATOC
NG TOAGVTWONG 1 TNV avnyuévn ouxvotnta, to C),_, pewdveton otadioxd. Autd e&nyeito
and TNV UEEWX ATOXONATION TNE OTC YLPW ATO TNV AEPOTOUN, 1 ontola Tpoxael TNy elcodo

23



OTN U1 YUY TERLOYY| TOU GUVTENESTY| dvwong évavTt Tng a. Edv 1 uéon yovia avéndel
TepUTEPW (v, = 15°), 10 C) ), SV e€0pTETOU TAEOV AMOXNELO TIXS OO UTY T YOVIaL, OANS
ETTAEOV ATO TOV GUVBVAGHUO TOU TIAATOUS TNG TANAVTOONG Xl TNG AVIYHEVNG CUYVOTNTOG.
Fevixd, o C,—, €lte mopopével otobepd elte opPdvel uPmhotepes Tég oe olyxplon Ue
T0 = 10°, edwd yia k = 0.2. Autd anodideton ooV peydho pubud mpdveuons xatd
OUVOULXT] ATWOAELL GTHEIENS, TTIOU ETUTEETEL GTO OPLAXO O TEWU VO TUPOUEVEL TROCKOANNUEVO
og UPNANOTERES YWVIEC TEOOTTOONG UE AMOTENECUN UPNAOTEQOUS UEYLOTOUG OUVTENECTEC
avwong.

AvtiBeta, 10 Oy pp auEdveTon povooriuovta xafng audvel 1 péon yovio TedoTTOoNg
(oxAua 4.20"). AZ{let enlong va onuelwbolv ol Wbiaitepa HEYENES DLaBPOUES TOL CUVTENEG TH
POTAG OF (yy, = 15° 1o TAETN TOAGVTWOoNG 6° xou 8° WG AMOTENECUA TNS OUVOULXNC ATIONELOC
oTheeng.

Enidpaon tTng avnyprevng ouyxvoTnTog TOAAVIWONSG

And 1o oyfua 4.3 unopolv vo onuelwboly ¥EHOWES TORUTNEHOEL, OXETIXA UE TNV ET-
0QUCT] TNS AVIYMEVNS CUYVOTNTOS O TA AEEODLVOULXA POETIAL:

1.5 1.5 1.5
1 1 1
Sh 0.5 0.5 0.5
0 0 0
0.5 0.5 0.5Y 0.5
10 0 10 20 10 0 10 20 10 0 10 20 210 0 10 20

|
-0.05 hess 20,05 he (2N 0.05 ke 1N -0.05
e = G

k=0.1 k=02

< 01 -0.1 -0.1 -0.1
© ors ~1 -0.15 ~1 -0.15 ~J -0.15
-0.2 0.2 -0.2 0.2
-0.25 -0.25 -0.25 -0.25
210 0 10 20 210 0 10 20 210 0 10 20 210 0 10 20
a a a a

YoAua 4.3: Enidpoon tne aviyuévng ouyvotntac 6 tous ouv/Téc dvmong xot AEpOBUVIIXAC
porhic, Re = 0.5 x 105, k& = 0.1. IIN&toc TeNdvtwong: ap = 8°, Méon ywvia tpéontwong
(amd aprotepd Tpog T BelLd): oy, = 0°, g = 5°, ay, = 10°, ay, = 15°

Y& TpooxONNNEVT pot), Topatneeitar uelwon Tne xiiong C; — a 6o 1 avnyuévn cuyvo-
ok awgdveton. o to youniotepo k, oynuatiCeton évag otevdtepog Bedyog xabdg To (Blo
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oupPalvel xou U TOV CUVTENEGTY| OEPOBUVUXTG POTING, OTIOG AVAUUEVETOL OO TO UOVTENO
tou Theodorsen [11].

Yy mepintoon Suvaixic andietag oTApENC ue wéom ywvia 15°%, yio ueydho uépog tou
XOUNOU TIPOVEUGTC 1) 0EPOTOUY| AELTOURYEL TEVD amd TN GTUTXY YOV ATWAEWS O THEENS
(13.8°). Xtnv udn\dtepn avypévn cuyvotnta, 1 évapén tne amoxdAAnone xabuctepel oe
oUYXELOT UE TN YAUNANOTERT. AUTS TEXUNELOVETAL XEToUloTolVToS T HéBodo ontixomoinomng
pofic we vnudtia. H texvind egapudotnxe oe dbo nepintdoeic mpdvevoneg (15° £ 8°, k=0.1
xou k=0.2) xatarypdgpoviac v xivion tov vuatiov ye otafepd pubud 120 Hz.

Yto Yy.4.4d, nopatnendnxe ot oe avnyuévn ouxvotnta k=0.1 oe yovia 16° xoatd To
ovoBIXO TUNUOL TOU XUXAOU, 1) TERLOYT] TOU EUQAVICETAUL ATOXONANUEVY POT| XONUTITEL OTUO-
VTG HEYOUNUTEPO Wépoc Tou Ttepuyiou oe olyxplon pe k=0.2 (ewdva 4.40"). Ailel va
onuelwbel 6TL 0 cuvTENEo T dvworg elvon oeddY (Blog yior Ti¢ V0 TERLTTWOOELS. XUy xpi-
vovtog Tic ewoveg 4.4a” xou 4.4B° pe Tic avtioTolyec oTATXES WS TEOC TNV EXTOCT TN
ATMOXOANNONG TN PONC TP TNEOVKE Tar EEAC: 1) EVapdn TNG AMOXONANONG G TNV TEpinTOoN
NG YOUNAOTEENS oUYVOTNTOC Vo Tepel Tepinou 4° oe cUyXELoT UE TIC OTATIXEC UETENOELS
xan 6° oy LPNAGTERN CLUYVOTNTA TINAVTOONG aviioTolyo. Puowd, auth N cuvBxn eu-
VOEL TNV TUEAHOVY| TOU OPLIXOU CTEWOUATOS TROCKOANNUEVOU O TNV ETULPAVELX TNG AEQOTOUNS
oe LVPNNOTEPES YWVIEC TPOOTITWONE ToU EMNEEGLOUY TN TapaywYY Avenong, €TolL WOTE Vi
emiTUyydveTon oNUavTXd UYNNOTERO Clpgsr YL TNV LPNNOTERT, CUYVOTNTA

YyAua 4.4: Onuxonoinomn pe vnudtior 15°£8°: (o) 16.0° dvodog, k=0.1, (B’) 16.1° dvodocg,
k=0.2, (v’) 9.9° xdBodoc, k=0.1, (8’) 9.8° xdbodoc, k=0.2. H xatelBuvon tne poric elvon
and T oploTER TPOC Ta BEELS
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[Mopduoto etvon to pouvouevo mou cuPolvel XaTd TNV BLAEXELXL ETAVATPEOCXONNNONG TNG
potic. opandve, tapouoidletan  ontxomolon tou éyive oe xabodxh ywvia 10° (Xy.4.4y’
xou 4.4%"). Podveton 6TL TN PAOT ENAVATEOOXONNNONG 1) PON VO TERE! axdun TEPLOGHTERO OE
oUYXELOT UE TN QACT TNG ATOXONANONG, AofdvovTag wg uEtpo alyxplong T avTioTol eS
OTATIXES ELXOVEC.

4.1.2 Enidpaon tov ITapauetpov Toakdvioong ctnv Acpodu-
voautxy AnocfBeon

O ocuvteheothc agpoduvouxfc anodcPeonc =, TEoxONTEL YECW TNG ONOXANPWONS TOU
€pYOL TNG AEQOBLVOULXAC POTAC, OTWG avaéplnxe mponyolueva yéow tng e&lowone 1.3. O
AEVNTIXOC CUVTENECTHS OEPOBLVAXTS AmOCPECTC UTOBEXVIEL HETAPORS. EVEQYELNC Al TN
EOY| TEOC TNV AEPOTOWY|, EV® To avTifeTo cupPaivel yia Tic OeTinég TWéS. LNV TERITTOOT TNG
BUVOIXAG ATONELG O THELENG O CUVTENEC THC agpoduVoXAc andoBeong eugavilel avgnuévee
OLAXUUAVOELS ATO XUXNO OE XOUNO OE OYECT) UE TEPLNTWOELS TOAAVTWOELC OTOU 1) POt efvor
T(EOGXONNTUEVT).

1o oxfua 4.5 @aiveTton 1 CUCYETION TOU AEPOBLVAUIXOU CUVTENESTY| ANOCPECNC UE TN
uéom yovio TpéoTTwoNe. ATO TIC TEQINTOOELS TOU PEAETABNXAY TEoxUTTOUY Tar axdNouba
onuetor ot oy xdto and 1o bplo e ywvice otatixic anwiews oTApENne (am, < ags),
0 AEPOBUVIUIXOS CUVTENECTHG amocfeonc augdvetal oxeddV ypauuxd Ye TNy alénorn tne
HEOTG YOVING TEPOCTTOONG.

o] + X k=0.098, Re=0.5¢6
O k=0.189, Re=0.5¢6
w01 * X +  k=0.064, Re=0.75¢6

% k=0.126, Re=0.75¢6
xx

X

-0.05

-0.1

Yyfua 4.5: Enldpacn tng p€ong ywvlog TpdoTTnoyE GTOV GUVTENEC TY| AEQOOUVAXNAS ATO-
oBeone, Re = 0.5 x 10°, k= 0.1

Otav N oy, umepPaivel Ty yovia otatixhc andielog othpeng, epgoviletar évog mo
TEPIMAOXOC UNYAVIOUOS, OTIOU O AEPOBUVOULIXOG CUVTENECTHC anOGPeong anoxTd apvnTxég
Tiéc. Mropolue vo unoctnpl&ouue o auTod TO oNUElo OTL O CUVTENEGTAC AEQOBUVIULXTC
anocPeong YEVIXE PELOVETOL OTAV (uy > Ouss. ATO 0WTH TO OYAUY, WOTOGO, BeV UTopEl va
e€aryOel To cuuTEPUCUA EAY 1) YWVIOL (ryy EVOL 1) XYY 01 "atvory xaka” cLVEYXn Tou TEoXANEL TN
uetdPoon and pia otolbepr| oe uia oo Tadn xatdotaon, xabng N enidpaon NNV TopUUETEOY
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(k, Re) elvau enfone mopoloa. Qotéoo, gaiveton 6TL 1 Uopdn opvnTXAS oepodUVAUIXAS
anocPeong ouvdéetan Ue TNV VPNAY uéor yovia tedonTnong.

Iepoutépw oo oyhua 4.6, napatneeitan n oxedOV yoauuxr aOENCT TOU CUVTENECTY| OE-
poduVoLXAC anocfeonc Ye TNV adénom NG AVNYREVNG CUXVOTNTAG YO Oy < Ougs.
Qot600, oy LPNAGTERN Yéom Ywvia TpdoTTwoNe LTS oTalepd aplBud Reynolds xou oto-
fepd TAGTOC TaNdvTOoNG, N wdEnon Tou k odnyel oe uelnwon Tou GUVTENESTH AEEOBUVOLXAC
anéoPeone (oxfuora 4.5 xou 4.7).

am=0° am=5°
0.2 0.2 oy
XK ?
0.1 0.1
n % xR % %
0 0
0.1 0.1
0.2 0.2
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
a =10° o =15°
' m
3
i I
+ * *
o2 . # 02) o
o1t ¥ + 0.1 *
"o, ol* *
* * k3
0.1 0.1 % *
* *

-0.2
0.05

0.1 0.15

-0.2

02 005 0.1

0.15 0.2

Yyfua 4.6: Enldpacn tng avnypévng cuyvoTnTac GTOV GUVTENEC TY| AEPOBUVAIXAS amoofe-

ong

a =0° @, =5°
m m
0.2 0.2 o o g
D o) o) le E
0.1 0.13 ko ¥
0 0
0.1 0.1
0.2 0.2
2 4 6 8 2 8
o =10° a =15°
m m
02f § i * 02 X
+
0.1 * i 0.1 o
0] [ k +
0 0 * i
0.1 0.1 é a
0.2 0.2 %
2 4 6 8 2 4 6 8
Aa k=0.1, Re=0.5¢6 Aa

* + O x

k=0.2, Re=0.5¢6
k=0.065, Re=0.75e6
k=0.13, Re=0.75¢6

Yyfuo 4.7 Enidpaor Tou TAGTOUC TONGVTOONS OTOV CUVTENEC TH AEPOBUVAULXAC amdcPeonc

H tedevtaio mopduetpog mpog diepelivnon eivar 1 enidpaor) TOU TAXTOUG TOUAAVTO-
ong. To mAdTog TANIVTWOTC UTELGEPYETAL OTOV UTONOYLOUO TOU OBLACGTATOU GUVTENEC TN
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agpoduvopxic andofeone (egiowon 1.3). Autéd emfPefarcdvetar oe cuvbrixec ou 1 poy el
VO TROOXOAANUEVT], 0oV BEV UTEEYEL EVOELET OTL O CUVTENEC THC OEPOBUVIUIXTC anOcBECTC
e€opTdTOL OO TO TAETOC TNG TOAGVTWONG, OTWE QPaiVETAL TopANdvw 6To oyfua 4.7. 261600,
i oy, = 10° moportneeiton anoOnTh UElWoT TOU CUVTENECTY), YLo TEWTY POopd, HE TNV avEno
TOU TIAGTOUG. X cuVBYxeS BuvouxAc amdAelas oTHEEnNg pe péon ywvia tpdéontwone 15°
1 ouoyEToN epavileTal LOYLEOTERT), UE TNV XAIOT TNG XAUTUANG VO UELOVETOL ONUAVTIXAL.
Auté oupPoalvel uéxpl v T Aa = 6°, 6mou, ave&dotnta and ta Re xa k, 6xeg ot e€eto-
Copevee mepintwoels elvan agpoduvoixd actabeic. Tehixd oe TAdtog ToNdvTwone Aa = 8°,
0 GUVTENEC TG AMOXTA ENAPEWS AVENUEVES TWES, OAAE TO GUC TNUO TTUPAUUEVEL AEROBUVOLXAL
oo Tabéc.

4.2 Ilewpdpota o Aspotoun NACA64-418 o To-
Advwon IIpdvevong ot Bifiioypopio

‘Opota ye to mporyoluevo xe@diouo, oto oot 4.80" xou 4.8f" napatifeton 1 olyxplon
TV BeOYWY TV CUVTIENECTOV AVWONE X0 AEQOBUVOULXNC POTAC OE TUNAVTOOT TEOVEUOTC
ue péon ywvia mpbéontwong 15° xau mAdtog 8° oe avyuévn cuyvotnta k=0.1 xan aplBud
Reynolds 0.5 x 10°. Ta anoteléopata tov 8o petphoewy Bploxovion oe xohf| cuppovia
1660 ToloTIXd 600 ot tocoTixd. H xouniotepn xhion tou cuvteleo Y| dvwong tng nopoloug
epyaoiog oe alyxplon pe autr) Tou CENER xoatd tnv avodixt| topelo Tng Ywvieg tpdontwong
anodideTon xou €6 oto Béua Tne uetdfaong Tne porc oe TLEP@oN. Katd tor diha, 1 Sladoyn
TV YEYOVOTOV TNE BUVOLXNE ATONELAS O THRIENS, Eupaviletal oTig (Bleg YwVieg TpdoTTWONC
meplmou xou ylor Toe 80O TEWRGUATA UE OLapopEs mxpodTepeg and 0.5°. Xtoug Pedyoug Ttov
CUVTENECTWY OEPOBUVIUXNAG POTNG TOEATNEEITOL BLOPOPOTOMNGT] GTNV EXAYLO TN POTY| TV
000 TEWPUUATOY x0BOS Xa 6To EUOUS UETABONAC XUTA TN PACT) ENAVATEOCHONANOTC.

% CENER 15+8, k=0.10 0.05
NTUA 15%8, k=0.10 up 0
2L |— — — - NTUA 1548, k=0.10 down * J
NTUA steady -0.05 .
% CENER steady 0.1
% 5 -0.15
* O
-0.2
-0.25
-0.3

-0.35

0.5

5 10 15 20 25 5 10 15 20 25

YAua 4.8: Bpdyoc ouvtereoty (o)) dvwong xou (B’) ponhc oe npdvevon.
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Kepdlawo 5

Iewpapatixeg Metpnoetg
AeggoslacTinoTnTog

210 xe@dNato auTod Ba YOG ATAOYKONACOUV Ol TELRAUUATIXES HETENOELS oL dLedyxOnoay
xatd Ty amdxpelon e ntépuyas pe exaoTxr) otiplEn (B.evotnta 2.4) oe udniéc ywvieg
TEOOTTWONG, XOVTA OTY Ywvid amONelae oTHEENG, UTO BLpopeTixés apyixéc ouvirxeq.
270 TEONYOUUEVO XEPINNUO Ol TUNAVTWOELS OTNV TEPLOYT| AUTY| armodelybnxay acpoduvauxd
aotabelc (opvnTn aepoduvaxy| andofeon).

To cbotnua @épel 800 Pabuoie exevbepiog, oe xdudm xou oTEédn ue pétpo duoxaudlog
Ky, xou K, avtiotoryo. H panuate diatdnworn tou tpoPfrfuatog oe auty Ty mepintoon
Elvou:

mh + Kph + Sai = L (5.1)

Soh + Iné + Kyoo = M (5.2)

oToL:

I, n otpenTiny pony| adpdvelog TG TTépuyag Ualog m

Sa, M otatxh) aluyootobuio (S, = mxab ye z, v adidotoon andotaon petadd Twy
Béocwv Tou xévtpou wdlac xar Tou exacTixol dova. Edd: z, = 0.22).

To mapamdve cVoTnuo eELIONOCEOY EXTOC and TOUC ABEAVELIXOUS OPOUC, TIC OUVAMELS
EMAVAPORAEC %o TA AEEOBUVOULXS popTia TEPIAUPAVEL o TouS dpoug NS oTaTixe aluyo-
otaluiog, oL omolol GUVBEOLY TNV TEPLC TROPIXT UE TN UETAUPORIXT ATOXELOT) Xl AVTIO TEOYA.
Enopévag, ol 800 Pabuol exevbeplac tng xataoxevrc Peloxovion oe cUleuvén. MNta mhaioia
TNG TAPOUCOG UENETNC TO ENACTIXO UOVTENO TTEQUYNC UTIOXELTOL OE POTY| TEOVELCTC YLUE®
and tov eEaoTixd dgova, tou Peloxeton oto x=0.35¢ xou 6yt oo x=0.25¢, and dnou cuyvd
umooyileton 1 agpoduvopx pony| (dTwe xou ota TEoTYolueEVa Xe@dhata). Ol GUVTENEC TEC
AEEOBUVIUXTG POTAC OF UOVIHES GLUVBTXES PONC PEEOLY TNUAVTIXES BLIPORES Y0P A6 TOUC
0Vo d€oveg, 6TwC amewoviletol 6To oyhua 5.1.
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Yyfue 5.1: Yuvteheothc aepoduvapixfc porthc oe Re = 0.5 x 10° yOpw arnd: 1)x=0.35¢
xon 2) x=0.25¢

5.1 AUTO-OLEYELPOUEVES TANAVTWOELG

Y10 mapdyv melpaya, yenowdonodnxe n dopdppuon “fences + extensions” tng nté-
PUYOG %O TTEMTOL OLEVERYNONXOY OTATIXES BOXUES ENEVDERTC TONGVTWONG TOU HOVTENOU YL
NV €YY TV WBLOCUYVOTATOV Xl TOV CUVTEAECTWY andcPectc Tou. Méow tng yehong
ETLTO(UVOLOUETEOU TROCURTNUEVOU GTNV ETUPAVELN TNG TTEPUYAS XUATAYRAPNXE 1) ATOXELON
e oE apyn exteony) and T Oéon woppotniac oe cuvOnxes Neeulag TNG AEEOBUVOLXAC
onhpayyac. Tlpoéxuday pueta€d dANNWV o1 Topaxdte Souxés WidTnTES:

KN /mm] Ch m[kg| wp(rad/s]
Bending:
19.3 0.072 69 16.71
Ko[Nm/rad) ¢, IuJkg-m?* wa[rad/s]
Torsion:

247 0.035 1.26 14.01

[Tivoxoc 5.1: Aowxée 1d16TNTeEC HovENOL TTépuyac pe eNacTixr othelen No.1
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Qo1t600, TEENEL Vo TOVIGTEL OTL OL WBLOCUYVOTNTEC TOL cuaTHRATOS Bploxovtol oe ey-
YOTNTAL, PE NOYO Wo/wh = 0.84, pe amotéheoyo v axdun toyupdtepn oLlevin petald
TOUG.

H mewpopotiny dadiacio elxe wg e€ig: 1 ntépuya tonobethnxe oe wa apyxr ywvia
TPOCTTMOONS, TOL AmoTENOUCE xou 11 Béom wopponiac oe cuvlrixeg npeulag. X1 cuvéxela,
1 T 0Tt eENeVBepOL pedpaTog auvgavotay Pruoatind avauévovtag xdbe popd yior oplouéva
BEVUTEPONETTAL TNV andxplon Tou cuoTiUatoc. ‘Otav o wio dedopévn o dTnTa eEelbeENC
PONC M TTEQUY A dPYIOE VOl AUTOTANAVTOVETAL, auTh Bewphinxe g 1 xplown toydTnTo TTe-
puytopol ammielog othene. Iowv and v évapln tne actdbelog xotaryedpnxoay OXo Ta
uetpolueva peyédn (xatavour otatixhc Tleong, YETATOTIOELS).

MeTagd) Slopbdpnmv TEPIMTWOEWY ToL EEETACTNXAY, HOVO ULol AVTLTEOCKOTEVTIXY| Oot culn-
mnlel oTo TopdY EvBeTo Yot Ndyoug cuvtopiag, Ye apyixr otatx ywvio 16.65°. H e&éNién
TOU QAULVOUEVOL QalveTol 6TO oAU 5.2, 6Tou TapaTiBEVTAL OL KPOVOCELRES TNE ToYUTNTOC
exelBepne pofic (Usx), M Yovia tpéontwong (a) xou 1 eyxdpoio petatémon (h/c).

a,=16.65°--U .=19.50m/s
0 crit

20 , , : AT
g 18 1
2
S 6k 1

14 | | | |
0 5 10 15 20
30t
D20k
S
0F
0k ‘ ‘ ‘ ‘ .
0 5 10 15 20
0.04 |

o 002f

-~ 0 L
0.02}

004 | | | |
0 5 10 15 20

1(s)

Eyhua 5.2: Autodieyelpduevn aotdbeia pe apyixy| yovia tpéontwong 16.65°

H ypovueh agetnpla (t=0) oto oyfue, AopPdveton Ayo woXic dBeutepdAenTa TELY 06 TNV
évapln e aotdbelog. o va e€nyriooupe TV andxplorn ToU CUCTAULATOS, O EEXVHCOUUE
opwe and v apyh tou nedpotoc (U=0). Kabde n toydtnta exedbepnc poric auidveton
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a6 TNy Neeula, auEAvovTol TOO0 1) AVWOT OGO %ol 1) EPUEUOLOUEVY) AECOBUVOULXT| POTIH GTNV
ntépuya. 2¢ anotéNeoua, 1 TTépUY ueTaToniCeTon OTAdLOKS b TN UECT] YUY TOU X EOoU
doxuv (h/c > 0), xou n yovio tpdbontwone awgdvet, e€outiog Tne o TEETTIXNAC XL XUUTTIXAS
duoxaudlog.

H a0&non e toybtntag exetBepou peduatog, edxd xovid 6o dplo TN ac Tébelog Aoy
nepimou 0.1 m/sec. v xplown tayxdtnto exevbepng pog, 1 ToNdvTwon Tne ttépuyag Ee-
%8 t600 o€ TpdveuoT 660 xat oe BuOom. H péorn yovia npdontmong xou 1 H€on UETATOTION
BoBone elvon to onueio wwoppotiog mou €yxel emteuydel oe aUTH TN PACT, TOL TELPAUATOC.
2N CUVEYELYL, TO TAATOG TNG TUNAVTOONS QWEAVETAUL OTOdLOXA Xou yiat Toug 0Vo Pabuoic
exevleplog. H (Bl mepapotins) Sradixaoior emavarfipdnxe e apyixéc ywvieg tonobétnong
(mpbomtwone) 18.13° xan 19.98°. e ONec TIC MEPITTWOELS TORATNEHOMXE 1] AUTO-TAAGYVTOOT)
Tou cuoTHUatog ota 2.55Hz, Mo xovtd dnhady) TNy xounTixny WiocuyvotnTa. Augdvovtog
N oAty Yovia tpdéonTwong and 16.65° oe 19.98°, n xplown todtnTta ehelbepng porc
wetddnxe and 19.50 m/s oe 14.95 m/s. Auth n ntcdon (—23%) tne xplowune toybntog etvon
HONG TEXUNELOUEVT o TN BiNoypaplor xou amodideToL OTO PUVOUEVO TTEPUYLOUOU OTINELOG
otheine ([31]).

YAua 5.3: EZENEN tov ouvt /v dveone & agpoduvopuixic pomhc évavtt Tne yoviag a
xatd TNV €vopdn Tng actdbetag
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Y10 oyfue 5.3, n eZENEN TV oTyWalmY UVT/TOV dvwong xon aepoduVIULXAG pOTAG GU-
VOETAOEL TNG YWVIOG TEOCTITWOTNG BlveTol EVOEXTIXG yiar TNV aEyixY| oTtatixr) yYovia 16.65°,
TEVTE DEUTEQONETTA TPV CTOUATHCEL 1] AELTOUEYid TNG AEPOBUVAXNAG CHRAY YOS Yol TNV
mpootacio Tou e€omiiouol. Kabog to mhdtog tne tohdviwong otadloxd augdveTton, oynuo-
tilovton Bpdy ol dvmone wpoNOYLIXAC PORAS KoL 1) POY| ATOXONNATOL X0 ETUVUTPOGKONNSTOL
xorTd TN ddipxeta xdbe xvxnou. Ou tekeutalol Bpdyol €06 @atveton va axorouBoly oyeddy TNV
(O OLadpour. To mapamdvw AMOTENECUATA AVUDEXVUOLY OTL XATE TNV OLAEXELX TNG AOTA-
Belac xupLopyel 1 Suvauxy andieta othpEnc. Ouolng, N agpoduvauixn pony| YOew and Tov
exacTx6 d€ova oynuatiCel Bedyouc wporoyloxic @opds, ol omolol TeNxd yxwelloviol oe
800 unofpodyouc xabne 1 agpotouy| Slelodlel Tepautépw ot anAeld oTheEne. H avnyuévn
ouyvoTNTa ToU TEEYoVTog TElpduatog eivar £ = 0.205 xou o aplBudc Reynolds avtiotovyel
oe Re = 0.66 x 10% H Unapln tov deli6otp0p0v Bpdynv poThC TEGVEUCTIC UTODNAMYVEL
UETAPOES EVERYELNG ATO T1) POT) GTNV AEPOTOUN.

5.2 AUTO-CUVINEOVUEVES TANAVIWOELG

Ye auth ™y evéotnta Bo culntrioouue Sleodxd évay dANo TUTo aocTtdbelog mou Beé-
Onxe vo ouuPaivel vl To Bedouévo agpoENACTIXG GUCTNHA. XTO TAXCIO TOU TEEYOVTOC
TELPAUATOS TOCO To OTEENTIXA OGO o To ENATHELL XAUPNG avTxaTao TahNXay amd dANa,
dlapopeTnol ovopacTixol Uétpou Suoxoudloc. Luyxexpuéva, eunéydnxoay mo dOoxay-
oL el XQuPng yior var amogeuyBoly emintioelg nou oxetiCovton Ye TN YELTVIOoT TV
SOV cuyvoThtwy. Emmiéoyv, agoupédnxav ol eninedec mAdxeg xan yenoionotnxe n
olpoppwon wall to wall vy vo emitpoanel 61n ouveyela 1) e@apuoyy) Tne TeXVixnc PIV.
Ot douxée 1LoTNTES TS Véog eyxatdotaone cuvodilovton atov mivoxa 5.2. O véog Noyog
1BLOGUYVOTATOV TOU GUGTAUATOS Elval Wy /wy, = 0.56.

KN /mm) Ch mlkg] wp[rad/s]
Bending:
68 0.0405 59.7 33.75
K,[Nm/rad| Ca I kg -m?  walrad/s]
Torsion:

254 0.0422 0.73 18.8

[Tivoxag 5.2: Aowxée 1816TnTeg HovéNou Ttépuyac pe exactxr othieln No.2

To nelpopa dielhydn wg e&hc: H ntépuya apyxd t€0nxe oc yovio 16° xau n toydTnTo
Tou eXeVBepou peluatog avérBnxe TpoodeuTixd. Xe xdbe taylTNTa eEelBeENC poYC, 1 TTE-
puya exteémovtay and T Oéon toopponiag g o xateOuvon xdbeTn Tpog TNV exelLlepn
eoY. Me auth v évvola, To mapdv melpopa TeEpINoPBdvel TNV e€avaryxaouévn apyixy| Oié-
YEQGT) TOU AEQOENAC TLX0U cuo THUaTOC. Otay 1) tarydtntar ehellepng poric EPTace otV TIUY
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U =14.95m/s (Re = 0.53 x 10°%), n ntépuyo odnyRinxe oe autocuvTNEolPevn ToNdvTWwon
otabepol mAdtoug mpdveuong xou Podong. Kdtw and tnv xplown tayxitnta, oc xdbe mepi-
TTOON, 1 aEyxn Oyepon TN Ttépuyac anocPevotav. H andxpiorn tou cuctAuatog ony
xplown todTnTor avépou, PETA TNV apyixt] SLyepan, oxnuotilel oplaxd xUXNO GUVOLACUE-
VOV TONVTOOEDY XAl OLUTNEEITOL UE AUEIDTO TAATOS Yial UEYANO YEOVIXO OLAC TNUL EVTOG
TWV AOYIXOV Moty yiag Tetpapatixic doxiune. Ilepoutépw, and 1o cuyvotind nepieyduevo
TWYV (POVOCEE®Y Tpdveuong xat Bubiong, yéow e aviivong FET, avadelydnxe uéyiot
xopupn ota 3.32 Hz, n onola elvar 1 cuyvotnTa TG TONAVTOOTS TOU 0ploxol xUXAou. Arn-
AodY), TO CUCTNUA TANAVTIOVETOL GE CUYVOTNTU XOVTA OTY douxy| cuyvotnta Tou Babuou
exevbeploc oteédne (3Hz), To onolo unodNAGVEL Tov xUplaEyo pOXO TNE o TEETTXTC Xivnong
HOTA TH CUYXEXPWEVT] AEPOENC TLXY| Ao TADELAL.

H »oumONn mpocopuoyhc TV ev QAoEL UECKHY ONUATWY TEoVELUSTS-BUOoNg Tou CUC T Uo-
TOC GE NULTOVOELDT] CUVIRTNOT) XATA TN OLAEXELXL EVOC TAHEOUS XUUNOU TONAVTWONG QafveTol
oto oyfua 5.4. H ypovid otryun t/T=0 avtiotoryel oty évapln tne avodixic xivnong
e yovidg tpbéontmong xou amewxovileton pe ouveyxh yeopuuy, eved and t/T=0.5 xou petd
axorovbel 1 avtioToyn xabodixy| nopela TpdvevoNe, TOU BIVETAUL UE BLUXEXOUUEVY] Y EOUUN.

a=15.68°+12.49°sin(wt), R°=1

a(®)
s

04

0.6

0.8

upstroke — — — - downstroke

0 0.2

0.4

/T

0.6

h=0.006483sin(wt+340.9°), R*=0.9977

Yyfua 5.4:  Huitovoedng xoumdNn neocapuoyic €V QAcEL UECWY CTUATWY TEOVEUCT|G-
BoBong xatd TN BLdexEla 0pLaXol XOXNOU TONAVTWONG

Ano ™ onywala xatovour mieone yOpw amd TNy acpotour] Tpoéxuday ol aTiyuLaiol
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OLVT/TEC AVWONS XU POTAS XATE T1 BLIEXELYL TNG TANAVTWOONS Tou optaxol x0xhov. H avti-
TEOCWTEUTIXY EXOVA TOV EV AOYW AELOBUVOUIXDY PopTiwV, BIdETUL 0TO OYAUN 5.5 HECK TOV
EV QPACEL HECHV TV OF CUVOUNOUO UE TIC OTUTIXEG UETENOELC OTOV TANOLECTERO apldud
Reynolds, dn\adh Re = 0.5 x 10°. TlapbdXo mou To TAETOC TaNdvTwong xou 1 péon yovia
TpoOoTTWONG Elval apXETA UeYENa, 0 Bpdyog Tou cUVTENESTY| dvworng epgpavilel avBwpolo-
i QOES TEPLCTROPNG ol OXEDOV ENNELNTIXO OYAUL, EXTOC Ao Evay Wxpd LUToPBeoyo
XOVTA OTY UEYLIOTY] YwVid TPOOTTOOTS.

EugaviCel, dnhadn, oUolOTNTES UE TN CUUTEELPOES TTEQUYAC O TOAGVTWOTY| TEOVEUOTS
UE TEOOXONANUEVT pOY|. PUCIXY, 1] TEOGKONATUEVY POT| YO TN CUYXEXPWEVT TEQITTWON
dev elvon xaboNov axpfric. Xe napduolo TElpaUd TPOVELONC AEQOTOUNG UPNAAC avyHEVNe
ouyxvotntog [32], mapatneinxe antoxdAAnon e pothic ot phivouca yYovia TEGOTTHONS TOU
%x0xNoU, ToEONO ToU 0 Pedy0¢ dvwong BelyVEL TO XUEAXTNELOTIXG EANELTTIXG OY AU, OTWS
o€ TpooXONNTEVT poY|. H évapln tne amoxdNANong tng porg uoTepel £vTova, XdTL ToU Elvor
EUPAVES amO TNV TUPEXTUCT] TNG YRUUUMXNAG TEPLOYNAG TOU CUVTIENEGTY| AVWOTG OF UEXETA
vdniéc yoviec tpbomtwong (> 25°).

0.5
0

aef/.(°)

Upstroke — — — - Downstroke . Steady

0.1

0 5 10 15 20 25 30

Ay (*)

Yyhua 5.5: Ev @doel yéoot Bpdyol cuvt/Tihv dveons xat aepoduvoxic poTnig

H epgdvion tne anoxdAAnong e pofc, omng Bo dellouue apydtepa, elvar apxetd on-
uavTixy) oto Teéyov melpopa. Eivar enlong apxetd evolagépov, 6Tl o Yeloluevn yovia tpd-
OTTWONG, O CUVTIEAECTAS AVWOTNG NUPAVEL GE UEYENO TUAUA TOLU XOXNOU LYNAOTERES TLUES
and TNV avtioTolyn avodixt SLadpouY|. 2E TUPOUOLN TELRUUATIXG ATOTENECUATO OE AEPOTOWY)
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NACA23012 ot npbvevon (k=0.2), napatneridnxe o oynuatiopds otevdtepwy Ppdywv, Tou
anodolnxe oty VPN aviyuévn ouyvotnta [15]. H avyuévn ouyvétnta tou tpéyovtog
Telpdpatoc elvon oxoun peyoitepn e k=0.35. XLougwva pe v [33] v k > 0.2 oe oepo-
toury NACAQ012 und mpdvevor, to onueio avaoTeoghc Tng poNe xuveltal avavTt pe udmio
eulud xou tEdTO Un Yeauuixd . Emmhéov, oto (Blo melpapa 1 tupPiddne anoxdAAnor dev
AopPdver ywpa €wg 6Tou N oTIYLdo YwVIo TEOCTTWONG QTACEL TN UEYLO TN T TNG oL
o TN cUVEYELX pLa Bivr Lo LENC XLUXNOGOplaC EXAVETIL aTtd TO HETWTO TEOGBONAG. LnuavTixn
dlaoponoinon nopouoldlel enione xou o Bpdyog TN acpoduvauixhc pomrc. Apyixd, mopo-
Tneeltal TURUS ToU X0OXAOU, OTIOU O GUVTENECTAS POTNC NauPdvel Detinée Tiwég, dnhady| ue
xatevBuvon Tou plYyoUS TEOC Ta dvw. Autd TpoxinTel e€outiag TOU 6TL 0 ENACTIXOS EOVOG
elvon 0to 0.35¢ (avti Tou 0.25¢), 6mou axdun xar o€ LoVIHES UV XES POHC UTEEYEL UEYENO
£0p0g YOOV TpdoTTnoNS Ue Betinn agpoduvauxn pony|. Eminiéoy, o ev Noyw Bedyog, dev
ToEOUGLALEL TO TUTUIXO OY AU "oXTR”, dTwe ot Buvouixy| and et oTheEng. Avtifeta, €yel
oXEDOV ENNELTTING OY AU HE wpoXoyLaxT popd (BX. Xy.5.5), 10 omolo UTOBNNGVEL YeTaPopd.
evépyelag and tn pon npog TNy acpotoun. H udmhn avypévn cuyvotnta tou tpéyoviog meL-
edpatoc Bewpelton OTL €xel oNUOVTIXY eNBEAOT GTO TUEUTAV®.

Y10 oyxfua 5.6 galvovton oL xpovooelpéc NS €V PAoEl PEoNG YOVIoG TEOOTTWONG Xou
TV CLUVT/TOV EVWONG, AEPOBLVIUIXAC POTAS ol UETAUPOEAS EVERYELUS OE EVOV XOUNO TONG:-
VIWONG.

Upstroke — — — - Downstroke
20t —
N ~
< ~N
10t ~_
0 : -
0 0.2 0.4 0.6 0.8 1
0.02 - ~
e or \
O -0.02 N
0.04 ~<_ E
0.06 ! ! | -~ -1
0 0.2 0.4 0.6 0.8 1
2 o
_ 15} —
&) ~d
It ~.
~ ~
0 ; 0.2 0.4 0.6 0.8 1
10 x10 —
- ~
5F -7 \\
© s
& N
0 '\_/_\ 1 N
0 0.2 0.4 0.6 0.8 !
/T

Yyhua 5.6: Ev @doel yéoeg tipée aepoduvoixddy cuvt /iy

O otwywalog CUVTENETTAC UETAPORAS EVERYELNG OE OTEEYN, Tou Belyveton TapaTdvVw,
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unoloy(letan péow g oyéong: C. = C’mcgll—?[%. ‘Otav elvon Betinde avtinpoownedel yeto-

(POPA EVERYELAS ATO T PON TEOG TNV XAUTACKELT], EVE OTAV EVOL 0EVITIXOS TO AVTIGTEOYO.
Enouévag, 1 yetopopd evépyelog amd tn por oty agpotour| elpovileton €66 0To dldo TN
0.3 <t/T < 0.5 tou avodixol tpruatoc. To (Blo cupPaiver xatd to ddotnue 0.57 < t/T° < 1
e xofddovu.

Yto oxfua (5.7) goiveton 1 oTyplaio YETAQOPd EVERYELNS OTNV AEPOTOUN NOY® TNG
AEEOBUVAXNG POTAC XU ANOY® TNG AVOOTS, AVTIOTOLX A, Yia UEPLXOUE TIEELODOUS TOU 0pLIXOD
xxhou Tonavtwong. To €oyo mou extedeitan and N pony| @olveton var Aofdver Oetixég
TWES VLot MEYOAUTERA TUAUATA TOU XUXAOU, EVK TO €0Y0 TOU EXTENE(TAL amd TNV Qvwom
TUNAVTOVETOL OXEOOV CUUUETEXA YOpw amtd To undév. OuclacTind To €pyo mou exTENE(TL
amo TNV AVWOT) XATA TN BLAEXELX TNG AVODOU OXUEMVETOL XAUTA T1) Bldipxels TS xadodou.

0.01 | i

0 \V - \

Q\J

-0.01 .

Cm X ¢/U X da/dt

Cl x 1/U x dh/dt

—— —-xx
-0.02 L L L

0 0.5 1 1.5 2

t(s)

Eyhua 5.7: Xpovinr) e€ENEN oTypolmV CUVTENEC TG UETAPORAS EVEQYELNS OE OTEERT Xau
HAPn xotd TN SLdEXELd 0pLIXOU XUXAOU TANVTWOTNG

H oXox\fpworn tou unyavixol €pyou v 340 xdxhoug tondviwong cuvodiletar 610
o tdypappo (oxhua 5.8) tou aepoduvauxod cuvtereo T andofeonc. O unoloyloude yiveto
Tapopola ue tn oxéon 1.3 yenowonoiwviog avil g ywvlag tpéoTTrong Ty avtioTown
avnypévn yovia, e t Bewpnon ot 1 xivnor Pobone emdryet avtibetn TaydtnTa poric Tpog
Vv acpotoun. Ot cuvteeotég epgaviCouv évtovr Swaomopd ue péoo 6po -0.1215, uéyiot
T 0 xan eXdytotn -0.2. Anhadr, o cuvteeo g Naufdvel opvntixr Tr o xdbe xOxho,
TOU ONUALVEL OTL 1) EVEQYELX UETAPERETAL ATO T POT) G TNV AELOTOUY).
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-0.2 -0.15 -0.1 -0.05 0

Yyfua 5.8: Iotoypauua Tou CUVTENES TH agpodLVUULXYC anocPeong = xatd T ddpxeta 340
OPLAXWY HUXADV

TéNog, mapaxdte yivetan wa mpoonddeia atondynoNne TS xeovixnc eEENENC, XoTd TN
OLdpXELOL TOU 0PLIXOU XUXAOU TANAVTWONG, €VOS Paoinol YapaxTNEloTiXol TNG SUVOULIXAC
anwielog oTheEng, mou ebvan 1 éxduon tng diving and to pétwno npocBorrc. To ev Noyw
KORUXTNELO TIXO TEQLYQPAPEL T1] PUOLXT] TOU PUUVOUEVOL Xal EXEL LOYLEY| ETOpAOT TOCO GTNYV
AEEOBUVIUIXT) VWOT OGO Xal GTNV EOTY| €S OTOU 1) BV YTACEL OTNY OXUT) EXPUYAC TNC
agpotopnc. Emmiéov, n cuoyétion uetold tne tomixng datopoy e TNg ToyutnToc X tieong
OTNV ETUPAVELL TNG AEPOTOUNG XA TNG OLENEUONE TNG OvNG EVol XONE TEXUNPLWUEVT G TN
BBNwoypapia (BX. yio mapdderypa [34] xou [33]). Tt Ty nelpopatiny| Tautonoinoy xenotuo-
moolvTa cuVABwe Tomixég petproelc g tayvtToc (hot-film, hot-wire, temporal PIV) 7
acOnTthpwy mieone. Xtnv neplntoon PeETEHoEWY TEONS, 1) DLOTAUEOY| VTUVOXALTOL GE €Vl
QEYNTIXO UEYIGTO TOU GUVTEAESTY TileomNS (x0pugy| utornieong), To onolo dadidetar xaTdVTL.
H ypovixy) e€éNEN piag e&ovory xaoUévne TONGVTWOoNG QaiveTal EVOEXTIXG 0To oyhAua 5.9
YLOL UL OELRS LOPPOTROTIEWY G TNV TAEURE UTOTEOTNC TNE AEPOTOUNS.

YyAua 5.9: Ev @doel pyéon ypovooelpd ouvt/tov mieone (o)) 15° £ 8%k = 0.2 xou (B’)

Pitching 15°+8°, k=0.2

x/c=0
X/c=0.02
X/c=0.037
X/c=0.059
X/c=0.076

X/c=0.099

Aeroelastic, k=0.35

N

x/e=0

x/c=0.02
x/e=0.037 |
x/c=0.059
x/c=0.076
x/e=0.161 | 7

15.7° £ 12.5°, k = 0.35 andxplon ye eacTixr oThHeEn.
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H ypovix oty t/T=0 avtiotorgel oty évapén tou avodixol tuhuatos tne xivnong
Tpdvevong, eve yio t/T=1 oto téNog e xafédou. Ilpdryuatt, o xopupéc unonicong gaive-
Ton xdBopor var eppaviCovtan Sladoyixd e xpovixr) uotépnon oe xdfe awohntripa. X1o oyhua
5.90" tor padpar BENT amewcoviCouv TN ypovix oTiyuY Tng eUpdvions tne mpoavapepbeicoc
otarTapar g Yol TNV TEPIMTOON TNS TONAVTWOTNG e€avaryxaouévng tpoveuong 15°£8° k = 0.2
ue Re = 0.5 x 105 H (B oxpiBde avdhuom emovohopBéveTon 1o Tov oploxd xOxN0 ToNG-
VIWONG TTEPUYNS UE ENAOTIX OTHRLET, O @aivetar oto oyfua 5.90".

Ta anoteNéopata NG Topandve avdiuong cuvoiloviar oto oyxfua 5.10, 6Tou xa yia
TIC 800 TONAVTOOELS EUPAVICETAL 1) XPOVIXT] XOU XWELXY| ELPAVICT] TNG XOPUPNEC UTOTIECTG.
H yovia mtpéontoong yia xdbe tardvioon divetor oto xdtw dudypouua. Etouévag, yior tny
eCavaryxaouévn Tandvtoon 15° £ 8%k = 0.2 qalvetar 6Tt 1 Blvn exAleTan amd TO UETOTO
npooBorfic v t/T=0.38 (20.6° dvodoc) xou mepvd and v oxpr expuyhc yia t/T=0.62
(20.4° xdbodoc). Avtibeta, yio TNV AUTOCUVTNEOVUEVY CEPOENAC TN TONEVTOOT, 1) Oivn
ex\Veton omd To pétwno mpocPorfic oto t/T=0.40 (25.6° upstroke) xou 1 enldpach tng
yivetow auobnt teNevtado yia t/T=0.65 010 x/c=0.65 (22.7° xdBodoc). Potveton dnAadA, bt
1 mpoavapepbeloa ypovixy| eEENEN YLot TO aEPOENACTIXNG TElpopal ToEOLGCLALEL LG TEPNOT OF
oUYXELOT UE TNV ECAVOY XAOUEVT TERITTOOT %o SLodldeTon e TLo ypouuixd teomo. Ilepaitépn
oulATNoT oxeTxd Ye TN xeovixn e€ENEN Tou Tediou Ty dTNToc B oxoroubyioel 6To endUEVO
HEPANOLO.

! Negative pressure peak location
T T T
O

0.8+

0.6 -

x/c
(0]

04t Ex
X

0.2r o

— Aeroelastic, k=0.35

15°+ 8°, k=0.2

0 0.2 0.4 0.6 0.8 1

Lo 5.10: Buyxprtinn xpovixr) e€ENEN xopuprc unonieang
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Kegpdloto 6

PIV-POD

e autd To xEPINUO Bol BDIEPEUVACOUUE AETTOUERECTERA TAL (PUOLXG (POUVOUEVOL TTOL OLE-
TIOLY TNV AEEOENAC TIXT| Ao TdbELaL, ToU TEoTYoLUEVRS Beébnxe va oxnuatiCel otabepd optaxd
XUXNO TONGVTWOTG. T'lot To oxomé autd, To medio ToyLTNTIC OTO HEGOV TOU EXTETACUATOS TG
TAEVEAC UTOTIEONS TNG TONAVTOUUEVNG TTEQUYAC UETENONXE XENOWWOTOWIVTAS TNV TEXVIXN
2D-PIV. Ev @doel yetprioelc exfpbnoay oe dexamévie SLa@opeTXEC YWVIEC TEOOTITWONG YLd
TN LENETN TNG Yeovixnc eEENENC Tou Tedlou ToybTNnTaC.

6.1 Ilsipopotixn wéEbBodog

To olotnuo PIV anoteelton and: o) pia todouevn mnyf gotoéc (Nd: Yag Laser, evép-
vew tapol 200 mJ, uixog xOpatog 532 nm) n onola napRyorye €vo 0ptlovTio YUNNO GWTOC
méyovc 1.8 mm, ) dvo TSI Powerview Plus ™ Kduepec AMP pe avtixeypevind goxd 90
mm 1 xobepio, tpocaptnuéves oe Bdoeic Scheimpflug Simha-dimhat xou v) €vav cuyypeovio T
(TSI 610036) mou evepyomoloUoe TowtdyEova TIc 000 xduepec xaw tnv nyY| Laser xdfe
popd mou AguPove Pruatind moNud Tdong amd UixpoeeyxTh. O uixpoekeyxThg Tapryoye
TOALS Tdong o mpoxaboplouévn avodixy| 1) xabodu| Ty e yYwviag. EmhéyOnxav dexo-
TEVTE BLAPOPETIXES PACELS TNG YWVIOG TEOOTITWOTNG ot yiar xdlde ula amd autég enfpdnoay
Teloaxdota vy exdvey. Loyotida ehalov péone dlapéteou 1 um yenoiponoifnxoy yia
™V L vnbétnon.

E&autiog tov yeydhov o tdoeny tou povtélou (¢=0.5 m), dev oy e@uxth 1 anotd-
TOOT ONOXATENG TNG TEPLOYNS EVOLOPEROVTOC (TAELEd LToTieoNg) We TNV ETBLUNTA KWELXY
aveAUoT), emouévag emNéxOnxe var yiver tunuoatixd. Ou avtixeyevixol @axol 90 mm efvou
TEocopTNUEVOL Ot xdbe xduepa xonUTTOVTOG €var omTxd Tedio mepimou 100mm x 100mm,
10 onolo enexTdbnxe ToTobETWVTUS TIC B0 UAUEPES BITAX-OITAX AELTOUEYWVTUSG TAUTOYEOVAL.
'Etot, ypeldo tnxay Tpelg EEXwELo TEC UETPNOELS YLoL Var xorTary el To medio TaydTnTac o€ ONo
T0 Unxog tng xoeodnc. Ta tela dlapopetind media gaivovton oto oyfua 6.1 xan avapépovton
o¢ "Leading-edge”, "Middle” xou "Trailing-edge”, cOugpova ye TNy TEQLOYY| TOU XUNUTTOUY
OTNY AEPOTOUY).
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04 Lea'ding-edgé ' Middle I
Trailing-edge
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Eyfua 6.1: Ontixd nedio yetpriocnv PIV

e xobepio and Tic TEEC EMUEPOUC UETENOELS 1) TTéQUY X BlEYERDNXE aipy I o TNy Xplowun
TarOTNTA ENEVOEENC PONC WO TE OYNUATIOE TNV (OLat ATOAELOT] OPLAXOU XUXAOU, TOU TEPLY Y-
(PNXE GTO TEOTYOLUEVO XEPANNUO Xou GTN cuvExeld To cLotnua PIV evepyonoudnxe oe
OEXATEVTE OLUPOPETIXES YWVIEC TPOCTITWONG, OXTC XUTA T1) OLAEXELX TNG UVOOIXTC OLAdPOUNC
xolL ENTA xotd T xobodut| (oyua 6.2).

30 T T T T

/T

Eyfua 6.2: T'wvieg tpdontwong oxavdoiiopol tou cucthuatog PIV.4-: dvodog, o: xdbodoc,
napa ovuPora: "Leading-edge”’&”Middle”, xoxxwvo obufora: "Trailing-edge”

21N CUVEYEL, EQUPUOCTNXE Evag anyopLlluog o xdbe euxdva yiar var aviyveLoEL XaL Vo
amoxpUel TN meployy| Tou TEPNUUBAVEL TO GTEPES CWOUN XL ETUTAEOV apoupédnxe oe xdbe
oeT emoveY 0 eEntepixds BopuPoc. Iepatépm, N avéuon tng texvixnc PIV exteNéotnxe
ue a\y6pfuo napapdepwone (Insight 4G) pe apyxd nopdbupo oxoxfpwone 64 x 64 exo-
vootoiyela mou pedbnxe oe 32 x 32 ewxovootovelo ye 50% emxdiudm oto TeENXS Briua.
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TéNog, epapudleton UETAOYNUATIONOS O xdBe oeT BedoPEvmY yior var Anghel xowvd ol T
CUVTETAYMEVOV YLoL ONEC TIC TMEPLTTWOELS, UE Pdom texvixy| aviyveuone ye gotocuvalctnta
oTolyelo.

6.2 Amnoteléocpata nefdédouv PIV

Ye authv v evotnta, Bo culntndel 1 xpovix e€ENEN tou Tedlou TayUTNTOC Yo TO
TEEYOV TElPUUA XENOWOTOIWVTUS TNV ToTyoLuevy olufacn yia TN ywvio TpdonTwong,
6mou 0 < t/T < 0.5 vnodnidvel Ty avodu mopela xan 0.5 < t/T° < 1 v xabodixy,
avtiotoxa. To ev gdoet yéoa medio ToayLTATOVY ToEoLcLAloVTaL TUEUXAT® ovd 8 BLoVOCUATA
oty xatevbuvon x xa y, adlactatonotnuéva og tpoc U=14.95m /sec xar und »hlpoxa 1:8
e mporypatxrc. Emméov, n xdbetn oo petpoluevo eninedo otpofirotnta 2 unoloyileton
o Qc/U, vy n woobdhc yeopur Qc/U = 0 noporeineton yio xobapdtnra.

6.2.1 AvoduxW @pdor (adfouvoca ywvia)

Kotd ) Sudpxeia tng avodixfic dadpouhc yioo a = 9.27° (t; = 0.1647), n poxy elvon
TPOOXONNNUEVT, OTNY TIAELRE UToTtieonc wéypl tepinou o 75% tng yopdhc and 10 PETmno
npooBorfic (2y.6.4). Koatdvtt tou onuelov autol, oynuotiletar wa neptoy) avdo tpogne
eoMg, OOV XOVTA GTNV ETLPAVELN TNG TTEPUYNS eUpavi{ovTon apVNTIXES TodTNTES, MY OUC
nepinou 10 mm (2% tne xopdhc). H meploxh avdotpopne pofic anotundveton etions oTic
wwo-uelc ypauués Tou oxfuatoc 6.6 xabdec o oTpmua ddtunong dnutoveyel wa Awpelda
apvnTxnic oteofinotntag. To peuctd oe Uxen andcTUON XATAVTL TNG AXUNS EXPUYNS OXO-
Aoulel v xivnom tneg ntépuyag mou xateuBivetar xdbeTa 6N YoEdY. Alyo petd, otic 11.19°
(t2 = 0.1917") otV TEOOXONNTUEVT TERLOYNA POTC, TO PETEO TNG TorTNToC Naufdver uPniéc
TWéc xovid oTo YEtono npocBoric (we 1.6 U), oL onolec otadloxd pewdvovtol Tpog To
wéoo e yopdhc (Xy.6.5).

Katd Tic ypovixeg otiyueg ts, t4 xou t5 xalag n agpotopr| gptdvel otig 19.37°, 1o onuelo
ATOXONANONG UETOXLVELTOL UOVO ENGYLO TA TEOG Tt avavTL. 201600, TNV (Bl G TUyUn To u€Tpo
e ToTNTaC AUERVETOL TPOOBELTIXG OE Lol TIEpLOYH ToU HETHOTOL TpooBorfc (0 < x/c <
0.3), ye wéytotn TWh xovtd oo plyyoc 2.4 U.

Y1c 20.4°, (ts = 0.3127) oynuotileton pior xXetoth Lodvn ovoxuxho@oplog xovtd oty
oxUn) EXPUYAC, OIS QatveTon amd TS OYEdLUoUEVES Yoouués poric. Kabde n yovia tpdontw-
one avidveton mepuntépw, otic 24.11° (t; = 0.377"), to onueio amoxdXAnone petoxtveiton
AVAVTL TEOC TO PECO TNG YOEONG, 1 TMEQLOYY| ATOXONNNONG TNG EONG EMEXTEVETAL Xou TO
wétpo tne TNt oTto pétwno mpocforg avidvetan oe 2.7 U. 'Etol, 1 ewtepint| pon
palveTal vor axoNoUBEl axOUT UERIXWS TO TEQIYPAUUUA TNG UEPOTOUNG UE ATOTENECUN O CU-
VIEAEO TS dvwong vo Tapopével Lo (C) = 1.6). Tekwd, pior divn pixpric xuxhogoplac
0EONOYLUXNC POEAS oxNUATICETHL XOVTE GTNY oxXU] QUYNS TNG AEPOTOUNS Yot av = 26.46°,
(ts = 0.416T).

[Mepartépn adénom tng yoviog tpéontwong and 24° oe 27° mpoxolel andtoun adénon
e avtiotaonc popyhc (0%.6.8), N onola anodideton GTOV OYNUATIONS LS TEPLOYNAS Ao

43



HUXNOQPORLOC TNS PONC OTNV TAELEd UToTieons. (0¢ AmOTENECUA, O CUVTENECTHS AVWOTG
au&dveton amd 1.6 oe 1.9. To @ouvoyevo amodddnxe oTov oYNUATIOUS Xl TNV EXAUGCT] BOUHC
oTeoBINOTNTAC amd TO YETWTO TPOGBONAC TNE AEPOTOUNS, 1) OTold TPOXANEL UTOTlEDT GTNVY
EMLPAVELD. X TO TPONYOVUEVO XEQINNMO, GTO (B0 Ypovixd didotnua (0.40 < ¢/T < 0.65)
x0pLYY| uToTtieong eldaue vor BLadidETAL XATAVTL CUVOEDEUEVT), cLUYwVa Ue TN Bi\oypagpia,
UE TNV Tapoucio TS divne HETWTOL TPOGBONYC.

100 bbb i
E
= %01 11.19° up
t _
ok 0.1917
50
100

y (mm)

€

£

> 19.37° up
ts =
0.299T

€

£

> 24.11° up
t7 =
0.370T

100

150 200 250 300 350 400
X (Mmm)
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Eyfua 6.3: Ev gdoel yéoa nedlo torguthtov-ovodxr @dor, "Leading-edge”& "Middle”

Tautdypova, o cuvtereo g avtioTaong woppnc avgavetal, xafng 1 eEwtepiny| poY| dev
axorovbel TAéov to Teplypauua g acpotoprc. Hapduota xopaxTneloTind poYc Ue auTd Tou
oulnthRdnxay €8¢ TapatnerOnxay oty [14].

100t T3s
3
— 50t
> 9.27° up
tl -
Ot i - - i | 0.164T
300 350 400 450 500 550
X (mm)
100 |
3
— 50t
> 14.60° up
t3 -
Ot : : : - : 0.236T
300 350 400 450 500 550
X (mm)
100 ¢
g/ 50 L
> 20.40° up
t6 -
Ot : : : L i 0.3127T
300 350 400 450 500 550
X (mm)
100 : -
g :
= 50¢
> 26.46° up
B ALY ts -
Ot s i - i i 0.4167T
300 350 400 450 500 550
X (mm)

Eyfua 6.4: Ev @doel péoa medio tayutATov-ovodixt @dor, "Trailing-edge”
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Yoyfua 6.5: Ev gdoel péoeg woobeic xaumires pétpou taybtntac (apiotepd) xou o Tpofiho-
mtac (Oeid)-avodixt| pdon, "Leading-edge’& "Middle”
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YAua 6.6: Ev gdoer péoeg ioobelc xopndies pétpou taydntoc (aplotepd) xa otpofi-

Notnrag (0e€id)-avodnt| pdon, "Trailing-edge”
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Yyfua 6.7: Ev @doel uéoog ouVTENEGTAS AvwoTg, +: dvodog, o: xdbodog, uadpa cuufoNa:
"Leading-edge”&”Middle”, xoxxwvo obufora: "Trailing-edge”
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Yyfua 6.8: Ev @doel yécog ouvteheo ¢ aviloTaong Hop@png
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6.2.2 KoabBodix? pdon (pbivovca yovia)

Ye yovia tpdonwone a = 21.15° (t19 = 0.677T"), xatd v xdhodo tne ntépuyac, N
TEPLOY Y| ATOXONNNONC TNS POTC €xel emextabel uéypl to pétono npocBorrc (Xy.6.9). Evdio-
(pE€pov TaPOUGLALEL, OTL TEPAULTERW XATAVTL, GTO YEOVIXO Bldotnua tyg < t < ty3, TO PEUCTO
wwvelton avtibeto tne eNelBepnc pofic e oxetxnd VPMAA T vt (Tng T8ENe Tou U), 1 omola
au&dveton xovtd oty em@dvela tng ttépuyos (oxhua 6.9). Av 1 poR Atav amoxheloTixd
ATOXOANTUEVY), TO PELUGTO Dot xvolVTAY UE TOND Y oUNNOTERT) To UTNTA, oL GLVHBWE amoTe-
Xel éva pixpd nocootd e e€wtepinfic poric. Ihio cuyxexpuéva, otig 21.15° (t19 = 0.6777)
1 01| 0TO YETWTO TEOCBONTC ATOUAXEUVETAL OO TNV ETULPAVELX UE HEYIOTO UETRO ToyUTNTOC
U, eved oty UTONOLTY TAEVEA UTIOTUESTS 1) AVAC TROYT TTERLOY Y| POHC PTAVEL UETEA ToYUTNTOC
¢nc oyxedov 0.9 U (3y%.6.10). H ypovixh e€ENEn tou otpduatoc didtunone mov oynuoti-
Cetan yOpw amd to plyxog TNE acpotoung mapatiBetar oto oyfua 6.10, 6Tou mopatneeiton
1 otodlaxr e€acbévnon anoforfic oTeofNoTnTog, x0bnC To GTEOUN BIATUNCNS O TEEPETOL
TEOC TNV AEQOTOUT XUTA TIC YPOVIXES OTUYUES T1g, T11 o T13. Mot peydhn pelworn tng ywviog
TEOOTTOONG €Vl AmAEAlTNTY VLot VO TOOXUNETEL TNV ETAVUTROOXONNNON TNC PONC. TNV
TporyoTixoTTa, Yoo o = 8.35° (15 = 0.8517") 1 po¥| éxel enava-tpooxoANel éng xou To
30% tnec xopdhc vl mewTn @opd e pétpa TorxltnToc €wg xou U. o x/c>0.3, 10 pevotod
Beloxeton oyeddv o npeula, oe cOYXELON UE TNV TEELOYT AVACTEOYNG POTS.

Ocwpeltar €0, OTL N TUPATAVH CUUTERLPOEE UTOBELXVUEL TNV ETLBEACT) TOU QUVOUEVOU
e éxAvong divne and 1o Yétwno tpocfornc tou culntiinxe tponyouuévae. Palvetar twe
1 Olvn oxdpa xan xoTd ToL TEMTA o TAdLaL TNS XaBodixrg dladpounc TN TTépuyas e€axoNoLbEel
VoL ETAYEL ToOTNTA XOVTA GTNV ETULPAVELN, YEYOVOS Tou e€nyel Ty Umapdn tng meploxng
avdc Teogne eorc uPmAod uétpou TaylTNTac. AUCTUXOC, OTO TEEYXOV TElPAUUA, TO OTTIXO
nedio tne texvixnc PIV dev ftav apxetd yeydho, dote va xataypeddel tn pon paxeld and
TNV EMPAvVELd TNG TTEPUYNS, 6oL Bewpeitan Tl Beloxetan To xévtpo Tng dlvng.
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Eyhua 6.9: Ev gdoel yéoa medlo toutritov-xabodiny| @dom, "Leading-edge”& "Middle”
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YyAua 6.10: Ev gdoel péoeg oobeic xoundies pétpou tayltntog (aptotepd) xou otpofi-
Notnrog (8e€id)-xabodiny| pdon,’Leading-edge”& "Middle”

H xatavour| tng ev @doetl péong mieong eppoavileton ota oxfuata 6.110" xou 6.11B" xatd
Ta avTioTol o avodxd xat xofodixd oTiypoTuTor Tou YeTeXOnxay ye to clotnua PIV.
Mo eggavic dapopd YeTaE) Twv BVo @docwy elvar 1 uYNAY unornieon xovtd oTo PéTwTo
TecoPorAc xatd TN Sudpxela TN ovodxrg SladEouNS, TOU TEOXAUNELTAL NOY® NG TOTUXAC
emtdyuvone pong. Eva d\ho evbiagépov yopoxtnelotixd elvon 1 aunuévrn unonicon oto
deltepo wod e agpotopic (0.5 < /¢ < 1) xatd v xabodxr Siadpoun oe clyxplon e
™ pdomn avédou Yo TS TEES TRHOTES Teptntdoels (21.15°, 17.13° xon 12.83°). Auth elvon
7 Bl TepLoyY|, 6oL TEOTYOLUEVKSG avamTUXONXE 1 avdoTeogn poY|. Avtileta, 1 xoTavoun
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mieone epgavileton eninedn yio TNy teXevtaia tepintwon (8.35%) v x/c > 0.3, énou 1 pof
e€axoroufel va efvon amoxoNAuév.

Phase Averaged Pressure Distribution Upstroke Phase Averaged Pressure Distribution Downstroke

I — x—-24.11deg — X—21.15deg
i — X—-19.37deg — X—-17.13deg
”?’F — X— - 15.16deg — X— - 12.83deg
4 g, 11.19deg 45 8.35deg
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Yyfua 6.11: Ev @doel péon xatavopr nieong, (o) avédou xar (B’) xabbédou

To péoo Tpogi\ egantopevinic TodTNTIC 08 OXTO YPOVIXES o TLypéS Tou xUxAou (0.19T,
0.24T, 0.30T, 0.37T, 0.68T, 0.73T, 0.79T, 0.85T) @aivovtow oto Xy. 6.12 éwc x/c =
0.2 tng mhevpde unonleong. O xatoxdpupog d€ovag elvar 1 adldoTatyn AnNdCTACY ANd TNV
emipavelo g mtépuyoc. Kotd tnv avodixy] dwdpour|, n por) emtoyLveton unepBatvovtog
v U xovtd v empdveta tne ntépuyac (xpovixéc otryuéc 0.19T énc 0.37T) eved xotd tnyv
xaB0oduxr Stadpopt (0.68T €wc 0.85T) ta mpopi\ tartNnTog Topouctdlouy Ta Y opaXTNELo TiXd
onuela x\iong avavtt Tou onuelou anoxdXAnong, telvovtag oto TéNOg AUTAS TG PAoNe va
EMOVATEOCHONNT OEL.

Tangential Velocity Profiles
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Yyfua 6.12: Egantoyevixd npo@iN toutiToyv
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6.3 Avdivuon POD

H teyvuni, proper orthogonal decomposition (POD) anotedel pio pebodo mouv yenot-
HOTIOLELTOL GLYVE Yo TNV EEXYWYT) XURLIEYWY XUEAXTNPLO TIXOY TOU TEBIOU PONG 1) OANLAC,
oLYVE TEATNPEOVUEVWY LOTIBwY pofic 0To YWpeo xou oTo xpdvo [35], [36]. Xuyxexpiéva,
n teyvixr; Snapshot POD [37], egapudotnxe €86 otic Sroxupdvoeis tne todtntos (v, v')
(oTvyptador TaybTnTo petov péom oy bTnta) Tou TopdvTog TELRdUATOS. Ol avoXATUOXEVAOUE-
VEC OLAXUUAVOELS TNG T UTNTAS TEOXVTTOUY amd Tr oxEon:

ul(w7 Y, t) = Z ai(t)q)z(xa y))

o (6.1)

V(z,y,t) = Z ;i (1) (1, y).

, omou P (z,y) xou P! (x,y) elvon To dioddoTtarta davuopotind nedla xatd pAxoc Tov X
xou y avtioTtolya Tng xatdotaong i. O cuvolxdg aplbuds Tov Wouopp®y eivar N, tou o1
CUYXEXPULEVT TEXVIXT LOOUTAL UE TOV GUVOAIXS aplBud Tov otrypdtunwy. Emmiéoyv, to o;(t)
elvan 0 xpovixdg cuvteleoic POD tne ypovixrc otiyunc t otny avtiotouyn wioyopey) POD
i, Tou dlvetow and Tov axdAouvbo TUTO:

ci(t) = S (k, )@ (k) + o/ (k, )@ (I, 1)) (6.2)

k=1

, 6mou 10 k avtinpoowrelel ywpwxd delxtn xou to M elvon o cuvolxog oplbuds Tov xouPwv
Tou TAEYpaToC. Ol dopoppéc POD avtimpocwnredouv axplng ta tpoavagpepdévta xuplapya
YWEOYEOVIXA XAUEAUXTNELOTXE TN eong, Ta omola e&dryovTon and TNy eni\uon Tou TEoPAA-
HOTOG IBLOTLLWV EVOS UNTEWOU BUTO-CLUOKETIONG TV SlotapaydV TNe ToyLtnTag. Agol eo-
xBo0v oL 18louopPEéc TOU CUOTAUATOS, OTN CLVEXELXL TaElvopoLVTAL avd QOvov EvepyELaXO
Tepieyopevo. Xtov mivoxa 6.1 epgaviletar To TEPIEYOUEVO TOV TEMTOVY €EL xUploE WY LOLo-
woppov. To dbpotopa Twv TELdY Te®TWY ot Xdbe oet avtioTovkel oto 76.4% xou 87.7% tnge
AVNTIXAG EVERYELNC TV OLOXUPAVOEWY TNG ToyLTNnTag Yo Tig meptoxés "Leading-edge” xou
“"Middle” avtioTtouya.

Mode Energy (LE) Energy (Mid)

1 0.620 0.805
2 0.086 0.043
3 0.058 0.029
4 0.039 0.012
5) 0.026 0.010
6 0.022 0.008

ITivoxag 6.1: Evepyelond nepleyxouevo wblopoppay POD
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211 CUVEXEL, OL TPELS TTPWTES LOLOUOPYES TopaTiBevTal g SlavuoUaTIXd TEBlot GTO Ty AU
6.14 v TV a€lONOYNON TNG PUOLXAC ONUACIIC TNS XATE ToL SANAL o TaTio TG Teyvixhc. H
TEATY WLOpoEPT| oXeTICeTon UE Uiat XATAC TIoT PONG TToU axoNouUBEel TO 0EPOBUVOUIXG OY AL
Ta dlaviopata xateudivovton avavtt Tng eNellepne potrc, wotéco Ba mpémel va Angbel
U o avtioTolXoC GUVTENEGTAC (v, O OTOlOC AOWPAVEL PVNTIXES TUES XATE TNV ovOdLXN
otadpour| xou BeTinég xatd TNV xaBodixy| Sladpour| Tou xUxhou. Enouévag, 1 medtr Wdlopopen
OULUBINNEL OE Uiot TANPOS TEOOKOANNUEVT] XATAC TACT, XATE TNV AVODO XL Uidl AVAC TEOYN
xbynom e pong xatd Ty xdbodo.

H deltepn biopgoppn amexoviCel glor amoXOANNUEVT] XATACTACY) POTE TOCO GTO OTMTIXO
nedio "Leading edge” 6co xou oto "Middle”. YyetiCeton ye éva otpmdu dldTUNoNS mou
oxnuotileton 610 YETwNO TPOGPONAC VLol TNV TEWTN TERITTWOT XAk UE TNV ATOXONATOT] TOU
oploxol atpwuatog ot deltepn. ‘Onug culnTRooue TEONYOLUEVOSC, N ATOXONANOT| TG POTIC
Eexvd amd TNV x| QUYNS Xl TEOODEVTIXA EMEXTEIVETAL TIEOG ToL AVAVTL XoBS 1) 0EpOTOUN
avePotvel. Emoyévag, n cupPoly) g ouyxexpldévng WLopop@hc YivVETaL To oNUoVTIX xoTd
TN OLIEXEL TV YPOVIXWYV CTUYUWY, OTOU 1) AmoXOANNOY NG eong yivetow mo xuplapyn
(On\ad¥y and t; = 0.3707 o€ ty9 = 0.677T).

Xty teltn Wopopyy|, oto nedlo "Middle” 1 pot| palveton vo oynuatilet 600 meployés pe
avtibetn xuxhogopla. O avtictoryog cuvtereothc asz Peebnxe apvnundg oo tig = 0.677T,
UTOBELXYVOVTOC ot OANOY ) TNG QPORAS TEPLO TROYHE TNE POTS OTO TURATNROVUEVO BLUVUCUO-
Tix6 nedlo. H mapandve xuxhogopio eppaviCetor wg "otatlo Tind” xuplapyo Xopax TneLs Txo
poY|c mou extelveTan axoun xou Uéyet To ontxd nedio "Leading-edge”. I1ibavne, o mapandve
YAEUXTNELO TIXG OYeTIlETol HE TNV €XAUOT xa BLENEVCT) TNS BivNg UETHOTOL TEOGPONAC, 1
omolol avaPEPETAL CUYVE OE TELRAUATA BUVOULXAC ATWNELS OTHRIENS.

H ypovixn e€€Nén tov ouvieheotwy POD oy, ag xat a3 TV Tp®TOV TELOV LOLOUORQEOY
patveton 6to Xy.6.130 xou 6.13B" wg cuvdptnon Tou aBLIC TATOU YEOVOU.
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YoAua 6.13: Xpovixol cuvteleotée pebodov POD (o) LE, (B7) Middle
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Kegpdlowo 7

20yxpromn Ilstpopdtoy xou
ApBuntixwv Ilpocopoiwoesnyv

210 mAalolo NG TaPoVoOS €PEUVAC, OPLOUEVES ATO TIC TEQLTTWOELS TANAVIWOEL TOU
TEOTYOUUEVWS UENETHONXAY TElpaatind, cuyxplvovTon €56 UE ApLOUNTIXES TPOCOUOLOCELS
HECW LTONOYLOTIXWY ERYONEIWY Tou avartlyOnxay oto mapedov oto Epyactrplo Aepo-
ouvouxrc tou EMIIL.

Apyixd, xenotlomolfinxe Vo GUVEXTIXO-UN GUVEXTIXO LOVTENO DUVOULXAC ATONELNS O TH-
plEng toupnc oLLeLEng Yo BLoBLACTATES 0EPOTOUES, TO OTolo EMTEETEL TNV TEOBAedN TNne
0¢one amoxdNANoNC TNE PO oe Un uoviueg cuvbrixec. To oplaxd oTpmU EMAVETL UEXEL TO
onuelo amoxOANNoNG xou culeuyvieTol PE TOo HOVTENO oudppou. lleploadtepeg TANpopopics
OYETIXG UE TO Topamdve TepLhapPdvovtoan oto [38].

Emn\éov, yenowwonofdnxe o emiutic MapFlow, mou Advel tic un woviues eElowaelg
Navier Stokes oe urn dounuéva T Eyuata e T HEHOBO TETEQUCUEVWY OYXMY WS UTONOYL-
oo epyareio udniotepne motdnTag. lepoutépw NemTOUEpElEe OYETIXG UE TO TOEUTAVK
novtélo avagépovtar oo [39]. Emnpbobeta, n texvixry DES emhéybnxe yia v mpooco-
uolwor Tou 0plaxol XUXAOU TONAVTOONG, ToU cLUINTHONXE EXTEVEOSC OTO XEQAANLL & Xou
6, eCoutiog NG WOLUTEPO EXTETAUEVNE AMOXONNNIONG TNG PONS XOTA TN DLAPXELXL TNG EV AOY®
actdleloc. "Eyive xerom Tou (Blou utoXoyio Tixol TAEYuaToC Yl TiC Tpocopoiwoelc URANS
xaw DES o v amoguy?| tne e€dptnong amd autd. Mio eixxéva ToU UTONOYIG TLXOU TINEY o
T0¢ Yo Ti¢ tpocopotwoeic URANS anewovileton oto oyfua 7.1. o tnv npocopoivcn 3D
DES, 7o diodidotato mAéypa e€wdndnxe oe 50 emuépouc enineda xotd T0 exTETACUN UEXEL
TO NOYO ETUNKOUS TN TTEQUYAC.
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Eyhua 7.1 Trohoyiotind maéyua e 2A URANS npocopolwong

7.1 Ilpoocopoiwoeig utd Movipeg XuvOrxes Pong

Apyxd éyve 1 o0y XELOT TEOGOUOLOCENY Xl TELROUATWY OE GUVBAXES LOVIUNG POTC, OF
aplBpé Reynolds 0.5 x 10%. To cuvextixd-pn cuvextind poviého (foil2w) yenoponothfnxe
ue tn Bewpnon tng exellepng petdPoaong tng porg oe TuePwd, eved o MapFlow ue ThAowe
TUEPWON 68 OXO TO UAXOC TNE AEPOTOUNS.

2N yeauuxn Teployn Tou oxfuatog 7.2d, to poviéno MapFlow qafveton vo mpohéyet
EMAUEXAOC TNV XAloT dvwong, v To foil2w and tnv &N, tpoléyel uPnhotepn oc olyxplon
ue To melpopa, YeYovOg To omolo cuyvd cuvavtdtar ot Bipiioypagpia Noyw tng eNellepnc
uetdfaone tne pohc [40], [41]. Opolwg, to yovtéo CFD mpoXéyer tnv (Bl oyeddv yovio
uUNdeEVIXAC dvwong e To melpoyua, eved to foil2w tnv unepexTiud xatd 0.6°.

[Tépa amd N ypauuxy| mepoyh To poviéno MapFlow amox\ivel and Tig melpopatixég
TUWES UTEPEXTIUWVTOC TOV GUVTENEC T AVWOTS, EVM XANDTERT, CUUPOVIO ETLTUYXAVETAL UE
To povtého foil2w oe LPNAéC yYwviec TpdoTTHONE TOGO TOLOTIXA OGO XAl TOCOTIXA.

‘Ocov apopd Tov CUVTENEG TY| AEEOBUVOULIXTC POT S, TOU QaiveTal 6To oyfua 7.2, utde-
YEL YEVIXA OLUPOVIO UETOED TV LOVTENWY, T OOl TPONEYOLVY IXUVOTIONTIXA TA ATMOTE-
Néouata o cUYXELOY UE TA AVTIOTOLYO TELROUATIXG UExEL YwVio TpdonTtwone tepinou 10°.
Ye udniotepec Yovieg, ol Tpocopolnaoelg apxilouy va amoxAivouv ol TENXE Blapépouy
onuavTixd petold toug mdve and 15°, eved to MapFlow npoceyyilel Eavd Tic melpapatinée
Tiwéc. H oxpiPric npdfredn tov agpoduvauixdv @optinv emPefoncdveton enlong and tnv xo-
Tavouy| mieong mou @aiveton oto oxfua 7.2y, 1 omola TapoucldleTon EVOEXTIXG OE YwVid
npoontwong 11.24°.
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a=11.24°

Yyhuo 7.2: (o)) Tuvt/the dvwone, (B’) pomhe, ocuvapthoel yoviog tpdomtwone xou ()
xotovouN mieone oe v = 11.24°, Re = 0.5 x 105 og pévipec ouvbixec pofic

7.2 Ilpoocopoiwwoeig vd Mn Movipeg XvvOrixeg
Pong

e auth) TNV evotnTa o aoyxornBolue e o aplBUnTINS ATOTENECUATY TWV YN LOVUOV
TPOCOUOLWCEWY OE TMEPLTTWOELS, TOU TEQINOWUPEVOUY BuvaXT] ATNEL G TARLENC.

7.2.1 Toldviwon npovevong 10°£8°k=0.1

21NV TopoUoA TEOCOUOIWGT) OE TANAVTMOOT) TEOVEUCTC TNE AEEOTOUNG, TEPAY TMV TEOUVO-
pepBEVTOV TPOCOUOOCEWY, €YIVE Wa EMITAEOY oL Tephaufdvel To povtého Amplification
Factor Transport (AFT) yiot v mpdhen petdfoone tne poric oe TupPdn.

H mpoocopoion foil2w xan ) tA\ews TupPdng tpocouolwor CED éyouv nopduola amo-
TENéOUTA, OTWG QalveTon 6To oyfua 7.3a, eved 1 tpocopolworn AFT mpoléyel ehappddc
UPNAOTERES TWEC AVWONE XOTA TNV ovodLxY| SLadEOUT| Xal YAUNAOTERES XATd TNV xoldoduxn
dtadpopr). O melpopatindc CUVTENEGTAS AVWONS WwoTOGO Xatd TV alinon tne ywvias tpd-
OTTWONG AOYPAVEL ONUOVTIXS X UUNNOTEPES TLIES Xou TaplUoL ¥hlom e Tic dVo mpwTes (oL
Twée petartonilovtan xotaxdpugo xotd AC; ~ 0.1). Koatd v xaboduxh xivnor, tdéoo 1
Tpocopolon foil2w 6co xar 1 TA\Aews TupPdng CED npoiéyouv udmh\otepec Twwég O,
eved 1 mpooopoiwon AFT Bploxeton oe ouugovia pe 1 wétenon. Iopduola, 6cov agopd
ToL AELOUNTIXG AMOTENECUOTA TNG AEQOOLVOULXYC POTAG 6TO oyAue 7.3B°, @alveton OTL TO
HETAPATING HOVTENO TPOCQEREL TNV THO IXAVOTIOINTIXY cUyXplom pe To melpoyo. Ilpénel va
avaeebel, woT600, OTL OL TPOCOUOLDCELS TOU EXTENOUVTOL EOC ElVOL OLODLAC TATES, Ay VO~
VTAS TNV AVATTUET TELOOWIO TATWY (POUVOUEVOV.
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Fully Turbulent
Free Transition AFT

0.051 exp up
— — — -exp down
2w double

Yoo 7.3: Bpoyoc ouvtereoth (o) dvwone xan (B’) ponic oe npdvevon 10° £+ 8°, k = 0.1.

7.2.2 Toldviwon npovevong 15°£8° k= 0.2

Yy neplntworn mou yehethinxe €8¢, to melpopa Siedhydn o axdurn peyanitepn péon
ywvia TedoTTwoNS xou UPNAGTERT avnypévn ouyvotnta, eoTdlovTog 6Ty EnBooT Tou Uo-
vténou foil2w.

H Biagpopd oty xhion e dveone xatd 1o avodixd Tuiue e tandviwong (oy.7.4a),
amodideton xou £8¢) 0TV exellepn uetdfoacn Tou povtélou, 1 omola awTioNOYEL TNV ALENUEVN
YNoN TNE HOUTOANG. 2T CUVEYEL, 1) TEONEET TN YwViag andNelas oThEENS etvan axplPric
(mepimou 21.5°). Iepatépw, 0 optBunTixd omOTENECUO UTOEXTIUG OE Ueydho Pabud tnv
dvwon xatd To apyixd oTddlo TN xadddou, dnhadh and mepinou 23° o 17°. H nopoamdve
ouunepLpopd TbavoTaTa TEOEpYETUL antd T1) SLOBLAG TaTH TEOCEYYLloN TNg Tpocouolwong. I
TO UTONOLTIO UEPOC TNE %GB0V, 0 TEOPAETOUEVOS CUVTENEGTHC dvmong Peloxetol 6 XaN
CURPWVIOL UE TA TELQOUATLXA DEDOUEVAL.

exp std
exp up

— — — -exp down
f2w double

-0.05

1.5F -0.1r

OS5t

aee 02F

0.5r .t ' g ©  expstd

: 0.25F exp up
— — — -exp down
2w double

YAua 7.4: Bpdyoc ouvteheot (o)) dvwone xou (B’) ponhc oe mpdveuon 15° £ 8% k = 0.2.
‘Ocov agopd TV agpoduvouixr] pony| Tou Tapoucldletol oto oyfua 7.4f", mapatneesiton
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T0 €€nc: IpoNéyeton aplOunTixnd Yol o AmOTOUN TTOOT TN AEQOBUVAUUXNS POTNG, UE XPO-
v votépnor meplmou 1.5° oe clyxplor pe to melpopa. TN cUVEYELR, x0T TO Xxafodixo
TUAUO TNS TOAGVTWONG, Ot dVO XAUTONES AmOXAIVOLY onuovTixd. Yroloyileton pixpdtepn
AEEOBUVIXT) POTT, XADWDC o UEYINES BLOXVUAVOELS O TNV TeWLUN PdoT TNg xabodou. 'Etot,
7 O OmOTOUY| BUVOULXY| ATONELY O THEIENG TN Tpocopolwong enneedlel to oyhua tou Bed-
YOV TNG POTNC, TTOU OVOEVETOL VO ETULORAGEL OUCLAC TIXE G TO TR0y OUEVO AEEOBLVOULIXO EPYO
otpédng.

TéNog, N xpovixh e€ENEN TOLU CLVTENESTY| TleoTg Palvetan 6TO oy 7.50 G TNV TAELEA
umonieong TS aepoToUNS o TNV TEPLOY T amd To PETOTO TROGPONTE éng xou x/c=0.25. H o0-
yxplom yiveton HETAED TOV TEOTOV 8 UchNTHE®Y 6TO UECO TOU EXTETACUATOS TNG TTEPUYOS
X0 TOV UTONOYIOUEVOY TV OE XOVTVOUC YwewxoLs oTtabuolc mou datiBevton and tnyv
aptbunTiny mpocouolwor. Ixavonomtind cupgwvia emTuyyAVETUL XATE TO AVOdLXO TURAHA
e TaNdvTwone (0<t/T<0.5), evdd anoxhioee epgavilovton xatd v xafodixy dwadpoun
xoploe petd to t/T = 0.6. Avtifeta, nepartépn xotdvtt (oy.7.50"), xatd tn Sdpxeia Tou
%x0000X00 TUAUATOC TNG TANAVIOONG, 1) TUECT CTNY ATOXOANNUEVY] TEPLOXY UTOEXTUUATOL
o€ CUYXELOT UE TNV TO TPOo0odeLTXY| UeTofoNY) mou evtomileton oTo melpopa. To mapandve
YALUXTNELO TIXO TEOXANEL TNV ATOTOUT| AMWAELL CTARENS GAVWOTNE X AEROBLVOULXNAG POTINAG
TOU avapEEBNXAY TEOTYOUUEVWC.

-2.5

-10 I I e=0377
\ Xe=0 We=0.438
9 + e=0.02 Xe=0.512
/4| e=0.037 We=0.648
O’ﬁ We=0.059 Ll Xe=0.718
8 /4O | We=0.076 1 g /e=0.791
0 e=0.099 X/c=0.877
Sl / | We=0.161 ] QB Xe=0.966
| +0 | We=0.261 A Pw/e=0.351
/ \ +  Pwie=0 4 V2w xe=0.479
6 f’+o O pPwx/e=0.012| 4 -1.51 O Lwie=0.612 ]
/ NF 2w x/c=0.04 . SR\ 2w /e=0.743
. o/ \ 2w x/e=0.105 N /\ / D Pwe=0.874
SRRl [+ / d} X f2wx/c=0.220 | © V4 ﬁ / <1 Pwx=0.923
/o / 2w /c=0.983
/>

(o) 8)

YAua 7.5: Xpovixh e€ENEN ouvt/t mleong éng (o)) x/c = 0.26 xou (B’) éwg v o
exQUYNG, OE TONGVTWOT Tpoveuong 15° £ 8° k = 0.2.

7.2.3 Opraxdg KOxhog Tardvrtwong: 15.5° £12.5° k = 0.35

Trevbupileton 6T 610 TEEYOV TElpopa 1) TTEPUY OBNYNONXE OE AUTOCUVTNEOVUEYY Ta-
Aavtwon otabepol TAdTouE TEdvEUoTS xan BUBlong epopudlovTag wia aEyLxY| SIEYERTT G TNV
xplown o bTnTo eelbepne pofic U = 14.95m/s (Re = 0.53 x 10°).
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Elvon cagéc 6t ta aplBuntixd aroteNéopata oto oyfua 7.6a" anexoviCouy o dlopope-
TixY| TAOT 6 GUYXELON UE TA AVTIC TOLYOL TIELQOUATINGL. 2UYXEXPLIEVL, O TELROUATIXOC Ppdyoc
CUVTENECTY] Avwone @olveTon vor €xel avBmpoNoYLoxy| Popd TEPLOTEOPNSC Xl OYEDOV ENNEL-
TTXO oYU, EXTOC Ao Evay Uixed uToBedyo xovtd otn péyioTn TedonTwo). I'evixd elvou
TOND To 6TEVOS amd €vay Tutixd Pedyo Buvoxng AmOAES oTHEENS, OTKE AUTOS TOU
Tapoucldlouy ol tpocouolwoel;. H povn e€alpeon elvan 1 ixavomomntiny) npdPredn tou ou-
VIENEGTY] AVWONG XOVTE O TN PEYIOTN YOVIX TEOOTITWONG Xl YL TIC 000 TEOGOUOLWOELS.
261600, Ta VO YovTéNa TapouGLdlouy apxeTEC ooldoTnTeG PeTald Toug. To (Bio cupPaivel
xou YE Tov Bedyo Tne agpoduvaxnc pomhc ato oxfua 7.60°, étou To anotéleoua Tng meo-
copolwong ametxovilel éva cuPPoTixd oAU SUVHXTG OTWAELNS OTHPIENS, EVE TO Telpoa
€VaL OYEDOY ENNELTTING YU OPONOYIAXNC PORACS.

0.1

DES

exp up

— — — -exp down
161 . exp std
% MapFlow std
2w double

0.05 exp up
T — — — -exp down

exp std
f2w double

or

-0.05

-0.1r1

“m

-0.21

-0.25

-0.3r

-0.35 1

0 . . . . . 0.4 . . . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Yyhua 7.6: Bpdyog ouvteneoth (o)) dvwone xou (B’) pomhc xatd tn Sidpxeta oplaxol xOXAoU
TandvTwong, k=0.35.
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Kegpdloto 8

dvunepaocpata & MeXhovTixm
‘Eepeuva

8.1 Xvunepdopoto

Yxondg g gpyactog NToy apyIxd 1) TELQOUATIXY UENETY] AEQODUVOULXAC UG TUNAVTOUUE-
Ve agpoTophc ot yopunholg apbpoie Reynolds (xdto and 10°), xatd v onola evépyeia
UETAPERETAL A TN EON) GTNV aepoTour] xaL avtloTpoga, xubag emlong xou 1 diepelvnon
TWYV 0EPODLVAUIXDY Xal BOUIXWDY GLUVOTXOY LTS TIC OToleg Ylol TTEPUY X UE ENACTLXY) OTHEIEN
umopel vo elo€NDEL OE AUTOBLEYELPOUEVES 1) AUTOCUVTNEOVUUEVES TONAVTWOELS. LE AUTHY TNV
xorevBuvon:

o Meketfnxe melpopotind 1 agpoduvouxn ttépuyos ue acpotopry NACA 64418 und
uovipeS cuVOnxeg potg,

o Mekethbnxe melpouatind 1 enidpaong dlapdpmy TUEUUETEWY EEAVAYXACUEVNC OOUOVL-
XS TANAVTOONG GToL AEEOBUVIUXE PopTio xou TNV agpoduVaUXY andcPeon

o Aigpeuvifnxe T0 QUUVOUEVO TOU TTEPUYLOUOU ATWAELNG O TARLENG HECW UETPNOEWY ETI-
paveloxic tieong xan texvxrc PIV oe nttépuya ye ehaotixny othpdn, xou

o AZiohoyrdnxayv anoteNéoyota aplBUnNTIXOY TPOCOUOLMOEWY EVAVTL TOV TELQOUATIXMY
OEQOUEVOV.

Efavayxaocueveg Tokaviwoelg

H pory yOpw oamd tokavtoduevn ntépuya acpotouric NACA 64418 eetdotnxe melpo-
HATIXd o uToMYNTIXTY aEpoduvoLxY| orparyya. Me urxog xoedric ¢ = 500 mm xou urxog
exmetdopatog 1390 mm agprivovtog €va Uxpd XEVO Amo TA TOLYOUATA TNG AEEOCYPOY YIS,
N ntépuya lnxe oe eEoVoryXAOUEVT TONGVTWON TEOVEUGTS YUpw amd d€ova 0.35 ¢ poaxpeld
and To péteno TPocBorfc ue aviypévn ouxvotnta éoc 0.2, Re éoc 0.75 x 10°%, uéon yovia
TEOOTTOONG €0¢ 15° o TAAGTOC Tandvtwone éwe 8°. Me Bdon Tic petproec mleong oto
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MECOV TOU EXTEETACHUATOS, Ol GUVTENECTEG AVWOTC XAl OEQOOUVOULXTG POTC UTONOY (G TNXAY
oc oEoT) UE T1) YwVid TPOOTTOOTS.

Tro povies ouvbixes pofc xan yor yovieg uPnhdtepes and 17° (tépa and ) yovia
anONELS OTAPLENG), 1 XOUTONT AVOOTNE ERPAVIOE B0 XNEBOUC NOYW BLOXOTTOUEVNG omo-
xOANNOTNE NG PoNC YOpw amd TNV TEELOYY TOU PETWTOU TEocPolrg mou avtioTtolxel o
MEELXMOC TEOOKONNNUEYT Xait TANPWS ATOXONANUEVY pOT (BLTAY amdeta o ThHEIENC).

Ané n pla TNEUEE, XATA TN BLAEKELL TWV TONAVTOCEWY TEOVEUCTS, O CUVTENECTAHS AVW-
ong ané xopupn o€ xopLeN C,—, G€ Evay XOXNO ALEAVETOL UE TO TAATOG TNG TUAAVTOOTNG,
EVE YLl OYETIXE YoM wéam yovia tpdoTtwong (o, < 10°), 1o C) )y UELOVETOL PE TNV o)-
Enon ™e. Ao TV AANNT TAEVPA, O CUVTENECTHS POTAG ATO XOPUPY| GE XOPUPY| GE EVaY XUXNO
auEdveton oe oyéon, elte pe TN péon yovia elte e To TAATOC TNE ToAdvVTwone. TTo cuvlfxeg
BLVOIXAG ATWAELC OTHRLENG, N UEYEAT Bladpour| TN POTHC TEOVEUCTC Xol TO Oy TOU
Bedyou tng oxetilovton e opvnTiny CTEETTIXT acpoduvaixy| andcofeot, €tol Khote To al-
oTnua yivetow agpoduvouixd acTtabéc. Kdtw amd tn uéon yovia Tov 15°, GNeg oL TepinTOoELC
TOU PENETAONXOY oTNY Tapoloa epyasio anocBéotnxay agpoduvouixd. 2oT600, o ToNo-
VIOOELS TPOVELOTS Y0pm atd péom ywvio xovtd ot yovio andiews otheEne (ay, = 15°)
%L TNATOG TONAVTOONG and 4° wg 8%, apvnTxy oTEenTXY agpoduvauxy andcPeot unopel
VO ELPAVIOTEL, AVANOYAL UE TNV avnyYUEVN cuyvoTtnTa xou Tov apldud Reynolds. Emnkéov, n
EVEQYELO UETAPERETOL OO TY) POY| O TNV AEEOTOUN XATA T1) BLdpxEL TOU xaPoBIX0U TUAUATOC
e meplodic xivnorc. dot6c0, und aUTEC TIC cUVDTXES, TO TEPOCTUO TOL AEEOBLVOULXOD
ouVTENEO TY| andoPeanc aANGCel HETAEY XUXADY NOY® TNS EYYEVQDS oo TabolE CUUTERLPORUC
xatd TNy anoiew otheEne. Hapduoieg apvntinés ouvlrixeg acpoduvouixic anéofeong xo-
Tarypdpnxay eniong xatd TN SLdEXELl GUVOVUCUEVWY TONAVTWOEWY Tpoveuong xou Pobong,
otav 1 péom yovio e xivnong npoveuong unepPalvel T otatixh Ywvio andietag oTHEENG.

ITewpapatineég Metproeig Acpoelac TiXOTNTAS

Ou e€avaryxaoUEVES TANAVTWOELS O LVPNAES YoViEC TEOOTTOONG XOVIE GTNY ATWOAELL
o theEng amodelybnxay e€oupetind aotabelc (TpoxaNdVTaG apvNnTIXT aepoduvax andcfeo)
TOGO Y1o TANAVTWOOEL TEOVEUGTG OGO Ol Y0 CUVOUACUEVES TONAVTWOELS TeoOVELUTTC-PU0oTC.
‘Etot, n andxpion g eNaoTixd o TnetlOUevne TTépuy g eEETACTNXE OF UEYANES APYIXES Y-
vieg mpoontwone. Ou Babuol exeubeplog xdudng xou oteédne Htav oc auth v nepintwon
dopxd culeuyuévol xar o exacTxde dZovac tav oto x/c = 0.35, x4t Tou ennpedlel oe
ueydXo Bobud tnv acpoduvauixr pony| tpéveuons. O AOY0C TWV QPUOLXKY LBLOCUYVOTATOV
T0L cuoTHRATOS (oTEédN TPOC XdPN) NTay oe xdbe mepintwon wy/wy < 1.

AvTodieyeipopeveg Tohaviwoelg: Otav n ntépuya tonobethfnxe apyixd oe v
Néc ywviec mpdonTwone (xovid ony amdAeld oTHPLENS), AUTOOLEYELPOUEVES TONAUVTMOELS
Tpoveuong xat Pobone eugavictnray oe xplown toybtnTa Tng eXeliepne poric. To mhdtog
NS TONGVTwoNS oTtadloxd awEndnxe xou yio Toug d0o Babuole exeubeploc. H péon ywvia
TEOGBONAC NS YWVIAXNS TONAVTWONG xou 1) wéom uetatomior Bobiong ¥tav 1) .ooppotio Tou
elye emteuyBel oe auth TN @don Tou melpduatog. Kotd tn didpxeia Tov auTodIEYELROUEVOY
TUNAVTOCEWY, TOPOLCLACTNXAY TUTIXOL Bedy ol BUVOLXAC ATONELNS CTHEIENS TOGO Yol TOV
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CUVTENEC TY] AVOOTE OGO XOL YL TOV CUVTENEC TY| AERODUVOULXTS POTC, OL OTIOLOL UTIOBELX VY-
oLV TNV EUPAVION TNG Ao Tdbelog TTepUYLoUoD anmAelag oTtheEnc. Epyo naprxdn xa otoug
dVo Pobuoic exeuvbepiag Tou cucTAuaToC, TEocdidovTag Tol evépyeta oty Ttépuya. Aud-
VovTog TNV aeyixt] Ywvia tpdontwong and 16.65° oe 19.98°, n xplown tayxdtnto ehelbepng
pofc wetdbnxe and 19.50 m/s oe 14.95 m/s. Auth n onpavtixy ttwon (-23%) e xplowunc
TarOTNToG amodideTon oTo ouvouevo stall flutter.

AvToocuvineolueveg Tohaviwoetlg: Otav 1 elaoctind otnelduevn Ttépuya Tono-
BethBnxe apyixd oe VPN Yovio TEGOTTOONG XoU EQUPUOCTNXE GE AUTHY apYixT| OLEYEEa
ot xplowr TobtnTa Tou eExebbepou petpatoc U = 14.95m/s (Re = 0.53 x 10°), tpox\fnxe
QUTOCLVTNEOVPEVT TONAVTWOT (optade xUXN0og) oTabfepol TAGTOUS TpdveLoTE xou Bubome.
Kdétw and v xplown toaybtnta, n tandviwor anocBévovtav. H cuyvétnta tou optaxod
x0xNou Peébnxe xovtd ot uoxy| WlocuyvoTNnTa Tou Babuol exeubeplag oe oTEédr, uTodEL-
xvbovTag Tov xuplogeyo eoho tou. H otpentiny| andxpion Peednxe va elvon Nuitovoetdnc, eve
1N %P améxAve ENSYIoTOL Ao TNV TORATAVW Lop@n HE Slapopd pdong 340.9°. O Bedyoc
TOU GUVTENEC T dvwong elye avBwpohoyiaxh opd xou oXedOY ENNELTTING OY AU, EXTOC ATO
évay Uxed uToPpdyo xovtd ot péyiotn ywviag tedéontwonc. O Pedyoc ponhc oynudtios
TUEOUOIWE EVAL OXEDOV EANELTTIXG G U WRONOYLOXNS PORAS, TO OTOlO UTOBONAGYVEL UETO-
popd evépyelag and TN por) otny agpotoun. To mapamdvw cuvéPel oto xpovixd BLdc TN
0.3 < t/T < 0.5 xotd v dvodo xou 0.57 < t/T < 1 xotd tnv xdhodo. Ouctactixd, To
€pY0 TOL ToEAYETAL amd TN BUVOUT AVOONS GTNV OEPOTOUN XUTA T1) OLEXELXL TNG OVOOLXAC
OLOPOUTE XUPWVETAL XUTA TO TUAUA TN %xaBOB0U, EVE 1) aepoBUVIULXT| POTH CUVEPAAE O
EVEQYS GTN UETAUPORA EVEQYELNG ATO TN OY| TNV XATACKELY|, £TOL WO TE O AEQOOUVAUIXOC
cUVTENEO TG amooPeong Nufave apvnTinég Tyéc.

Teyvixr PIV

Ev gdoel yetproeig tou medlou toyuthTwy tporypatotoiOnxay ue Ty texvixy PIV oto
UECOV TOU EXTEETACUATOS TNS TTERPUYAS XAUTA T1) BLAEXELN TWV TOQATEVH TUNAVTOOEDY 0pLIXOU
%x0XN0U, oL omtoleg xaTadeVOoUY Tor axdXovba: Katd tnv avodixy| Sladpour| Tng ToNAVTWwoTng
7 POY) ETUTAUYVVETOL OTNV TAEUEE LUTIOTECTG, EVE TAUTOXEOVA 1) TERLOYY| ATOXONNNONG TNG
PONC EMEXTELVETOL OVAVTL UE U1 YEOUUIXO TEOTO ¢ Tpog TNV xivnon tou ntepuyiou. Katd
CUVETELN OVOTTOCCETOL £VOL G TEWUA dIATUNONS Tou oYeTI{ETOL YE TNV ATOXOANNOY TNS POTC
xan e€ellooeTon avtloTolya. Xe o A2 27° xatd TNV avodixy| Sladpouy|, 1) XAoT TOU GUVTENEGTY
dvomong auEAveTol amoToUd, 1) avTloTaoT Tleons auEAvEToL oNUavTIXd xou oynuotileTal pia
olaTaparyy ®xopLYNE aeVNTIXhE Tleong, 1 omolo dadideTan Tpog Tar xotdvti. To mopamdve
ouuPdvTor CUVBEOVTAL UE TO OYNUATIOUO XU TNV EXAUCT ULag doung oTEoPINOTNTUC amd To
UETwTo TEOGPONTC TNG AEPOTOUTNG.

Katd v apyuer @don g xabodou tng takdvioong, n eor| €xel anoxolnbel thowg
and TNV TAELEA unoTieong TNg agpotournc. 20TOC0, Wa TEpLOY Y| LOYUENC avAcTEOPNS OIS
oxnuotileton xovtd oTNV eMLPAVELL TNG 0EPOTOUNC, 1) ontola amoxTd Yétpo TaylTnTac uéyel
oxedov 0.9U mepinou oto z/c = 0.65. H meploynf avdotpogpne pofc, 1 omolo motedeTon
OTL mpoxoeltan amd TN BiéNeVOT) TNE Bivng TOL PETWTOU TPOGPONTC, TEOXUNEL TOTX aUETN-
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uévn unonieon eved ctadloxd e€acbevel oe péyebog xabng pewdveton N yovia tpdonTwoNG.
Tavtdypova, T0 GTEWUA BIATUNCTE IOV OYNUATIOTNXE TEOTYOLUEVWS Y0pw ATd TO PLYXOC
OTEEPETAL TIPOG TNV AEEOTOUN %xaBMS 1) poT| 0y (lEl VAL ETAVATPOOKONNATOL. 2iE YEVIXES Y-
wéc, o mMTEpUYLOoUOS amwAela oTheENe Pegdnxe vo mapouctdlel ta Pooind YaupaxTnEio TIXd
NS OUVAIXAC ATOAELAS O TARLENG, ONAADY| TN BLOBOYIXT) ATOXONNTOT| X0l ENUVATPOCKONNTION
NG PONC TAVW O TNV ETLPAVELD TNG AEPOTOUNG.

Avéxvon POD: H mpdtn xuplopyn wiopopet) tne uebddou POD oyetiletan pe éva nedlo
poric mou axoloubel To TEpLYPOUUA TNE AEQOTOUNG, EVG 1) BeUTERN amexoviCel TO GTPOUA
ddTunone mou oynuatiletar AoYw anoxONANoNe TNe porc. Ot 8Vo 18lopop@éc evarNdocovTo
YEOVIXA xatd TNV eEENEN Tou gawvopévou. Emmhéov, 1 teltn Wblopopgy| oxetileton ye v
xuxhogoplo Tou oynuatileton mepinov oto Yéoo NG agpoTounc, N oLUBONY TNng omolog
vivetow mo onpavtiny oto didotnua and 0.407" éwc 0.607", to omolo ypovixd touptdlet e
1 S1ddoon NG xopLYHC uToTieong Tou avapépdnxe TponyoLuévee. Btwpelton Aottoy, 6Tl
CUVOEETAL UE TNV EXNUCT] TNG OlvNE TOU UETOTOU TEOGPONAS.

ApBunTtixég Ilpocoupolwoeig

‘Ooov agopd ta uToroyloTiXd anoteréopata, 1 2D Thipwe TupPfddne CFD npocouolwo
Beednxe oe xoNY| cuPPWVIN PE TIC TEWRUUATIXES UETEYOELS UTO UOVIHES CcLVDHXES pog Yla
YWVIEC TPOOTTWONG €0¢ Xt 15°, oG Topéxxhive Tepantépn. AvtiBeta, yeyoliTepn xhion
(Noyw eXelbepnc petdPacnc) oTn YEUUUXT TEPLOYH TOU CUVTENEC T Avwons TEOBNEQDNxe
and to povtéro foil2w, wotdéco Tar agpoduvauxd @opTia OE axOUT UEYONUTERES YWVIES
npbonTeons (éng 22°) mporéybnxay xavoroinTxd.

Ou mpocopowdoel npdvevone Beébnxay va nopouctdlouy OUOLES TACELS UE TOL TELPUUO-
Tixd amotenéopata. Emtedybnxe ev uépel cuppuvia, oe eappld andAel oTHRIENS HE TNV
mpocopoinon 2D URANS nou nepiéyel yoviehomoinon petdfoone tne porc, xabde xou oe
Bobeid amdretdr oTHELENG UE TO CUVEXTIXO-UN) GUVEXTIXO BUVOULXO JOVTENO. ATO TNV GANT
TANELEE, ot Tat 800 UOVTENS AmOTUYYAVOUV va TeoPAEYouV Tar aepoduvouxd @optio TNne
CUVOLUCUEVNS TANAVTWONE optaxod xUxAou Tpdveuong xan BoBlong, mou mapatnerfnxe 6Tt
eugavileTton oTNY TEPIMTOON TTEQPUYIS HE ENXATTIXY CTHELEN.

8.2 Ilpotdoeig yia MeXlovtixn 'Epsuva

Ou mpotdoeig mou culNTovVTAL 0T GUVEYELX aPOEOLV Oplopéves BpayunpdBecues Bertivoeic
TOU TELRAUTOG XS Xa XATOLOUE HaxXEOTIEOBECUOUS GTOXOUS Yo LEANOVTLXY| EPEUVAL.
Me0OoboloyixEg ntpoTdoELg:

HapdAmAn xarayoagpn dedousvwr: lpotelveton 1 UETENON TNG XATAVOUNS TNG ETLPAVELOXHC
TlEoNG UE TAUTOYPOVOUC UETATPOTEC AVONOYLX0U e Inplaxd ohua avtl TG XaTorypaphc Ue
xerion moxumaéxtrn. H avafdbuion tne AMdng dedopévev ot éva tautoypovo chotnua Ha
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oLuPdNeL oTn YeYoAUTERT a€loTo Tl TOV UETEHCEWY XAl OT1 BUVATOTNTA UETENOHE TOUC
UE oxour UeyoNiTeRY ouyvotnTa derypoatondiog. Autd Ba emitpédel Tnv avdiuor tng Suo-
BOYAC TWV PEUC TOUNYOVIXWY YEYOVOTOV TV QOUUVOUEVOY DBUVOULXAC ATWAELNS OTHEENG UE
HEYANDTERN EOVIXY) AVEALGCT, XS XL TNV AELONOYNON TV OTOTENECUITWY G OYECT] UE
TOL TOTUXE (oEAXTNELO TIXE TOEPNG.

Yvoxevny Merdfaons: H yphon cuoxeurc petdfaone yio tnv evepyomoinon tng petdfoong
poric oe TupPwdn Bewpelton amapaltnty yia va utofondndel 1 npocopoiwor. H npoxabopt-
ouévn uetdfaon oToyeVEL O TNV ANOCUPHVIOT) TV EEETALOUEVOY TOQUBOY WY XL O TNV TEQAL-
TEPW AVATTUEY TNS UTONOYLIOTIXHC TPOCOUOIWONG.

Meétn tne emidpaons twy toywudrwy tne onoayyas: Eyel nopatnenbel ocuyvd otn Biiio-
yeoplo, OTL To TELOOLAC TOTA (POLVOUEVY EEAUTIOG TOV TOLXOUATOV TNS OAEPOCTRAY YOS EVOEYE-
TaL VoL OANGEOUY GNUAVTIXG TOUS UTONOYLOUOUS, ELBLXA XATE T1) DLAEXELN DUVOULXAC ATONELOS
otheeng, Omou 1 amoxOAANoN TNS pog elvan epgavig. €dc ex ToUTou, 1 cupnepiAndr Toug
GTOUC UTONOYLOUOUC XEIVETAL YO

Pwipioua empdreiac nrépvyas: To @uvipiopa g empdvelas Tne TTépuyac elval Ul EQyo-
ola mTou meEénel var oONoXANEnOEl €ToL (oTE oL empaveloxéc Tpoedoyéc xdle xoppaTiol Vo
e€oUoNLYBOLY xa VoL Uny anoTeENOLY EVOEXOUEVY TINY T UeTdBaong Tng porc.

Xonon empunxvvolopstowy: METENOT TV GUVONIXWY AEQOBUVAUXMY PORTIWY UE YEHOT| TOU
NAEXTEOUNXUVOLOUETOOV TEOXEWWEVOU VAL UTONOYICTEL 1) EQOBUVIUIXT] PORTIOT TOU UTOOE-
YETOU ONOXATOT] 1) TTEQUY L.

ITpotdoeig E@opunoynic

‘Onog avapépdnxe oty eloaynyn authc g epyactag, N avamTudn NG TELRUUATIXNS EPEU-
vog LToXVRONXE and oplouéva TEXVONOYIXA TROBNAUaTA XUDMOS XL ATO PAUVOUEVO INNTAE-
TOPACTC PEUC TOU-XATUCHEUNC TTOU ATOTENOUV ONUAVTIXES TROXANNOELS YLl TNV EPEUVITIXN
xowotnTa. Optopéva amd auTtd BlvovTon TUpoXdTw:

1. "EXeyxoc tnc agpoeNao TIXNC oo TAOELIC TOU TTEPUYLOUOU ATMNELNS OTHRENS UE YO
EMEVERYNTWY dECUNS PEVCTOV.

2. Koataoxeur| é€unvou guoxo’ UG TAULITOS TIOU YENOLWOTOLEL EXEYXO avABEACTE Yia TNV
TEOGOUOIWOT) UETABANTOV Bopx®dY WBLOTHTWY o TEEPNS xou xdudne LovTéNou TTépuyag
ENAC TIXNG OTARIENG YL TN Blepebynom NS andXpLOoNC OE EUPUTERO PACUOL EQUOUOY V.
[ot topddery ol TEPLTTMOELS UE AOYO CUYVOTATOV Wy /wy, >> 1 napouctdlouv yeydho
EVOLUPEROV, NOY® TNG CUXVNG XPNONS TOUSC OE UVEUOYEVVHTOLES.
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