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ABSTRACT

CONTROL OF FLOW STRUCTURE ON NON-SLENDER DELTA WING
USING BIO INSPIRED EDGE MODIFICATIONS

Dikbas, Diren
Master of Science, Mechanical Engineering
Supervisor: Prof. Dr. Mehmet Metin Yavuz
Co-Supervisor: Dr. Goktug Kogak

August 2025, 134 pages

Non-slender delta wings are commonly used in fighter jets, unmanned aerial
vehicles, and micro air vehicles due to their low structural weight-to-takeoff-weight
ratio and high maneuverability. However, compared to slender delta wings, they
typically produce lower maximum lift and tend to stall at lower angles of attack. The
implementation of flow control methods can help improve their aerodynamic

performance.

In the present study, the effects of the bio-inspired leading-edge modifications on the
aerodynamic performance and flow structure of non-slender delta wing models, both
in and out of ground effect, were investigated using force, surface pressure, and near-
surface PIV measurements. Seven different sharp-edged delta wing models with a
45-degree sweep angle were used to study the effect of sinusoidal and saw-tooth
leading-edge modifications. Sinusoidal leading-edge wing designs were inspired by
the leading-edge tubercles of the humpback whales, and the saw-tooth wing designs

were inspired by the leading-edge serrations of owl feathers.

The results of the aerodynamic coefficients indicate that the bio-inspired wing
modifications delay the stall angle, produce smoother stall characteristics, and

enhance post-stall lift. Near-surface PIV measurements show that at high angles of



attack, large-scale three-dimensional surface separation appears on the planform for
the base wing, whereas the modified wings reduce or delay this separation. A distinct
flow pattern is observed for the saw-tooth wing at low angles of attack, indicating
the footprint of multiple leading-edge vortices. Ground effect measurements show
increased maximum lift for all the wings as the ground clearance decreased, while

the stall angle remained nearly constant.

Keywords: Non-slender Delta Wing, Passive Flow Control, Experimental
Aerodynamics, Ground Effect, Bio-Inspired Wing Modifications
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0z

iNCl§ OLMAYAN DELTA KANATLARDA DOGADAN ESINLENILMIiS
HUCUM KENARI MODIFiIKASYONLARI iLE AKIS KONTROLU

Dikbas, Diren
Yiiksek Lisans, Makina Miihendisligi
Tez Yoneticisi: Prof. Dr. Mehmet Metin Yavuz
Ortak Tez Yoneticisi: Dr. Goktug Kocak

Agustos 2025, 134 sayfa

Diistik ok acili, ya da ince olmayan, delta kanatlar, diisiik yapisal agirlik orani ve
yiiksek manevra yetkisi nedeniyle genel olarak savas ucgaklarinda, insansiz hava
araglarinda ve mikro hava araglarinda kullanilmaktadir. Ancak, yiiksek ok acil1 delta
kanatlara kiyasla, bu kanatlarin daha diisiik tasima kuvvetleri ve erken perdovites
egilimi gosterirler. Akis kontrol metotlarinin kullanilmasiyla bu kanatlardaki

aerodinamik performans iyilestirilebilir.

Bu calismada, dogadan esinlenilmis hiicum kenar1 modifikasyonlarinin diisiik ok
acili delta kanatlar lizerindeki aerodinamik performansa etkisi ve bu kanatlar
tizerindeki yer etkisi, kuvvet 6l¢iimleri, yiizey basing dl¢limleri ve ylizeye yakin PIV
yontemleri ile incelenmistir. Sinusoidal ve testere dis hiicum kenar
modifikasyonlarin etkisini incelemek i¢in toplamda yedi tane keskin kenarli, 45-
derece ok agisimna sahip delta kanat kullanilmistir. Sinusoidal hiicum kenari
modifikasyonlar1 kambur balinalarin gogiis ylizgecinde bulunan yumrulardan,
testere dis kanatlar ise baykus tiiylerinin hiicum kenarinda bulunan ¢ikintilardan

esinlenilerek tasarlanmuistir.
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Aerodinamik katsayilar1 sonuglari, dogadan esinlenilmis kanat modifikasyonlarinin
perddvitesi erteledigi, daha yumusak bir perdovites karakteristigi gosterdigi ve
perdovites sonrasinda tagima kuvvetinde artis sagladigi gozlemlenmistir. Yiizeye
yakin PIV Olg¢limleri, yiiksek hiicum agilarinda referans kanat modeli i¢in biiyiik
Olcekli lic boyutlu akig ayrilmasi gerceklestigine isaret etmektedir. Diger yandan,
modifiye kanatlarin bu ayrilmayi erteledigi goriilmiistiir. Testere dis kanat modelinin
diistik hiicum agilarinda 6zgiin bir akis yapisina sahip oldugu ve birden fazla ayrilma
cizgilerinin oldugu goézlemlenmistir. Bu durum coklu anafor olusumuna isaret
etmektedir. Yer etkisi sonuglar1 yere yakinlik arttikca maksimum tagima kuvvetinin
biitiin kanat modelleri i¢in arttigini, fakat perddvites acisinin yer etkisinden bagimsiz

oldugunu gostermistir.

Anahtar Kelimeler: Ince Olmayan Delta Kanat, Pasif Akis Kontrol, Deneysel
Aerodinamik, Yer Etkisi, Dogadan Esinlenilmis Kanat Modifikasyonlari
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CHAPTER 1

INTRODUCTION

Delta wings are commonly used on Unmanned Aerial Vehicles (UAV), Micro Air
Vehicles (MAV), and Unmanned Combat Air Vehicles (UCAV) because of their
ability to maintain flow attached to the wing surface at high angles of attack, which,
as a result, enhances the lift coefficient and delays stall [1, 2]. In recent years, there
has been an increased demand for these aerial vehicles in the civilian and military
sectors. This heightened interest increased the popularity of research on the flow
control of delta wings. Extensive studies have been conducted to improve the
aerodynamic performance of these wings with passive and active flow control
methods, some of which include bio-inspired modifications.

Delta wings are classified into two categories according to their sweep angles (A):
slender (A>55°) and non-slender (A<55°) delta wings [3]. The flow structure of
slender delta wings is well understood; on the other hand, non-slender delta wings
are still being researched [4]. Although there are some disadvantages to non-slender
delta wings, such as decreased maximum lift and stall angle compared to slender
delta wings, non-slender delta wings have high maneuverability and a low structural-

weight-to-takeoff-weight ratio [5, 6].

Flow control methods were developed to manipulate flow phenomena such as flow
separation, shear layer separation, vortex formation, flow reattachment, and vortex
breakdown. Flow control methods are categorized into passive and active flow
control, in their requirement for external energy. Active flow control methods require
additional energy from an external source, while passive flow control methods do

not.

Researchers study bio-inspired structures, such as leading-edge serrations, riblets,

grooves, vortex generators, needle-shaped vortex generators, and leading-edge



tubercles, as passive flow control methods [7-9]. A significant amount of biomimicry
research aims to improve aerodynamic performance, including biomimicking
structures from insects, plants, avians, and aquatic animals. Although the research
on plants and insects is very limited, investigating avian and aquatic animal
structures is a popular topic.

Examples of some bio-inspired structures are shown in Figure 1.1. Structures such
as the bluff body grooves observed in the Saguaro Cactus and common shellfish
reduce flow separation on the body, causing decreased drag [7, 10]. A similar effect
is observed for dragonfly species [7]. Some bird species possess a structure called
“Alula” this structure which consists of extra feathers and a digit bone, located at the
hand-wing and arm-wing of birds [7, 11]. This structure generates tip vortices,
causing a lift enhancement and a delay of stall [7, 11, 12]. The structures called hind
wings are possessed by some butterfly species and contribute to the lift at a critical
Reynolds range [7].

Researchers have studied the feathers of different owl species to improve the
aerodynamic performance of wings. In these studies, the leading-edge serrations of
owl feathers were mimicked. Leading-edge serrations serve as needle-shaped vortex
generators, creating more stable vortex structures with decreased diameters and
delayed vortex breakdown [8].

Recently, structures from marine animals, such as the tubercles of humpback whales,
have received a significant amount of interest from researchers, since these structures
improve the whale’s maneuverability in the water, serving as vortex generators [ 13-
16]. Most of the research on the effects of the sinusoidal leading edge (SLE) is
conducted on airfoils, while a few studies investigate the effects of SLE on delta
wings. The effect of amplitude and wavelength on the aerodynamic or hydrodynamic

performance of SLE models was the main focus of these investigations.
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Figure 1.1 Examples of bio-inspired structures in nature. (ai - a2) Grooved surface
structure of a Saguaro Cactus. (bi - b2) Wing protrusions of Odonaya Dragonfly.
(c) Tubercled structure of the pectoral fins of a humpback whale. (d) Alula
structure. (e) Leading-edge serrations of owl feathers. (f) Hind-wing tail of a

butterfly [7, 8, 17].



When an aircraft or animal flies near the ground, a phenomenon known as the
"ground effect" is produced. Span-dominated ground effect significantly affects the
wing when the ground clearance approaches approximately one wingspan. Span-
dominated ground effect results in decreased drag and increased lift [18]. In the
chord-dominated ground effect cases, the ground clearance is significantly lower
than in the span-dominated cases [18], [19], [20]. The proximity of the wing to the
ground results in an air cushion forming between the wing and the ground, which
increases the lift-to-drag ratio [18]. Wingtip vortices form, and the pressure beneath
the wing increases as an alteration in the flow between the wing surface and the
ground plane [21]. The effect of the ground is especially significant on in-flight
performance during take-off and landing [22]. Special aircraft called wing-in-ground

(WIG) are designed to take advantage of the ground effect.

Some bird and bat species, including petrels, pelicans, skimmers, ospreys, fish
eagles, fishing owls, and fishing bats, take advantage of the ground effect by flying
over water to lower the cost of flying [21, 22]. Many researchers have investigated
the effect of the ground on the aerodynamics of animal flight, but only a few have

investigated the effect of the ground on bio-inspired wing modifications.

1.1 Motivation of the Study

Modern aerial vehicles, such as Unmanned Aerial Vehicles (UAV), Micro Air
Vehicles (MAV), and Unmanned Combat Air Vehicles (UCAV), experience
complex flow structures during steady and unsteady flight. Certain aspects of the
flow structures, such as vortex structures, vortex breakdown, and three-dimensional
flow separation of these vehicles, must be well understood to enhance flight

performance.

Implementing flow control methods, such as passive flow control, can help improve
some disadvantages of non-slender delta wings, notably their stall characteristics.

Since passive flow control methods do not require additional energy, they are



relatively easier to study and implement than active flow control methods. Moreover,
the effect of the ground on these modified wing models is crucial for understanding
their performance during lift-off and landing. The primary motivation of this study
is to enhance the aerodynamic performance of non-slender delta wings with nature-

inspired designs and investigate the effect of the ground on these wing models.

1.2 Aim of the Study

This study aims to investigate the effects of bio-inspired leading-edge modifications
ona A = 45° swept delta wing in out-of-ground and static ground effects, using force
and pressure measurements. The bio-inspired leading-edge modifications used in the
present study are shown in Figure 1.2. The effects of wavelength and amplitude on
the aerodynamics of bio-inspired non-slender delta wings with a sweep angle of 45
degrees were investigated in a low-speed wind tunnel using force, pressure, and
particle image velocimetry measurements. The force and pressure measurements
were conducted at a Reynolds number of Re = 100,000, while the particle image
velocimetry measurements were conducted at a Reynolds number of Re = 75,000.
Three different amplitude-to-chord ratios, from 0.03 to 0.01, and three different
wavelength-to-chord ratios from 0.1 to 0.3, were investigated. Four different wings
with sinusoidal-leading-edge modifications and two different wings with saw-tooth
leading-edge modifications were used in this study. The effect of ground on these
bio-inspired and saw-tooth wings was investigated at various height-to-chord

(h/C (%)) ratios of 16%, 27%, 50%, and 116%.

Figure 1.2 Leading-edge modifications utilized in this study.



1.3 Structure of the Thesis

This thesis consists of five main chapters. Chapter 1 provides introductory
information about flow over non-slender delta wings, biomimicry, ground effect, the

motivation of the study, and the aim of the study.

Chapter 2 provides a detailed literature review of studies on the flow structures
around delta wings, flow control methods, bio-inspired modifications, and the effect

of ground.

Technical details about the experimental setup and measurement techniques, such as
force measurements, pressure, and particle image velocimetry measurements, are

provided in Chapter 3.

The results of the study are provided in Chapter 4. First, the force measurement
results for out-of-ground and in-ground effects are reported. Then, pressure
measurement results are reported for the out-of-ground effect and the static-ground
effect results. Finally, near-surface PIV results are reported in the out-of-ground

effect.

The conclusions throughout this study are provided in Chapter 5, including

recommendations for possible future work.



CHAPTER 2

LITERATURE SURVEY

This chapter provides a literature review regarding the essential delta wing flow

structures and studies regarding flow control techniques used in this study.

2.1 Flow Past Delta Wings

A vast amount of information is available regarding the flow structures around
slender delta wings. However, the flow structures around non-slender delta wings
are still being researched since the wing’s sweep angle significantly affects flow
phenomena such as flow separation, shear layer separation, vortex formation, flow

reattachment, and vortex breakdown [4].

The typical flow structure over a delta wing is shown in Figure 2.1. Flow over a delta
wing typically features vortex sheets that separate from the leading edge of the delta
wing and roll up into stable vortices, generating a coherent primary vortex structure
[23-25]. The primary vortex structure was experimentally visualized even for very
low angles of attack [24]. Leading-edge vortices provide additional lift due to the
suction force generated by this structure; this additional lift is called the vortex lift
[26]. A non-slender delta wing demonstrates a secondary vortex structure outboard
of the primary vortex over low angles of attack. This structure is identified as a dual-

vortex structure [24, 27].
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Figure 2.1 Typical flow over delta wings: a) leading-edge vortices, b) surface flow

pattern [23].

Vortex breakdown is a phenomenon observed at high angles of attack, where the size
of the leading-edge vortices and the dynamic pressure increase suddenly [26]. This
phenomenon is characterized by an internal stagnation point formation on the vortex
axis, followed by a reversed flow [28]. Vortex breakdown is undesirable as it can
significantly increase drag and decrease lift. Sarpkaya et al. [29] experimentally
investigated swirling flows inside a diverging cylindrical tube and classified vortex
breakdown into three types: double helix (mild), spiral, and near-axisymmetric or
bubble breakdown, as shown in Figure 2.3. However, some researchers and
reviewers suggest that there are six or seven types of vortex breakdown [28, 30].

Mainly two vortex breakdown types, bubble and spiral forms, were reported above



delta wings [31-34]. The vortex breakdown is similar for slender and non-slender
delta wings, yet the breakdown is less abrupt for non-slender delta wings [27]. The
location of the vortex breakdown varies in delta wings with angle of attack and sweep
angle. As the angle of attack increases, the vortex breakdown moves towards the

apex, and as the sweep angle increases, it moves towards the trailing edge [35].

The stall is a sudden loss of lift experienced by the wing when it exceeds a critical
angle of attack. As the critical angle is exceeded, flow separation occurs, disrupting
the smooth flow over the wing’s surface. The stall can be categorized as a static or
dynamic stall. McCroskey et al. [36] characterized the dynamic stall by vortex
shedding and a viscous disturbance over the lifting surface, which provokes the

pressure field to fluctuate.

Stall onset occurs when the attachment line reaches the wing’s centerline, and shear
layer reattachment is no longer possible [23, 27]. When this happens, the streamline
pattern takes the form of a ‘whorl’ or ‘swirl’, as shown in Figure 2.2 [23, 24, 27].
The stall causes safety concerns because of a sudden loss of lift. Therefore, there are
numerous studies to delay the stall angle with active and passive flow control

methods.

Figure 2.2 Time-averaged surface streamline patterns demonstrating three-

dimensional separation [37].



Figure 2.3 Three types of vortex breakdown: a) double-helix breakdown, b) spiral

breakdown, c¢) near-axisymmetric breakdown [29].

10



2.2 Flow Control Methods on Delta Wings

Flow control methods include the manipulation of some flow phenomena, including
flow separation, shear layer separation, vortex formation, flow reattachment, and
vortex breakdown. These methods are used to optimize the aerodynamic
performance by increasing lift, decreasing drag, delaying stall, postponing flow
separation, suppressing noise, generating forces and moments for flight control, and

decreasing buffeting [38, 39, 40].

Flow control methods can be classified into two methods: passive and active flow
control. The distinction between these flow methods is made by the requirement of
external energy. Active flow control methods require additional energy from an
external source, including techniques such as control surfaces, steady and unsteady
excitation, pneumatic devices, and plasma actuators [1]. Meanwhile, passive flow
control methods do not require any additional energy. This method includes
techniques such as alterations to the leading-edge shape and the development of

multiple vortex arrangements [1].

2.2.1 Active Flow Control

Active flow control methods work with the principle of controlling the speed,
direction, and stability of the fluid flow by changing the velocity, temperature, and
pressure of the fluid [41]. Active flow control strategies can be classified as
predetermined and reactive methods. Predetermined methods utilize both uniform
and non-uniform energy consumption, while reactive flow control methods utilize in

situ sensors to regularly tune the power consumption of the controllers [42].

Gursul et al. [43] created a feedback control system using the pressure fluctuations
caused by vortex breakdown as the control signal to actively control vortex
breakdown. Wood et al. [44] utilized tangential leading-edge mass injection to
increase the maximum normal force coefficient by approximately 30 percent,

resulting in an increased lift at high angles of attack via stabilization of the vortical
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flow. Williams et al. [45] investigated the effect of oscillatory blowing at the leading
edge on a delta wing with a sweep angle of A = 50°. They observed a substantial
increase in surface suction force and a delay of the stall angle. Sidorenko et al. [46]
used a dielectric barrier discharge plasma located at the surface of the wing model to
control vortex flow. Cetin et al. [47] investigated the effect of unsteady and steady
blowing on the flow structure of a delta wing utilizing surface pressure, PIV

measurements, and smoke visualization [36].

2.2.2 Passive Flow Control

Passive flow control methods are cost-effective and reliable due to their simplicity.
However, this method is less effective than active flow control methods and is less
adaptive to changes in flight conditions. Structures such as leading-edge serrations,
riblets, surface topography, grooves, vortex generators, such as needle-shaped vortex
generators, and leading-edge tubercles are studied by many researchers as passive

flow control methods [7, 8, 9].

Klute et al. [48] proposed using an apex flap to delay vortex breakdown and observed
that the apex flap effectively delayed the vortex breakdown. Celik et al. [38]
characterized the flow structure of non-slender delta wing models with leading and
trailing edge modifications inspired by white-sided dolphins using smoke
visualization methods. The surface-flow smoke visualizations from this study are
given in Figure 2.4. Kayacan et al. [49] utilized a passive flow control method called
passive bleeding to study the effects of this method on the flow characteristics of a
non-slender delta wing and revealed that this method delayed the stall and increased
the lift coefficients at all angles of attack. Other researchers studied nature, looking
for inspiration for a new design. Johari et al. [50] were prominent examples of bio-

inspired wing modification studies.
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Figure 2.4 Flow visualization of bio-inspired wing modifications [38].

2.2.2.1  Bio-Inspired Modifications

Ever since the first cell developed, it has evolved with every challenge it
encountered. Over long time periods, all organisms have adapted to perform
optimally. Humanity has long been inspired by nature and the practice of observing
and mimicking structures from nature. This practice, known as biomimicry, can be
traced back to Leonardo DaVinci’s works. Biomimicry is beneficial in bypassing
time-consuming design processes by leveraging Charles Darwin’s natural selection

theory [7].

Otto Lilienthal [51] conducted one of aviation's earliest and most influential studies

on biomimicry. In his research, he mimicked various wing shapes and movements
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of different bird species to make human flight possible. Many researchers [8, 9, 11,
52] and engineers followed the same path and researched avians to design or improve
aerial vehicles. One of the most well-known examples of these studies of biomimicry
in the aviation sector is the Northrop B-2 Spirit, inspired by the peregrine falcon [53].

A comparison of the B-2 Spirit and a peregrine falcon is shown in Figure 2.5.

Figure 2.5 The inspiration behind B-2 Spirit [53].

However, avians are just one source of inspiration for aerodynamics research.
Structures from aquatic animals, insects, and even plants can be utilized to improve
aerodynamic performance [7]. Recently, marine animals have received attention
from researchers since the Reynolds numbers for aquatic animals are similar to those
of modern aerial vehicles, unlike avians [16]. These researchers have investigated
the effects of various marine animal structures, such as fish scales, skin topography,
and leading-edge tubercles, to decrease drag, delay transition, and improve
aerodynamic efficiency [10, 54, 55]. Some of these structures are shown in Figure

2.6.
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Figure 2.6 Marine animal structures: (a) shark skin topography [54], (b) fish scales
[55], and (c) humpback whale tubercles [13].

Among these structures, the tubercles of humpback whales draw a significant amount
of attention. These structures serve as vortex generators and improve the whale’s
maneuverability in the water [13-16]. Most of the studies investigating the effects of
these structures study the effect of SLE on airfoils, while a few investigate the effects
of SLE on delta wings. These studies mainly focused on the effect of amplitude and
wavelength on the aerodynamic or hydrodynamic performance of SLE models.
Some of the models used in these studies are given in Figure 2.7. Other researchers
studied the effect of sinusoidal leading-edge modifications with visualization
methods such as particle image velocimetry (PIV) [56, 57], tuft flow visualization
[50], hydrogen-bubble visualization [58], and surface oil-flow visualization [14, 58,

59].

Johari et al. [50] were among the first research groups to focus on airfoils with
sinusoidal leading-edge (SLE) modifications inspired by humpback whale tubercles.
They conducted force measurements and the tuft flow visualization method to

investigate the effects of SLE on aerodynamic performance and flow characteristics.
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The results of this study showed that the airfoils with SLE modifications did not stall
in the same characteristics as the baseline airfoil. Moreover, the results showed that
the poststall lift coefficients were higher when SLE modifications were utilized.
Guerreiro et al. [60] investigated the aerodynamic performance of the NASA LS(I)-
0417 profile with SLE modifications at Reynolds numbers of Re = 7 X 10* and
Re = 1.4 x 105. The results of this study indicated that the wings with SLE
modifications are affected less by the change in the Reynolds number than wings
with no modifications [60]. Hansen et al. [61] studied the effect of SLE on a NACA
0021 airfoil and compared two-dimensional and three-dimensional models of this
airfoil at Re = 1.2 X 10°. This study indicated that the smallest amplitude and
smallest wavelength configuration of tubercles performed the best for both two-
dimensional and three-dimensional cases. Van Nierop et al. [62] experimentally
studied the SLE modifications on a swept wing. The lift coefficient of the SLE wing

models was observed to be higher than the base wing at the post-stall regime.

Yoon et al. [16] numerically studied the hydrodynamic characteristics of SLE
modifications on the NACA 0020 airfoil with various waviness ratios at Re =
2,000,000. The results of this study showed that as the waviness increases, the stall
occurs earlier than that of the base model. However, the wings with SLE
modifications had a higher lift coefficient in the post-stall region [16]. Kim et al. [63]
conducted similar research with Yoon et al. and reached the same verdict. Zhao et
al. [64] conducted a large eddy simulation (LES) on a NACA 0021 airfoil with and
without SLE modifications and studied the effect of amplitude on the flow structure.
The results of this study indicated that the flow separation was delayed and the
aerodynamic performance was improved for large amplitudes. Ntantis et al. [65]
studied the effect of SLE modifications on NACA 2421 airfoil with four different
taper ratios at Re = 10°. The effect of the length of the tubercles, amplitude, and
wavelength was investigated. This study showed that the maximum lift coefficient
was increased in a certain wing model with full-span SLE modifications. Moscato et
al. [17] conducted a numerical study to investigate the effects of SLE modifications

on force coefficients, flow fields, turbulence production, and flow reattachment. This

16



study showed that using SLE modifications increased the maximum lift coefficient,
delayed the stall angle, reduced the level of turbulence production, and prevented
separation and backflow on the wing's upper surface. Moreover, the post-stall
behavior was smoother than the unmodified wing [17]. Ramakrishna et al. [2]
compared the effects of leading-edge design on a delta wing having a sweep angle
of A = 65°. Three different leading-edge designs were used: Plane delta wing, with
no modifications, saw-tooth delta wing, and sinusoidal delta wing. The results
showed that the saw-tooth wing model delayed stall more than other models [2].
Moreover, the lift-to-drag ratio of the saw-tooth model was higher than other models.
The sinusoidal wing model performed better than the plane wing regarding the lift-
to-drag ratio but did not exceed the saw-tooth wing model [2]. Bolzon et al. [66]
conducted a wake survey on two swept wings with NACA 0021 airfoil profiles at a
Reynolds number of Re = 2.25 x 10°. The wake survey showed that sweeping a
wing with SLE modifications resulted in an asymmetry in the vortex strength. The
wingtip vortices of different wing models were similar below the angle of attack of
3°. When the angle of attack exceeds 6°, the wing without modifications produces a

stronger wingtip vortex [66].

Chen et al. [57, 58] investigated the effects of SLE modifications on a delta wing
with a sweep angle of A = 52°. Nine different wing configurations were used to
investigate multiple amplitudes and wavelengths. The force measurements showed
results similar to those of Johari et al. [50]. The results indicated that when the
amplitude was increased above a critical value, the maximum lift coefficient
decreased significantly, and the stall was delayed when SLE modifications were
utilized [57, 58]. Moreover, cross-PIV measurements of the 4M wing model revealed
that the vortex structure of the SLE wing was much different from that of the baseline
case. Multiple leading-edge vortices (LEV) existed on the leeward side of the SLE
delta wing, but these LEVs were observed to decay faster than the base model [57].
Goruney et al. [56] investigated the near-surface flow patterns of an SLE delta wing
with a sweep angle of A = 50° at a Reynolds number of Re = 1.5 X 10*. The

findings of this study showed that the focus of three-dimensional separation moved
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toward the leading edge as the amplitude of the SLE was increased. When the
amplitude surpasses a critical point, the focus of three-dimensional separation is

eliminated and replaced by a focus of attachment [56].

Y

0.25¢ Wavelength

(a) (b)

0.05¢ Amplitute 0.025¢ Amplitude

0.12c Amplitade

Figure 2.7 SLE wing models used in the studies of (a) Chen et al. [58] and (b)
Johari et al. [50].

2.3 Ground Effect

Recent studies and engineering advancements have focused on exploiting the effect
of the ground, an aerodynamic phenomenon that occurs when an animal or an aircraft
flies close to the ground. The flow between the wing surface and the ground plane is
altered, which results in increased pressure underneath the wing, decreased energy
cost of flying, and the development of wingtip vortices [21]. Ground effect is
especially significant in flight performance during take-off and landing [22]. Some
vehicles are designed to take advantage of the ground effect, called the wing-in-
ground effect (WIG) vehicles. These vehicles create an air cushion under their wings
to carry higher loads and increase the service speed for transportation and military

purposes [67]. Some wing-in-ground effect (WIG) vehicles are given in Figure 2.8.
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Figure 2.8 WIG vehicles (a) Lippisch X-113 (b) Orlyonok [67].

Some bird and bat species, including petrels, pelicans, skimmers, ospreys, fish
eagles, fishing owls, and fishing bats, take advantage of the ground effect by flying
over water to lower the cost of flying [21, 22]. Many researchers have investigated
the ground effect on the aerodynamic performance of animal flight, but only a few

have investigated the effect of the ground on bio-inspired wing modifications.

Kocgak et al. [68] investigated the effect of ground on aerodynamic performance and
stability of a non-slender delta wing at a Reynolds number of Re = 9 x 10*. The
results of this study indicated that when the ground effect intensity is increased, the
aerodynamic performance at all angles of attack is improved, and the stall onset was
observed to be delayed for wings closer to the ground [68]. Moreover, as a result of
the ground effect, an increase in the slopes of lift coefficient (C;) and pitch moment
coefficient (Cy) is observed resulting in movement of pressure center (X,) and
aerodynamic center in pitch (X,) towards the aft side of the wing. However, the
movement of the aerodynamic center moves ever so slightly. Therefore, the
movement is insufficient to ensure stability [68]. Kogak et al. [69] conducted another
study on the effect of both static ground effect and dynamic ground effect on a non-
slender delta wing at Re = 9 X 10%*. A moving belt mechanism was utilized to
simulate the dynamic ground effect. The comparison of the static ground effect with
the dynamic ground effect showed that the lift coefficient was higher for the dynamic
ground effect, which was mainly due to the highly turbulent aerodynamic

interactions for IGE cases compared to OGE cases. Additionally, the slopes for drag
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coefficient, lift coefficient, and pitch moment coefficients were generally reduced
for the dynamic ground effect [69]. The lift-to-drag ratios are similar for static and
dynamic ground effects for both OGE and IGE cases below a certain angle of attack.
However, when this angle of attack is exceeded, there is a more distinguished
decrease in the lift-to-drag ratio in the dynamic ground effect than in the static ground

effect [69].

Tumse et al. [6] investigated the ground effect on the aerodynamic performance and
flow characteristics of a delta wing with a sweep angle of A = 40° by utilizing
Particle Image Velocimetry (PIV), force measurements, and dye flow visualization
technique. This study showed that the lift-to-drag ratio (C; /Cp) was increased as the
distance between the ground and the wing decreased, especially at lower angles of
attack [6]. Moreover, the breakdown of leading-edge vortices occurred earlier when
the wing was under the effect of the ground [6]. Tasci et al. [70] investigated the
effect of ground on the flow characteristics of a slender delta wing with a sweep
angle of A = 70° at a Reynolds number of Re = 2.5 X 10*. Techniques such as PIV
and flow visualizations were utilized in this study. This study revealed that GE
induces an earlier leading-edge vortex breakdown compared to OGE [70]. As the
height between the wing and the ground plane decreases, the size and the extent of
the primary and secondary vortices increase, and the aerodynamic coefficients

increase. Moreover, the drag and lift coefficients increase [70].

Qu et al. [71] studied the ground effect on a swept-back delta wing at 20° angle of
attack numerically. The results of this study showed that as the height of the wing
and the ground plane decreases, the drag, lift, and nose-down moment increase. The

vortex breakdown is observed earlier when the wing is in GE [71].

Ahmed et al. [72] studied the effect of ground on the aerodynamic performance over
an NACA 0015 airfoil. This study showed that the lift force increased when the
ground clearances were low due to the higher pressure on the lower surface of the
airfoil [72]. At higher angles of attack, a thick wake region was observed on the

airfoil's upper surface due to a decrease in pressure on the suction side, and the flow
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separation occurred earlier when the airfoil was under the effect of the ground [72].
Zhang et al. [73] investigated the off-surface aerodynamic characteristics of an airfoil
in ground effect with Laser Doppler Anemometry and Particle Image Velocimetry
methods. The results of this study showed that as the ground clearance is reduced,
the flow is accelerated, thereby increasing the pressure recovery demand. As the
height between the wing and the ground is decreased further, a critical value of the

wing generates more downforce, which results in stall [73].

2.3.1 Ground Effect on Bio-Inspired Wings

Some bird and bat groups utilize the ground effect by flying over water. Such groups
include petrels, pelicans, skimmers, ospreys, fish eagles, fishing owls, and fishing
bats [22]. Some species of these animals are given in Figure 2.9. These animals use

the ground effect to lower the cost of flying [21].

Figure 2.9 Birds that use ground effect: (a) Cormorant, (b) Black Skimmer, (c)
Eastern Brown Pelican [74], (d) African Fish Eagle [75].
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Many researchers study the effect of the ground on the aerodynamics of animal
flight. However, only a few researchers have studied the effect of the ground on bio-
inspired wing modifications. Mehraban et al. [76] studied the effect of ground on
NACA 634-021 airfoil profile wings. In an experimental setup, they compared a
baseline wing with six different sinusoidal leading-edge wings with different
amplitudes and wavelengths. The wings were tested in three different ground
clearances. Results of this study indicated that an increase in the amplitude of the
tubercles when in ground effect could prevent stalling, particularly for shorter
wavelengths [76]. Lu et al. [77] studied the effect of ground on a three-dimensional
flapping wing. The effect of several parameters, such as different wing shapes, wing
kinematics, and Reynolds numbers, was studied. This study used three different wing
shapes: elliptic wing, hawkmoth wing, and fruit fly wing, as shown in Figure 2.10
(a), along with the flapping mechanism shown in Figure 2.10 (b). Three different
wing kinematics were used to mimic insect flight: sweeping, elevating, and twisting.
The bio-inspired wings performed the wing kinematics of their respective insects,
while the elliptic wing performed simple harmonic motions. In this study, the
leading-edge vortices (LEV) were observed to be still attached to the wing even
when the wing was closest to the ground, causing a significant lift enhancement.
Moreover, a decrease in drag was observed when the wing was closest to the ground
due to a decreased downwash strength. There was a similar reaction to the ground

effect for all wing kinematics and wing shapes.
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Figure 2.10 (a) Bio-inspired wing shapes, (b) flapping mechanism used in the study
of Luetal. [77].

Abdizadeh et al. [78] conducted research similar to that of Wu et al., investigating
the ground effect on a flapping airfoil inspired by the wing structures of dragonflies.
The dragonfly airfoil was compared with an NACA4412 airfoil. They observed that
as the distance between the ground and the airfoil decreases, there is a significant
increase in the lift coefficient. Wu et al. [79] studied an oscillatory “flapping wing”
in ground effect. This study investigated the effects of the distance between the
airfoil pitching axis and the ground and the flapping motion's amplitude and
frequency. The lift force was increased when the wing was in the presence of ground

effect.
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CHAPTER 3

EXPERIMENTAL SET-UP AND MEASUREMENT TECHNIQUES

This chapter provides details about the wind tunnel used for conducting the
experiments, wing models, and measurement techniques such as force, pressure, and

particle image velocimetry measurements.

3.1 Wind Tunnel

Experiments were conducted in a low-speed, suction-type, open-circuit wind tunnel
in the Fluid Mechanics Laboratory of the Mechanical Engineering Department at
Middle East Technical University. The wind tunnel has five main parts: a settling
chamber, a contraction cone, a test section, a diffuser, and a fan. The wind tunnel is

shown in Figure 3.1.
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Figure 3.1 Wind tunnel facility.
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The wind tunnel has two symmetrical inlet sections at the sides, with fine mesh
screens to prevent foreign objects from entering the system and increase air
uniformity. The settling chamber helps keep the turbulence intensity low and
uniformity of the air high with a honeycomb structure and three additional fine mesh
screens; this section has a 2700 mm length. The contraction cone has a 2000 mm
length and a contraction ratio of 8:1. The test section, which has transparent walls,
has 750 mm width, 510 mm height, and 2000 mm length. The test section of the wind
tunnel is shown in Figure 3.2. The diffuser, located at the end of the test section,
decelerates the high-speed airflow to increase the static pressure, hence decreasing
the power requisition of the wind tunnel. This section is 7300 mm in length. An axial
fan with a 10kW AC motor is assembled at the exit of the wind tunnel with a remote-
control unit to control the velocity of the test section. The test section has a maximum

freestream velocity of 20 m/s.

The experiments were conducted at various free stream velocities with

corresponding Reynolds numbers, calculated with Eqn. 3-1.

Re = — (3-1)

el T

Figure 3.2 Test section of the wind tunnel.
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3.2 Wing Models

Seven different sharp-edged delta wing models were used with a 45-degree sweep
angle (A) and a single-sided bevel on the windward side at a 45-degree angle. The
chord (C), the span (S), and the thickness (t) of the delta wing models are 135 mm,
270 mm, and 80 mm, respectively. The suction side area of each modified wing
model is approximately the same as the base wing’s area, as shown in Table 1. The
delta wing models were designed to access the pressure and smoke visualization
channels from the trailing edge. There are nine pressure channels in each half of the
wing, eighteen pressure channels in total at a chordwise distance of x/C = 0.5 for
each wing model. The diameter of the pressure tabs is 1.5 mm. The maximum

blockage ratio is lower than 3% at the highest angle of attack of @ = 30°.

Table 1 Suction side areas of each wing model and area changes compared to the

base wing model.

Model Area (mm?) AA (mm?)
Base 18225 0
S-A1¢$02 18224.47 0.53
S-A2¢03 18220.95 4.05
S-A2605 18220.57 4.43
S-A3¢605 18216.13 8.87
ST-A2¢03 17741.17 483.83
ST-A2005 18205.19 19.81
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S-12¢03 ST-A2403

Figure 3.3 Delta wing models.

This study uses two different model groups: the sinusoidal and the saw-tooth leading-
edge groups. The sinusoidal-leading-edge wing models used in this study were
inspired by the tubercle structure of humpback whales and were compared with a
reference wing and two different saw-tooth leading-edge models inspired by the
leading-edge serrations of owl feathers and the studies of Ramakrishna et al. [2].

The wing models used during this study are given in Figure 3.3. Configurations for
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the base, sinusoidal leading edge wings, and saw-tooth leading edge wings are shown
in Figure 3.4, Figure 3.5, and Figure 3.6, respectively. The ‘S’ and ‘ST’ notations in
the names of the wing models present sinusoidal and saw-tooth leading edges,
respectively. The ‘A’ symbol denotes the wavelength ratio, while the ‘¢’ symbol
represents the amplitude ratio, and the numbers following these symbols indicate
decimal values of ratios. The geometrical properties of wing models are given in

Table 2.

00000000 000000000

-
tT 000000000 0000 000000000 )z

Figure 3.4 Schematic representation of the base wing.
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Figure 3.6 Saw-tooth leading-edge wing configurations.
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Table 2 Wing properties for sinusoidal and saw-tooth leading-edge models.

Model MC ¢/C
S-A1402 0.1 0.02
S-A2¢03 0.2 0.03
S-A2¢05 0.2 0.05
S-A3405 0.3 0.05

ST-A2¢03 0.2 0.03
ST-A2¢$05 0.2 0.05

33 Ground Effect Setup

The static ground effect can be simulated by a ground plane placed beneath the wing
model. This ground plane is elevated or lowered with a traverse to mimic different
ground clearances. The ability to change the ground clearance by moving the plane
rather than the wing model allows the model to be free of the wind tunnel wall
boundary layer distortion. To ensure the invariability of the model's height from the
ground plane, this height was measured from the bottom of the trailing edge of the

wing models for the ground effect.

The ground plane used in the ground effect simulation is made from plexiglass and
has dimensions of 540 mm in length, 475 mm in width, and 9 mm in thickness. The
leading edge of the ground plate is beveled at 26.25°. The height of the ground plate
i1s manually adjusted via a volant wheel located at the height adjustment part of the
rig. The ground plate is connected to the height adjustment part with three push rods.
Once the height of the ground plate is adjusted, it remains fixed at its position until
further adjustments are made. The schematic representations of the ground effect rig
are given in Figure 3.7. The position of the wing relative to the ground plate is shown

here.
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The effect of the ground plate on the out-of-ground cases was investigated to verify
that, at a distance corresponding to h/C = 116%, the configuration with the ground
plate exhibits similar aerodynamic coefficients to those of the out-of-ground cases
without the ground plate, without changing the position of the wing model. Force
and pressure measurements were performed with the ground plate, and the height-
to-chord ratio of h/C = 116% was designated as the out-of-ground effect case. The
near-surface PIV measurements were performed in the out-of-ground effect (OGE)

condition without the ground plate.
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Figure 3.7 Schematic representations of the top and side views of the force
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measurement setup with the ground effect rig.

3.4  Measurement Techniques

This section describes the measurement techniques used in this study for force,

pressure, and near-surface PIV measurements.

34.1 Force Measurements

The aerodynamic force measurements were performed using an ATI Gamma Series

Force/Torque sensor calibrated according to the SI-32-2.5 scheme. The wind model
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is attached to the sensor with a strut system. The forces and moments applied to the
wing model are transferred by this strut system. The strut is connected to the sensor
adaptor, and the sensor is rigidly connected to the model positioning system. The
model positioning system is a traverse system that allows users to change the angle
of attack and the height of the wind model from the ground plane without affecting
the accuracy of the experiments. This system is designed to be used in ground effect
experiments without any limitations. A schematic view of the wind tunnel from the

top view with the force measurement setup is given in Figure 3.7.

Force measurements are conducted in four steps using the superpositioning
technique. These steps are given in Table 3. The first and fourth steps, conducted
without wind, measure the gravitational forces. The second and third steps,
conducted with wind, measure both the gravitational and the aerodynamic forces.
The out-of-ground effect force/moment coefficients calculations source code is

presented in Appendix A

Table 3 Configuration and wind status for force measurements and the respective

measured forces and moments.

Step | Conficuration Wind Forces and Moments
P gu Status Measured
1 Wing and Off Gravitational Forces and
Strut Moments of Wing and Strut
Wine and Gravitational and Aerodynamic
2 £ On Forces and Moments of Wing
Strut
and Strut
Gravitational and Aerodynamic
3 Strut On Forces and Moments of Strut
Gravitational Forces and
4 Strut Off Moments of Strut

The aerodynamic and gravitational forces and moments of the bare strut are
measured for each angle of attack to disregard the effects of the strut system. The

gravitational forces and moments of the wing model are also measured using the
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experimental steps below. The aerodynamic forces and moments applied only to the

wind model can be obtained by conducting the following operations.
Wing(Gravitational + Aerodynamic) = Step 2 — Step 3
Wing Gravitational = Step 1 — Step 4
Wing Aerodynamics = (Step 2 — Step 3) — (Step 1 — Step 4)

The force measurements are presented in four different plots. In the first plot, the lift
coefficient (C;) is expressed with respect to the angle of attack (a). In the second
plot, the drag coefficient (Cp) is expressed with respect to the angle of attack. In the
third plot, the pitch moment coefficient (C,,) is expressed with respect to the angle
of attack, and in the fourth plot, lift-to-drag ratio (C;/Cp) is expressed with respect
to the angle of attack. These coefficients can be found using the Eqn. 3-3 to 3-6.

pUS,
Pyyn = i (3-2)
¢, =1t 3.3
y denA ( i )
Fp
Cp = 3-4
b denA ( )
F,
C./Cp = A (3-5)
Cy = My
M Py AL (3-6)

34.1.1 Axis Frames

The force measurement setup has two axis frames: the wind and the body frame. The
wind frame is a stationary frame that does not vary with the angle of attack. In
contrast, the body frame is positioned on the sensor and rotated with the sensor when

the attack angle changes. These axis frames are shown in Figure 3.8. The wind frame
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is represented in red, the body frame is represented in dark blue, and the angle of

attack is represented in green.

»

z

\I/x

y

Figure 3.8 Wind frame (red), body frame (dark blue), and angle of attack (green).

The measured loads are measured in the body frame and should be transformed into

the wind frame.

Ep = +(Fyp. cos(a) — Fyp.sin(a)) (3-7)
wa = _(Fyb) (3-8)
E,, = —(Fyp-.sin(a) + F,,.cos(a)) (3-9)
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M., = +(Myy.cos(a) — M,,,.sin(a)) (3-10)
Myy, = —=(Myp) (3-11)
M,, = —(M,y.sin(a) + M. cos(a)) (3-12)

In the abovementioned equations, the subscripts b and w represent body and wind

frame, respectively. Fyy, F,y, F,, represents drag forces, side forces, and lift forces,

while My, My,,, M, represents roll, pitch, and yaw moments, respectively.

3.4.2 Surface Pressure Measurements

The surface pressure measurements were conducted on the suction side of all the
wing models with a 16-channel Netscanner 9116 Intelligent Pressure Scanner. This
scanner is capable of measuring pressures in the range of 0 — 2.5 kPa with 16 piezo-
resistive transducers. The manufacturer of the pressure scanner pre-calibrated the
device over a predetermined pressure and temperature span. Although the device is
pre-calibrated before every experimental run, the scanner is calibrated with the help
of a manometer. The resolution of the pressure scanner is £0.003% FS (full scale),
and the scanner's accuracy is £0.05% FS. The resolution of the pressure scanner is
ensured with the microprocessor and temperature sensors, which are integrated into
the pressure scanner to compensate for the thermal effects, nonlinearity, sensitivity,

and transducer outputs for offset.

Each wing model has 18 pressure channels in total. The pressure data were collected
for 10 seconds at a sampling rate of 500 Hz. Before each set of experiments, noise
data were collected, which were subtracted from the measured pressure data to obtain
refined data. Non-dimensional pressure coefficient Cp was calculated using Eqn. 3-
13.

P — Pygei
CP — static

3-13
Py (3-13)
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The surface pressure measurement at h/C = 116% for the base delta wing is shown

in Figure 3.9. The out-of-ground effect pressure coefficient calculations source code

is presented in Appendix B

Figure 3.9 Surface pressure measurement at h/C = 116%, for base delta wing.

343 Particle Image Velocimetry (PIV) Measurements

The principle of particle image velocity (PIV) measurements is to track the
movement of particles within a defined area using a laser sheet. PIV is an advanced
experimental method that is crucial in comprehending the flow structure. Therefore,
in this study, a TSI 2D PIV system was used to study the flow field comprehensively
near the surface plane of the delta wing with a near-surface PIV method.
Measurements were conducted in out-of-ground effect without the ground effect

plate. The schematic representation of the near-surface PIV method Figure 3.10.
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Laser Sheet

CMOS Camera

Figure 3.10 Schematic representation of near-surface PIV.

The PIV setup used in this study consists of a Litron Nd: YAG laser, which can
generate laser pulses up to 200 mJ with a repetition rate of 15 Hz. The laser sheet for
illuminating the flow field is formed with a -25 mm cylindrical lens and a 1000 mm
spherical lens. A Powerview Plus 8-bit, digital, CMOS camera with a resolution of
2048 x 2048 pixels, equipped with a Nikon 50mm F/1.8D lens, was utilized for
capturing images. Seeding particles were provided to the system by a commercial
smoke generator using a glycol-based smoke fluid. Synchronization of the laser and

camera was obtained with a TSI LaserPulse 610036 synchronizer.

The Insight 4G software was used to acquire the raw data and process these data.
The near—surface PIV measurements were conducted for all the wing models at three
different attack angles: a = 10°,17°,22°. The laser was parallel to the wing at all
the angles of attack and was approximately 3 mm from the suction side of the wing
models. Near-surface PIV measurements were conducted at a Reynolds number of
Re = 7.5 x 10* with a pulse separation time of dT = 50 us, 200 image pairs were

collected at 15 Hz for each case.

The interrogation area was selected as 32 X 32 pixels. For each wing model and at

each angle of attack, pixels were calibrated accordingly. An accurate calibration of
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the pixels is necessary for an accurate PIV measurement. In this study, calibration
for each angle of attack was performed separately to account for the minor changes
in the reference length caused by the necessary variations in the camera position for

each angle of attack.

The region of interest was set to 1600 X 1750 pixels for all wing models at a =
22°, and for base, S-A2¢03, and ST-A2¢05 wing models at « = 17°. Ata = 10°, the

region of interest was selected as 1700 X 1820 pixels for all the wing models.

Background subtraction was applied to all the cases to reduce noise and improve the
particle visibility. During this preprocessing, an average intensity image generator
was used to generate the background image. The generated background image was
subtracted from the raw data using an image calculator. The Recursive Nyquist Grid
engine was selected as the engine grid with a starting spot dimension of 64 X 64

pixels to a final spot dimension of 32 X 32 pixels.

Local validation of vectors was ensured with a median test method having a spatial
neighborhood of 5 X 5, and bad vectors were replaced by the local median. Vector
field conditioning was performed using recursive filling with the local mean method
and a spatial neighborhood of 5 X 5, and smoothing was applied after filling holes.
Streamlines, velocity contours, and vorticity fields were calculated with the time

average of 200 image pairs using Tecplot Focus 2013R1 software.

3.5  Experimental Matrix

In this study, force, pressure, and PIV measurements were conducted, investigating
both the out-of-ground effect and the ground effect at various angles of attack and
heights. The force, the pressure, and the PIV experiments, IGE, and OGE conditions
were conducted with all wing models. The experimental matrix for this study is

shown in Figure 3.11.
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Number

Pressure

Measurements

Angle of Attack

40 ;20 3(0°

[
Height (h/c%)

16%, 27%.50%, and
116%

Wing Models

Angle of Attack

-20:29:30°

I
Height (h/c%)

16%, 27%,50%, and
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Surface PIV
Measurements

Angle of Attack
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Wing Models
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Wing Wing Wing Wing Wing Wing
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Figure 3.11 Experimental matrix.
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3.6 Uncertainty Estimates

Uncertainties arise in any experimental research due to the inaccuracies of measuring
devices such as protractors and sensors. The uncertainty estimates encountered

during this experimental study are addressed in this chapter.

OR\? OR\? oR\2]"
Wg = [(wxl a—XI) + (a)xz E) + -+ (0)an> l (3'14)

In Eqn. 3-14, w,, represents the uncertainty estimate of each measured variable. The

relative uncertainty is represented with uy and is found using Eqn. 3-15.

WR
uR = 7 (3-15)

The relative uncertainty estimates of lift, drag, pitch moment, pressure, and lift-to-
drag ratio are calculated individually. These calculations are shown in equations 3-
16 to 3-32. The measured absolute uncertainty values of the aerodynamic

coefficients measured during experiments are provided in Appendix C

Table 4. The absolute uncertainty levels of force measurements are presented in

Appendix C

Table 4 Uncertainty results of force and pressure measurements.

Wing Models
Base | S-A1$02 | S-A2¢03 | S-22¢05 | S-A3¢05 | ST-22¢03 | ST-A2¢05
twe, |0.046 | 0.050 0.051 0.052 0.052 0.048 0.054
twe, |0.073| 0.074 0.077 0.076 0.077 0.073 0.078
twe e, | 1.635] 1.915 1.547 1.628 1.689 1.941 1.700
twe, |0.028| 0.029 0.028 0.029 0.029 0.028 0.028
twe, |0.030] 0.030 0.030 0.031 0.032 0.031 0.032

41



3.6.1 Lift Coefficient Uncertainty Calculation

E, = M, 3-16

X dy ( - )

g = Mx 3-17

z - dy ( - )
w 2

wp, =+ ( d";Z) (3-18)
w 2

or, = £ (52) (3-19)

(K sin(a) + F, cos(a))

C, = Py (3-20)
CL = CL(Fx; Fz: a, den: A) (3—21)

in(@))’ @\

sin(a cos(a
=+ — —
We, =X <wpx< denA>> + ((DFZ < Paynd >>
2
N Fycos(a) — F, sin(a)
Va Paynd

(3-22)

2

F,cos(a) + F, sin(a)
+ (Uden 2
(Payn) A

1/2

F,cos(a) + F, sin(a) ’
e ( P dynA2 >
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3.6.2 Drag Coefficient Uncertainty Calculation

(E, cos(a) — F, sin(a))
D= PaynA

CD = CD (Mx'MZ'dy' a, denﬂA)
@\’ in(a)\\’
cos(a sin(a
=+ —
Wecp, =X (wpx <denA )) + ((L)FZ < PaynA ))

Fsm(a)+ 7. cos(a) ’
)

P dyn

2

P n
4 (Phyn) A

1/2

(UA
P dyn

d F.cos(a) — sm(a))

F cos(a) + E,; sin(a) :
)

3.6.3 Lift-to-drag Ratio Uncertainty Calculation

—(F; sin(a) + F, cos(a))
(E, cos(a) — E, sin(a))

C./Cp =
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Wcyjep =+ <wa ((FX cos(a) — F, sin(a))2>>

F, 2
+ (wFZ (_ (Fx cos(a) — F, sin(a))2>>

E? + E? :
| %a <_ (Fx cos(a) — F, sin(a))2>

1/2

3.64 Pitch Moment Coefficient Uncertainty Calculation

M,

Cr =
M PyynAL

Cy = CM(My:den'A)

2

2
we,, =+ || oy wpy, | ———
" 7 \PaynAL v (den)zAL
1/2

2 2
M M
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3.6.5 Pressure Coefficient Uncertainty Calculation

pP— Pstatic

Cr=7p P
total — Istatic
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Cp = Cp(P, Pstatics Protar) (3-32)

2
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter provides the results of the study in three parts. First, the force
measurement results for the out-of-ground effect and the in-ground effect results are
reported. Then, pressure measurement results are reportedFinally, near-surface PIV

results for out-of-ground effect results are presented.

4.1 Force Measurement Results

Force measurements were conducted in four different height-to-chord (h/C(%))
ratios: 16%, 27%, 50%, and 116%. The results of force measurements are shown in

this chapter.

4.1.1 Out-of-Ground Effect

The results of force measurements conducted in out-of-ground effect, at h/C =
116%, are provided in this chapter. The results of the force measurements are
presented as distributions of dimensionless coefficients with respect to the angle of
attack. In Figure 4.1, the drag coefficient (Cp), lift coefficient (C;), moment
coefficient at the trailing edge (Cy 4¢ 7). and the lift-to-drag ratio (C, /Cp) at various
angles of attack for the base wing, S-A2¢03, S-A2¢05, and ST-A2¢p05 wing models
are shown. The moment coefficient was drawn from the trailing edge in order to

amplify the effects of the leading-edge modifications.
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Figure 4.1 Drag coefficient (Cp), lift coefficient (), moment coefficient (Cy,), and
the lift-to-drag ratio (C;,/Cp) at h/C = 116% with various angles of attack for

different wing models.

The drag coefficient in the upper left plot of Figure 4.1 shows only a slight difference
among the wing models at the lower angles of attack. The rate of change of drag
coefficient is similar for all the wing models until the angle of attack reaches a =
17°. As the angle of attack exceeds a = 17°, the rate of change of drag coefficient
decreases for all the wing models. However, the corresponding rate of change for the
base wing model decreases more significantly than that of the modified wing models.
Among the modified wing models, the S-A2¢03 model indicates the greatest

decrease, while the ST-A2¢05 model shows the least decrease in the rate of change.
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Considering the lift coefficient distribution, as shown in the lower left plot of Figure
4.1, increases in the stall angle and the maximum lift coefficient (C} ,,4,) Value for
the modified wings are evident. The base wing model shows stall characteristics
around a = 17° with a C; ;4. = 0.73. Among the modified wings, the S-A2¢05 and
ST-A2$05 models demonstrated the best stall-delaying abilities, both stalling around
a = 21°. S-A2¢05 model had a Cj ;4 = 0.75 and the ST-A2¢05 model had a
Cimax = 0.77. The S-A2¢03 model stalled around a = 19° with a C; ;4 = 0.76.
The decrease in the lift coefficient post-stall of the modified wing models was not as
drastic as the base wing model, showing smoother stall characteristics. A smoother
stall behavior and higher stall angles increase the range of angle of attack at which
maneuverability is enhanced [62]. Moreover, there is an increase in the lift
coefficient of the modified wing models compared to the base wing post-stall. The
rate of change of the lift coefficient is similar for all the wing models until & = 9°.
The ST-A2¢05 wing model shows a higher rate of change of lift coefficient between
the angles of attack of 9° and 13°. In contrast, the rate of change decreases for the
S-A2¢05 wing model between the angles of attack of 9° and 13°. As the angle of
attack exceeds a = 13° the rate of change is similar for all the wing models until
their corresponding stall angle. The stall angles and maximum lift coefficient values

of each wing model are given in Table 5.

For further discussion of the drag and lift coefficients for modified wings, it is
important to note that the S-A3¢05 and S-A2¢05 wing models share the same
amplitude ratio of ¢/C = 0.05 and have wavelength ratios of A/C = 0.3 and A/C =
0.2, respectively. As the angle of attack exceeds @ = 21° an increase in the drag
coefficient is present in the wing model with the lower wavelength ratio. The wing
model with a higher wavelength ratio showed higher lift coefficient values when the
angle of attack is between a = 11° and a = 21°. No significant effect of the
wavelength ratio was observed at other angles of attack. In addition, S-A2¢03 and S-
A2¢05 wing models share the same wavelength ratio of A/C = 0.2 and have
amplitude ratios of ¢/C = 0.03 and ¢/C = 0.05 respectively. As the angle of attack

surpasses @ = 21° an increase in the drag coefficient is present in the wing model
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with the higher amplitude ratio. The wing model with a higher amplitude ratio
showed lower lift coefficient values when the angle of attack is between a = 11°
and a = 21°. No significant effect of the amplitude ratio was observed in other

angles of attack.

Table 5 Maximum lift coefficient and stall angle at h/C = 116% for all wing

models.

Model | MWC | ¢/C | CLmax116% | Ostan

Base 0 0 0.73 17°

S-A1402 | 0.1 | 0.02 0.74 18

S-A2¢03 | 0.2 | 0.03 0.76 190

S-A2¢05 | 0.2 | 0.05 0.75 21

S-A3¢05 | 0.3 | 0.05 0.76 20°

ST-A2¢03 | 0.2 | 0.03 0.72 19°

ST-A2¢05 | 0.2 | 0.05 0.77 2]1°

Considering the moment coefficient at the trailing edge, as shown in the upper right
plot of Figure 4.1, a similar positive slope for wing models at the lower angles of
attack is witnessed. The S-A2¢05 wing model shows higher slope values between the
angles of attack of 5° and 11° compared to the other wing models. As the angle of
attack exceeds @ = 13° the slope of the ST-A2¢05 model decreases while the slopes
of other wing models remain unchanged until @ = 17°. The slope of the base wing
model becomes negative when the angle of attack past & = 17°. In contrast, the
slopes of the modified wing models remained positive until approximately a = 21°.
Even when the slope of the modified wing models becomes negative, the slope does
not decrease drastically compared to the base wing. Modified wing models showed
near neutral stability past ¢ = 21° while the base wing model demonstrated
interchanging stability around ¢ = 21°. Considering post-stall characteristics of the

drag and lift coefficients, higher linearity is observed for both coefficients for

50



modified wings compared to the base wing, in return contributing smoother stability
characteristics, whereas the base wing exhibits interchanging stability characteristics
after stall. The angle range aforementioned in lift coefficient results, where

maneuverability is enhanced, coincides with the moment coefficient results.

The lift-to-drag ratio, (C;,/Cp ) is a key indicator of the acrodynamic performance of
a wing model. This ratio is displayed in the lower right plot of Figure 4.1. The lift-
to-drag ratio remains similar for all the wing models until the angles of attack of & =
5°. Between @ = 5° and a = 9°, the ST-A2¢05 and S-A2¢03 models demonstrate
better acrodynamic performance, making them more suitable for cruise conditions.
Moreover, all modified wing models reach their maximum lift-to-drag ratio at lower
angles of attack compared to the base wing, further enhancing their desirability for
cruise conditions. However, the base wing model outperforms the modified wing
models for angles of attack greater than @ = 9°. The peak value of the lift-to-drag
ratio was observed at lower angles of attack for modified wing models, showing

more desired conditions for cruise conditions.

These observations regarding the stall-delaying capabilities of the bio-inspired wing
models were in line with those in the works of Chen et al. [58] and Ramakrishna et
al. [2]. Moreover, the sinusoidal leading-edge on airfoils by Miklosovic et al. [15],
Post et al. [14], Camara et al. [80], and Moscato et al. [17] showed similar stall-
delaying capabilities. The increase in the drag and lift coefficients witnessed in this
study for the bio-inspired wing modifications at post-stall of the base wing aligns
with the findings of the delta wing studies by Chen et al. [58] and airfoil studies by
Post et al. [14], Moscato et al. [17], Ntantis et al. [65] and Liu et al. [81]. Post et al.
[14], Johari et al. [50], Hansen et al. [61], Miklosovic et al. [15, 82].

However, some airfoil studies conducted by Johari et al. [50] and Guerreiro et al.
[60] indicated a lower lift prior to the base wing’s stall angle, which might be due to

the differences in wavelengths and Reynolds numbers used in these studies.
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4.1.2 In-Ground Effect

Results of force measurements conducted in out-of-ground effect, at h/C =
50%, 27%, 16% within an angle of attack range of —4° to 30° are provided in this
chapter. The results of the force measurements are presented with distributions of
dimensionless coefficients with respect to the angle of attack. In Figure 4.2, the drag
coefficient (Cp), lift coefficient (C;), moment coefficient at the trailing edge
(Cy at TE), and the lift-to-drag ratio (C;/Cp) at various angles of attack for the base
wing, S-A2¢03, S-A2¢05, and ST-A2¢05 wing models at h/C = 16% are shown.
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Figure 4.2 Drag coefficient (Cp), lift coefficient (C; ), moment coefficient (Cy,), and
the lift-to-drag ratio (€, /Cp) at h/C = 16% with various angles of attack for

different wing models.
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The drag coefficient in the upper left plot of Figure 4.2 shows a similar trend to the
drag coefficient results at the h/C = 116%. Here, the drag coefficient is similar at
the lower angles of attack. As the angle of attack surpasses @ = 17°, the rate of
change of drag coefficient decreases for all the wing models, similar to out-of-ground
effect. In higher angles of attack, modified wings show higher drag than the base
wing. The lift coefficient of the modified wing models shows similar trends
compared to the base wing model throughout the angle of attack range. Between a =
17° and a = 25°, the base wing shows a slight decrease in the lift coefficient
compared to the modified wings. However, the decrease is not as drastic as the

h/C = 116% results.

By comparing the lift-to-drag ratios values displayed in the lower right plot of Figure
4.1 and Figure 4.2, a difference in the rate of increase in the lift-to-drag ratio between
the wing models can be witnessed. The maximum lift-to-drag ratio values for all the
wing models, and the angles for the maximum lift-to-drag ratio points at h/C =
116% and h/C = 16% are given in Table 6. The maximum lift-to-drag ratio
increased from € /Cp. . 1160 = 2.84t0 CL/Cp . 1, = 3.07 for the base wing
model with an increase rate of ~8%. While the highest increase rate among the
modified wings was observed in the S-A3¢05 wing model, with an increase rate of
~10%. Moreover, the angle of attack at which the maximum lift-to-drag ratio
(C,/Cp,,,,) value was observed, this angle only varied with different ground
clearances for the base and S-A1¢02 wing models. The base wing model showed the
maximum lift-to-drag ratio at @169, = 11° at h/C = 116%, and at a4, = 7° at
h/C = 16%, while the A1$02 wing model showed it at oy 140, = 8°ath/C = 116%,
and at @140, = 6° at h/C = 16%.
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Table 6 Maximum lift-to-drag ratio values, and their corresponding angles of attack

at h/C = 116% and h/C = 16% for various wing models.

Model | 3/C | §/C | CLCpmax116% | CLChmax16% | @ 116 | @ 16% I“c“’(?,j:’)Rate
Base o0 0 2.84 3.07 11° 7° ~8%
Su1602 | 0.1 | 0.02 2.58 2.73 g | 6 ~6%
$-2603 | 0.2 | 0.03 2.93 3.06 9 | o ~5%
$-22605 | 0.2 | 0.05 2.65 2.79 9 | o ~5%
$-23605 | 0.3 | 0.05 2.60 2.87 g | 8 ~10%
ST-12¢03 | 0.2 | 0.03 3.02 33 70 | 70 7%
ST-12¢05 | 0.2 | 0.05 3.01 3.24 9 | 9 ~8%

The force measurement results of the base wing model at various ground clearances
are given in Figure 4.3. The drag coefficient in the upper left plot shows that the rate
of change of drag coefficient is similar for angles of attack below @ = 11°. However,
when the angle of attack exceeds &« = 11°, the rate of change increases as the ground
clearance decreases, resulting in higher drag coefficients at higher angles of attack

for wings positioned closer to the ground.

The lift coefficient, shown in the lower left plot of Figure 4.3, indicates that the stall
angle stayed the same as the ground clearances varied. As the ground clearance
decreased the maximum lift coefficient (Cp, ) increased from Cp yax116% = 0.73
to Crmax16% = 0.83 increasing around 14%. The base wing model showed
smoother post-stall characteristics when the ground clearance was minimum, having
less decrease in lift as the angle of attack exceeded a = 17°. Base wing’s lift
coefficient at h/C = 116% decreased AC; 1169, = 0.086 between angles of attack
a = 17° and a = 25°, whereas at h/C = 16%, the decrease in the lift coefficient

was only ACj 169, = 0.051.
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Considering the moment coefficient at the trailing edge, as shown in the upper right
plot of Figure 4.3, for all the ground clearances, the slope remains positive up to a =
15° and the base wing model shows lower stability as the ground clearance
decreases. However, beyond this attack angle, the base wing exhibits interchanging
stability characteristics at different ground clearances. At h/C = 116% and h/C =
50% the slope of the base wing remains positive up to @ = 17°, whereas at h/C =
27% and h/C = 16% the base wing shows near neutral stability. As the angle of
attack exceeds a = 21°, the base wing model exhibits a positive slope at h/C =
116% and h/C = 50%, and interchanging stability characteristics for h/C = 27%
and h/C = 16%.

The lift-to-drag ratio, shows similar values for h/C = 116% and h/C = 50% cases.
The in-ground effect cases, h/C = 50%, h/C = 27%, and h/C = 16%, shows
slightly deteriorated aerodynamic performance below a = 3°. Between a = 3° and
a = 11°, the cases with height-to-chord ratios h/C = 27% and h/C = 16% shows
better aerodynamic performance. The aerodynamic performance of different ground

clearances is similar for angles of attack past a = 11°.
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Figure 4.3 Drag coefficient (Cp), lift coefficient (C;), moment coefficient (Cy,), and
the lift-to-drag ratio (C;/Cp) at various ground clearances and angles of attack for

base wing model.

The force measurement results of the S-A2¢03, S-A2¢05, and ST-A2¢05 wing models
at various ground clearances are given in Figure 4.4, Figure 4.5, and Figure 4.6. The
modified wing models exhibit a drag, lift, and moment coefficient trend like that of
the base wing model. When the angles of attack exceed a = 11°, the minimum
ground clearance shows greater drag magnitudes for all wing models. As the ground
clearance decreases, the maximum lift coefficient (Cj ,,4,) increases for all the
modified wing models. However, the increase rate was not the same for all the wing

models; the maximum lift coefficient values and the percentage increase are given

in Table 7.
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The highest increase rate in the maximum lift coefficient was observed in S-A1¢$02
and ST-A2¢03 wing models, with a 16% increase rate each. However, the S-A3$05
wing model performed with the maximum lift coefficient at h/C = 16% with a value
of Cpmax16% = 0.87. Even though the rate of increase in the maximum lift
coefficient of the S-A3¢05 wing model was not the highest, about 14%, this wing
model exhibited the highest maximum lift coefficient among all wing models at

h/C = 16%.

Table 7 Maximum lift coefficient (C}, 4, ) Of base and modified wing models at

h/C =116% and h/C = 16%.

Model | A/C | ¢/C | CLmax116% | CLmax16% | Increase Rate (%)

Base 0 0 0.73 0.83 ~14%
S-A1¢02 | 0.1 | 0.02 0.74 0.85 ~16%
S-A2¢03 | 0.2 | 0.03 0.76 0.85 ~12%
S-A2¢05 | 0.2 | 0.05 0.75 0.86 ~15%
S-A3¢05 | 0.3 | 0.05 0.76 0.87 ~14%
ST-A2¢03 | 0.2 | 0.03 0.72 0.83 ~16%
ST-A2¢05 | 0.2 | 0.05 0.77 0.86 ~13%

The remaining ground effect force measurement results are presented in Appendix

D
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Figure 4.4 Drag coefficient (Cp), lift coefficient (C}), moment coefficient (Cy,), and
the lift-to-drag ratio (C; /Cp) at various ground clearances and angles of attack for

S-A2¢03 wing model.
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Figure 4.5 Drag coefficient (Cp), lift coefficient (C}), moment coefficient (Cy,), and
the lift-to-drag ratio (C; /Cp) at various ground clearances and angles of attack for

S-A2¢05 wing model.
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Figure 4.6 Drag coefficient (Cp), lift coefficient (C}), moment coefficient (Cy,), and
the lift-to-drag ratio (C;/Cp) at various ground clearances and angles of attack for

ST-A2¢05 wing model.

4.2 Surface Pressure Measurement Results

Pressure measurements were conducted in four different height-to-chord (h/C (%))
ratios: 16%, 27%, 50%, and 116%. The results of pressure measurements are shown

in this chapter.
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4.2.1 Out-of-Ground Effect

The results of the surface pressure measurements conducted in out-of-ground effect,
at h/C = 116%, are presented in Figure 4.7 with distributions of negative pressure
coefficient (—Cp) for the base wing, S-A2¢03, S-A2¢05, and ST-A2¢05 wing models
at various angles of attack with respect to the spanwise distance (y/s), where s is the
half-span at the chordwise location x/C = 0.5. The magnitude of the —C, values
indicates the strength of the suction; as the —C, value increases, the strength of the

suction increases. A higher suction strength contributes to the lift force.
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Figure 4.7 Distribution of pressure coefficient at various angles of attack for

different wing models on half span at x/C = 0.5.
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At low angles of attack, there is a typical s-shaped —C,, distribution for the base
wing, S-A2¢03, and S-A2¢05 models, indicating the presence of a leading-edge
vortex and its footprint on the wing surface. However, the ST-A2¢05 wing model
exhibits a different behavior, such that the pressure coefficient is generally constant
except for the regions very close to the leading edge. The lift coefficient results of
this wing were higher than other wing models at « = 11°, while it shows the worst
—C,, distribution at this angle of attack. This might indicate a strong leading-edge
vortex present inward of the delta wing, providing higher lift compared to other wing

models.

As the angle of attack increases from o = 7° to @ = 9° the suction pressure peak
shifts slightly inboard for the S-A2¢03 wing model. For the S-A2¢05 wing model, the
suction peak moves more noticeably as the angle of attack increases from a = 7° to
a = 11°. In contrast, the suction peak of the ST-A2¢05 wing model remains largely
stationary until just before « = 15°. For the base wing model, the suction peak does

not experience significant movements until approximately a = 19°.

The maximum suction pressure of the modified wing models increases up to
approximately & = 17°. Further increases in the angle of attack result in a decrease
in suction pressure. Around a = 19° the pressure distribution for the base wing
model levels off, indicating the onset of stall, due to the three-dimensional surface
separation. In contrast, the modified wing models do not completely flatten out the
pressure distribution even at @ = 21°, indicating that the flow has not fully separated
from the wing surface. The magnitudes of the —C,, values are significantly higher for
modified wing models, indicating stronger suction pressure and, consequently,

higher lift.

Figure 4.8 presents the distribution of pressure coefficients for the base, S-A2¢03, S-
22005, and ST-A2¢05 wing models at the three angles of attack closest to the stall
angles identified from the force measurements of each respective wing model, along

with the comparison of their lift coefficients. The indications of delayed stall onset
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from the force measurements are consistent with those observed from the surface

pressure measurements.
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Figure 4.8 Distribution of pressure coefficient at various angles of attack, along

with the lift coefficient comparison for different wing configurations.
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4.2.2 In-Ground Effect

The results of the surface pressure measurements conducted in ground effect, at
h/C =16%, h/C = 27%, h/C = 50% and h/C = 116%, are presented in Figure
4.7 with distributions of negative pressure coefficient (—C,) for the base wing, S-
A2¢003, S-A2¢05, and ST-A2¢05 wing models at various angles of attack at the

chordwise location x/C = 0.5.

While there is an increase in the maximum suction pressure of the wing models in
some cases as the ground clearance decreases, no significant effect of the ground on
the maximum suction pressure was observed. No significant shift was observed in
the location of the suction pressure peak as the ground clearance changed. The

remaining ground effect pressure measurement results are presented in Appendix D
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4.3 Near-Surface PIV Results

The results of near-surface PIV measurements conducted for the base, S-A2¢03, S-
22905, and ST-A2¢05 wing models in the out-of-ground effect (OGE) are presented
in this chapter. Symmetry tests were conducted to check the symmetry of the flow
field. Since the symmetry of the flow field was confirmed, the half wing was studied
to increase spatial resolution. Time-averaged streamline patterns () for the base, S-
22603, S-A2¢05, and ST-A2¢05 wing models are given in Figure 4.10, Figure 4.11,
and Figure 4.12 at angles of attack of @ = 10°, @ = 17°, and a = 22°, respectively.
Vector fields and velocity contours for the base, S-A2¢03, S-A2¢05, and ST-A2$05

wing models are presented in Appendix F

At angles of attack of @ = 10° and a = 17°, a distinct positive bifurcation line is
present for all the wing models, indicating the flow attachment to the surface. The
base wing model, presented in the top left image of Figure 4.10, shows positive and
negative bifurcation lines at &« = 10°. Besides these flow structures, there are no
distinct structures in the base wing model at « = 10°. The S-A2¢05 wing model,
presented in the upper right image of Figure 4.10, shows three distinct foci with
different strengths. The first focus forms behind the fourth tubercle, exhibiting the
weakest magnitude. The second focus is formed behind the fifth tubercle, while the
third, and the largest, focus is formed behind the sixth tubercle. The S-A2¢03 wing
model, presented in the lower left image of Figure 4.10, shows a similar flow
structure to the S-A2¢05 wing model. However, this wing shows two distinct foci of
separation, the first forming behind the fifth tubercle and the second behind the sixth
tubercle. Comparing the S-A2¢05 and S-A2¢03 wing models at @ = 10° shows the
effect of the amplitude ratio on the flow structure. The SLE wing model with a higher
amplitude ratio shows an additional focus point in its flow field. The streamline
pattern of the ST-A2¢05 wing model shows distinct behavior at « = 10°, compared
to other wing models. A distinct negative bifurcation line was not observed for this
wing model near the leading edge. However, combinations of bifurcation lines were

observed over the ST-A2¢05 wing model at this angle of attack.
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Figure 4.10 Time-averaged streamline patterns (y) of base, S-A2¢03, S-A2¢05, and
ST-A2¢05 wing models at & = 10°.

As the angle of attack increases from o = 10° to @ = 17°, the attachment line of all
the wing models approaches the centerline of the wing, as shown in Figure 4.11.
Indications of backflow were observed near the tip of the trailing edge for the base,
S-A2¢03, and S-A2¢05 wing models. Chordwise and spanwise locations of these
backflow regions are very similar. In contrast, the flow structure of the ST-A2¢05

wing model at « = 17° is like that of other wing models at « = 10°, showing no
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backflow. Moreover, this wing model exhibits a bifurcation line near the leading

edge at this angle of attack compared to its streamline pattern at ¢ = 10°.
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Figure 4.11 Time-averaged streamline patterns (y) of base, S-A2¢03, S-A2¢05, and
ST-A2¢05 wing models at & = 17°.

Figure 4.12 presents the time-averaged streamline patterns of all the wing models at
a = 22°. A backflow region is observed for the ST-A2¢05 wing model at this angle
of attack. Moreover, the backflow regions increased in size and are observed more
inward for all the wing models at this angle of attack compared to the backflow

regions at @ = 17°. The base wing model has a distinct flow structure at this angle

69



of attack compared to the modified wing models. This structure indicates the large-
scale three-dimensional surface separation at this angle of attack. However, the
modified wing models do not show such a structure. Foci of modified wing models
are located closer to the apex compared to the base wing model, indicating three-
dimensional separation on a smaller scale compared to the base wing model. This
results in a delayed three-dimensional separation, supporting the stall-delaying

claims of aerodynamic coefficient results.
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Figure 4.12 Time-averaged streamline patterns (y) of base, S-A2¢03, S-A2¢05, and
ST-A2¢05 wing models at a = 22°.
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Time-averaged vorticity contours () for the base, S-A2¢p03, S-A2¢05, and ST-A2¢05
wing models are given in Figure 4.13, Figure 4.14, and Figure 4.15 at angles of attack

ofa = 10°, a = 17°, and a = 22°, respectively.

At an angle of attack of @ = 10°, the base wing model exhibits elongated vorticity
regions along the leading-edge, indicating a leading-edge vortex (LEV) structure, as
shown in Figure 4.13. The positive bifurcation line observed in the streamline pattern
of the base wing model at this angle of attack supports this finding. Strong negative
vorticity regions are observed along the leading edge of the base, S-A2¢03, and S-
A2¢05 wing models at ¢ = 10°. These models show a more neutral vorticity region
at the apex of the wing. However, the ST-A2¢05 wing model exhibits a negative
vorticity region at the apex. The ST-A2¢p05 wing model shows fragmental, elongated
negative vorticity regions behind the crests, and positive regions behind the troughs.
This structure may indicate multiple small-sized leading-edge vortices, which could
explain the distinct streamline pattern and the increased lift coefficient at this angle
of attack for this wing model compared to the base wing model. The LEV structure
of the base wing model weakens towards the trailing edge, while the multiple LEV
structures provide high vorticity regions near the trailing edge. Since leading-edge
vortices create suction forces contributing to the lift, the ST-A2¢05 wing model
creates higher lift coefficients near @ = 10°. The S-A2¢05 wing model shows
positive vorticity regions behind the troughs in contrast to the ST-A2¢05 wing model.
The primary vortex is pronounced for the base wing model, while the modified wing
models do not exhibit such a clear primary vortex structure. A second negative
vorticity region more inboard of the base wing model is observed at ¢ = 10°. This
may indicate a dual-vortex structure; however, further investigation is needed to
confirm this finding. This structure is not clearly observed for the modified wing

models.
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Figure 4.13 Time-averaged vorticity contours (®) of base, S-A2¢03, S-A2¢05, and
ST-A2¢05 wing models at & = 10°.

The primary vortex is still clearly observed for the base wing model and more
pronounced for the modified wing models at ¢ = 17° compared to a = 10°, as
shown in Figure 4.14. The elongated positive vorticity regions for the base and
sinusoidal wing models are closer to their centerline at this angle of attack compared
toa = 10°. Moreover, at @ = 17° the base wing’s inboard negative vorticity region,
indicating vortex breakdown, is observed closer to the apex compared to at &« = 10°.
At a = 17°, the vorticity contours of sinusoidal wing models are more similar to
those of the base wing model at @ = 10°, compared to the saw-tooth wing model.

The fragmental positive vorticity regions behind the S-A2¢05 at ¢ = 10° are no
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longer observed at @ = 17°. In contrast, the fragmental negative and positive
vorticity regions are still exhibited at a = 17° for the ST-A2¢05 wing model,
although these regions are significantly reduced in size. The vorticity contours and
streamline patterns of the ST-A2¢05 wing model indicate that this leading-edge

modification energizes the flow and works effectively as a vortex generator.
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Figure 4.14 Time-averaged vorticity contours (o) of base, S-A2¢03, S-A2¢05, and
ST-A2¢05 wing models at ¢ = 17°.

A negative vorticity region at the leading edge of all the wing models is observed, as
shown in Figure 4.15. The vorticity contours observed at ¢ = 22° for the base wing
model indicate a large-scale three-dimensional flow separation. However,

magnitudes of the positive vorticity regions for the S-A2¢05 and ST-A2¢p05 wing
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models are higher compared to other wing models at @ = 22°, suggesting that the

three-dimensional flow separation is delayed.
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Figure 4.15 Time-averaged vorticity contours (o) of base, S-A2¢03, S-A2¢05, and
ST-A2¢05 wing models at @ = 22°.

74



CHAPTER 5

CONCLUSION

The effect of bio-inspired leading-edge modifications on the aerodynamic
performance of a non-slender delta wing with a sweep angle of A = 45° was
presented in the current study. Four sinusoidal and two saw-tooth leading-edge wing
models with different wavelength and amplitude ratios were compared with a base
wing model. Force and surface pressure measurements were performed at a Reynolds
number of Re = 1 x 10° over a wide angle of attack range, and near-surface PIV
measurements were performed at a Reynolds number of Re = 7.5 X 10* over three
different angles of attack in a low-speed wind tunnel. The conclusions of the study,

along with the recommendations for future work, are summarized below.

5.1 Out-of-Ground Effect

The main findings of this study regarding the out-of-ground effect force, surface

pressure, and near-surface PIV measurements are:

1. Force measurement results revealed that utilizing bio-inspired leading-edge
modifications delayed stall and increased maximum lift coefficient (Cy, pyqy)
value. Moreover, the bio-inspired wing models showed an increased lift
coefficient compared to the base wing model over the angle of attack of a =
17°, providing smoother stall characteristics. The S-A2¢p05 and ST-A2¢05
models delay stall up to 4 degrees, both stalling around @ = 21°. Pressure
measurement results showed delayed stall onset for the modified wings,
supporting the results of aerodynamic coefficients. The ST-A2¢p05 wing
model demonstrated smaller suction regions, hence lower lift generation

capability at « = 11°, while having the highest lift coefficient among all the
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wing models at this angle of attack. This indicates a high promotion of
leading-edge vortices at lower angles of attack.

There is no significant difference in the drag, lift, and moment coefficient
among the wing models below a = 10°. However, the lift-to-drag coefficient
significantly differs among the wing models as the angle of attack exceeds
a = 5°. As the angle of attack increases over ¢ = 17°, an increase in the
drag, lift, and moment coefficient for the modified wing models compared to
the base wing model is apparent. When the lift-to-drag ratio is considered,
the ST-A2¢05 and S-A2¢03 models show better aerodynamic performance
between a = 6° and @ = 9°. The base wing model shows better acrodynamic
performance than the modified wings as the angle of attack increases further,
yet the difference is minor.

The moment coefficient results demonstrated similar slopes for all the wing
models at the lower angles of attack. However, as the angle of attack
increases further, S-A2¢05 and ST-A2¢p05 wing models show distinct
behaviors. The S-A2¢05 wing model indicates lower stability between the
angles of attack of 5° to 11° and the ST-A2¢05 wing model shows higher
stability between the angles of attack of 11°to 19°, compared to other wing
models. The bio-inspired wing models generally showed a lower longitudinal
static stability as the angle of attack surpassed ¢ = 17°. Bio-inspired leading-
edge modifications can improve the maneuverability of an aircraft and can
be utilized in various applications, since these modifications provide higher
lift, smoother stall characteristics, and lower negative rate of change in
moment coefficient. A reduction in longitudinal static stability at high angles
of attack can enhance maneuverability, which is advantageous in air combat
scenarios. However, for non-slender delta wings operating at low speeds,
such reductions must be carefully balanced to preserve adequate control
authority and ensure acceptable handling qualities.

Streamline patterns obtained from surface-PIV measurements showed that

the ST-A2¢05 wing model exhibited a distinct streamline pattern with
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combinations of bifurcation lines, which did not show a distinct negative
bifurcation line at « = 10°. This pattern differed significantly from the
sinusoidal wing models. Moreover, when the angle of attack increased from
a = 10° to a = 17°, indications of backflow were present for every wing
model except the saw-tooth model. At @ = 22°, the flow pattern of the base
wing shows indications of three-dimensional flow separation. In contrast, the
focal points of modified wing models are closer to the apex compared to the
base wing, indicating delayed three-dimensional separation.

5. Vorticity calculations from surface-PIV measurements showed that the ST-
22005 wing model exhibits fragmental, elongated negative vorticity regions
behind the crests at « = 10°, indicating multiple small-scaled leading-edge
vortices. Moreover, the S-A2¢05 and ST-A2¢05 wing models show
fragmental positive regions behind the troughs at « = 10°. At an angle of
attack of @ = 17°, these positive regions are no longer observed for the S-
A2¢05 wing model. In contrast, the ST-A2¢05 wing model exhibits reduced
negative and positive regions at this angle of attack. The PIV measurements
revealed that the leading-edge modifications of the ST-A2¢05 wing model
effectively work as a vortex generator and energize the flow. Large-scale
three-dimensional flow separation is observed for the base wing model at
a = 22°. In contrast, the S-A2¢05 and ST-A2¢05 wing models indicate a
delay in the three-dimensional flow separation, exhibiting higher magnitudes

of positive vorticity regions.

5.2 In-Ground Effect

The main findings of this study regarding the ground effect force and surface

pressure measurements are:

1. Force measurement results in ground effect revealed that as the ground
clearance decreased, the maximum lift coefficient (C; ,,,4,) Increased for all

the wing models. However, the increase rate was not the same for all the wing
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5.3

models. S-A1¢02 and ST-A2¢03 wing models showed the highest increase
rate, with a ~16% increase in the maximum lift coefficient as the ground
clearance decreases from h/C = 116% to h/C = 16%. The stall angle was
observed to be independent of the ground effect.

Similar to the out-of-ground effect, the drag coefficient showed similar trend
in all the wing models at lower angles of attack, and the rate of change in the
drag coefficient decreased as the angle of attack surpassed ¢ = 17° ath/C =
16%. The drag coefficient increased for all the wing models as the ground
clearance decreased.

The aerodynamic performance of the S-A3¢05 wing model was affected the
most by the ground effect with an increase rate of ~10%. Surface pressure

values did not vary significantly by the effect of ground.

Recommendations for Future Work

This study has experimentally investigated the effect of sinusoidal leading-edge

modifications on a non-slender delta wing and the ground effect on these wing

models. The present study can be improved in the following ways:

The force measurements can be conducted at higher Reynolds numbers to
investigate the aerodynamic performance of bio-inspired wing models at
different flight conditions.

The force and pressure measurements can be conducted with a dynamic
ground condition to investigate the aerodynamic performance of bio-inspired
wing modifications under more realistic ground effect.

Wings with different wavelength and amplitude ratios can be investigated to
further discuss the effect of these ratios on the aerodynamic performance.
The flow structure and pressure trend of the ST-A2¢05 wing model show
distinct behaviors, while showing one of the best aerodynamic performances.

Therefore, the saw-tooth wing models with various amplitude and
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wavelength ratios can be further investigated with force, pressure, and PIV
measurements.
The effect of the ground can be further investigated with crossflow PIV
measurements.
Different sinusoidal and saw-tooth configurations can be utilized in
specialized locations in small sections, such as near the apex, to investigate

these modifications' effect on the aerodynamic coefficients.
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Appendix A

OUT-OF-GROUND EFFECT FORCE/MOMENT COEFFICIENTS
CALCULATIONS SOURCE CODE

folder_name = 'C:\Users\CASPER\Desktop\Thesis"';
cd(folder_name)
addpath(folder_name)

% Chord length of the model
c = 135/1000; % (m)

fold_name 'All Over\Result Diren_ST2_GE';

wing_name = 'ST2';

%colors = [

'#000000' , '#FF4DOO', '#FF0000', '#0000FF ', '#660066', '#008000"', '#003333'];
%wing models old names [Base,SLE1,SLE2,SLE3,SLE4,ST1,ST2];

%wing models new names [Base,S-A3¢905,S-A2¢05,S-A2¢03,S-A1¢02,ST-A2905,
ST-A2¢903];

%markers = ['o',"'+', 'square', ', "'x", 'diamond’, "*'];

plot_color = '#000000';

plot_marker = '0';

aoa = (-4:2:30)"';

promptl="What is the tunnel speed? (%): ';
prompt7="What is the AoA protractor? ';

A = 18225/1076; % (m~2)

fan_speed = 40; % Folder

fan_speed_Vcalc = input(promptl); % Real Test % Base wing

% For 1lift curve slope calculation

aoa_protractor = input(prompt7);

aoa_shift = -aoa_protractor-2;
aoa_greater = 8 + aoa_shift;
aoa_lower = 2 + aoa_shift;

addpath('C:\Users\CASPER\Desktop\Thesis\Post Process Codes")
% Tunnel speed map

load('tunnel speed_map.mat')
%% MODEL + TOOLING, INERTIA
file_name = [fold_name '\Results\' num2str(@) 'per\DW_Results\'];

cd(file_name)
for i = 1:1length(aoa)
M=T];
M (dlmread([ 'aoca_' num2str(aoca(i)) '_h_101' ]1));
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FX_system_inertia(i,1)
FY_system_inertia(i,1)
FZ_system_inertia(i,1)
MX_system_inertia(i,1)
MY_system_inertia(i,1)
MZ_system_inertia(i,1)

mean(M(:,1));
mean(M(:,2));
mean(M(:,3));
mean(M(:,4));
mean(M(:,5));
mean(M(:,6));

FX_system_inertia_rms(i, 1)
FY_system_inertia_rms(i, 1)
FZ_system_inertia_rms(i,1)
MX_system_inertia_rms(i,1)
MY_system_inertia_rms(i, 1)
MZ_system_inertia_rms(i, 1)

std(M(:,1));
std(M(:,2));
std(M(:,3));
std(M(:,4));
std(M(:,5));
std(M(:,6));

end

fz_refinement_sw = 0;

temp = mean(dlmread('temp.txt'));

[Re, nu,mu, rho] = Re_calc(temp,c,0);
eval(['temp_model tooling ' num2str(@) 'per=temp;']);
eval([ 'Re_tooling ' num2str(@) 'per=Re;']);
cd('../. /o) )00T)

%% MODEL + TOOLING, AERO + INERTIA
file_name = [fold_name '\Results\' num2str(fan_speed)
"per\DW_results\'];

cd(file_name)
for i = 1:1length(aoa)
M=T[];
if exist(['aoa_' num2str(aoca(i)) '_h_101' ]) ~= 0
M = (dlmread(['aoa_' num2str(aca(i)) ' _h_101' ]));

if aoa(i)==22

Msrs = [(©:1/10000: (length(M)-1)*1/10000)"' M(:,3)-
mean(M(:,3))*0]; % Plot Fz in SRS

end

FX_system_inertia_aero(i,1) = mean(M(:,1));
FY_system_inertia_aero(i,1) = mean(M(:,2));
FZ_system_inertia_aero(i,1) = mean(M(:,3));
MX_system_inertia_aero(i,1) = mean(M(:,4));
MY_system_inertia_aero(i,1) = mean(M(:,5));
MZ_system_inertia_aero(i,1) = mean(M(:,6));

FX_system_inertia_aero_rms(i,1) = std(M(:,1));
FY_system_inertia_aero_rms(i,1) = std(M(:,2));
FZ_system_inertia_aero_rms(i,1) std(M(:,3));
MX_system_inertia_aero_rms(i,1) std(M(:,4));
MY_system_inertia_aero_rms(i,1) = std(M(:,5));
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MZ_system_inertia_aero_rms(i,1) = std(M(:,6));

if fz_refinement_sw == 1
if 1 ==1 % -10 degree aoa is selected as
the correct one
M_refine = (dlmread(['aoa_' num2str(
fz_refine_aoa )]));
fx1 = mean(M_refine(:,1));
clear M_refine
end
if aoa(i)~= fz_refine_aoa
aoa_var = aoa(i) - fz_refine_aoa;
x2 = mean(M(:,1));
FZ_system _inertia_aero(i,1) =
FZ_refinement(aoa_var,fx1,fx2);
end
end
else
FX_system_inertia_aero(i,1) = NaN;

FY_system_inertia_aero(i,1) = NaN;
FZ_system_inertia_aero(i,1) = NaN;
MX_system_inertia_aero(i,1) = NaN;
MY_system_inertia_aero(i,1) = NaN;
MZ_system_inertia_aero(i,1) = NaN;

FX_system_inertia_aero_rms(i,1) = NaN;

FY_system_inertia_aero_rms(i,1) = NaN;
FZ_system_inertia_aero_rms(i,1) = NaN;
MX_system_inertia_aero_rms(i,1) = NaN;

MY_system_inertia_aero_rms(i,1) = NaN;
MZ_system_inertia_aero_rms(i,1) NaN;

end
end
temp = mean(dlmread('temp.txt'));
[~, ~,mu, rho_global] = Re_calc(temp,c,fan_speed);
eval(['temp_model tooling ' num2str(fan_speed) 'per=temp;']);
eval(['Re_model tooling ' num2str(fan_speed) 'per=Re;']);

cd('../ /o) )00T)

%% TOOLING, INERTIA

file name = [fold_name '\Results\' num2str(o)
'per\Tooling results\'];

cd(file_name)
for i = 1:1length(aoa)

M= [];
M = (dlmread(['aoca_' num2str(aoca(i)) '_h_ 101' 1));
hSRS === === mmmmmmmmmmoo oo

if aoa(i)==24
Msrs = [[0:1/10000: (length(M)-1)*1/10000]"' M(:,3)-mean(M(:,3))];
% Plot Fz in SRS

93



e

FX_tooling _inertia(i,1)
FY_tooling inertia(i, 1)
FZ_tooling inertia(i,1)
MX_tooling_inertia(i,1)
MY_tooling_inertia(i,1)
MZ_tooling_inertia(i,1)

FX_tooling inertia_rms(i,1)
FY_tooling inertia_rms(i,1)
FZ_tooling inertia_rms(i,1)
MX_tooling_inertia_rms(i,1)
MY_tooling inertia_rms(i,1)
MZ_tooling_inertia_rms(i,1)

nd

mean(M(:,1));
mean(M(:,2));
mean(M(:,3));
mean(M(:,4));
mean(M(:,5));
mean(M(:,6));

std(M(:,1));
std(M(:,2));
std(M(:,3));
std(M(:,4));
std(M(:,5));
std(M(:,6));

if fz_refinement_sw ==

e
end

nd

ifi==1
M_refine
fx1 = me
clear M_
end

% -10 degree aoa is selected as the correct one
= (dlmread([ 'aoa_' num2str( fz_refine_aoa )]));
an(M_refine(:,1));

refine

if aoa(i)~= fz_refine_aoa

end

aoa_var
fx2 = me
FZ_tooli

= aoa(i) - fz_refine_aoa;

an(M(:,1));
ng_inertia(i,1) = FZ_refinement(aoa_var,fx1l,fx2);

temp = mean(dlmread( 'temp.txt"));
[~, nu,mu, rho] = Re
eval(['temp_tooling ' num2str(@) 'per=temp;']);
eval([ 'Re_tooling ' num2str(@) 'per=Re;']);

cd('../ /o) )00T)

calc(temp,c,0);

%% TOOLING, AERO + INERTIA
file_name =
'per\Tooling results\'];

[fold_na

cd(file_name)
1:1length(aoa)

for i

M:

M

[1;

me '\Results\' num2str(fan_speed)

(dlmread([ 'aoca_' num2str(aoca(i)) '_h_101']1));

FX_tooling inertia_aero(i,1) = mean(M(:,1));

FY_tooling inertia_aero(i,1)
FZ_tooling inertia_aero(i,1)
MX_tooling_inertia_aero(i,1)
MY_tooling_inertia_aero(i,1)
MZ_tooling_inertia_aero(i,1)

mean(M(:,2));
mean(M(:,3));
mean(M(:,4));
mean(M(:,5));
mean(M(:,6));

FX_tooling inertia_aero_rms(i,1) = std(M(:,1));
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FY_tooling inertia_aero_rms(i,1) = std(M(:,2));
FZ_tooling inertia_aero_rms(i,1) std(M(:,3));
MX_tooling inertia_aero_rms(i,1) = std(M(:,4));
MY_tooling_inertia_aero_rms(i,1) std(M(:,5));
MZ_tooling_inertia_aero_rms(i,1) std(M(:,6));

if fz_refinement_sw == 1

if i ==1 % -10 degree aoa is selected as the correct one
M_refine = (dlmread(['aoa_' num2str( fz_refine_aoa )]));
fx1 = mean(M_refine(:,1));
clear M_refine

end

if aoa(i)~= fz_refine_aoa
aoa_var = aoa(i) - fz_refine_aoa;
fx2 = mean(M(:,1));
FZ_tooling inertia_aero(i,1) =
FZ_refinement(aoa_var,fx1,fx2);
end
end
end
temp = mean(dlmread('temp.txt'));
[Re, nu,mu, rho] = Re_calc(temp,0/1000,0);
eval([ 'temp_tooling_' num2str(fan_speed) 'per=temp;']);
eval([ 'Re_tooling ' num2str(fan_speed) 'per=Re;']);
cd('../o /o))

% Summary Results

eval([ 'temp_model_tooling_ ' num2str(@) 'per']);
eval(['temp_model tooling ' num2str(fan_speed) 'per']);
eval(['temp_tooling ' num2str(@) 'per']);
eval(['temp_tooling ' num2str(fan_speed) 'per']);
eval(['Re_model tooling ' num2str(fan_speed) 'per']);

%% AERODYNAMIC LOAD

%%

% Distances from sensor to bracket trailing edge

dx = @; % (m) dx is positive if the point is apart from the sensor in
the drag direction

dy = -(470)/1000; % (m) dy is positive if the point is on the
starboard side of the sensor when viewed from the wind tunnel fan
location (-471 mm is the default value)

dz = -44/1000; % (m) dz is positive if the point is above the sensor
when viewed from the sidewalls of the tunnel (-29 mm is the default
value)

dx_strut = 15/1000*0; % (m) dx is positive if the point is apart from
the trailing edge in drag direction (15 is the default value)
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FX_system_aero
FY_system_aero
FZ_system_aero
MX_system_aero
MY_system_aero
MZ_system_aero

FX_tooling aero
FY_tooling_aero
FZ_tooling_aero
MX_tooling_aero
MY_tooling_aero
MZ_tooling_aero

FX_system_inertia_aero -
FY_system_inertia_aero -
FZ_system_inertia_aero -
MX_system_inertia_aero -
MY_system_inertia_aero -
MZ_system_inertia_aero -

FX_tooling inertia_aero
FY_tooling _inertia_aero
FZ_tooling_inertia_aero
MX_tooling inertia_aero
MY_tooling inertia_aero
MZ_tooling_inertia_aero

FX_system_inertia;
FY_system_inertia;
FZ_system_inertia;
MX_system_inertia;
MY_system_inertia;
MZ_system_inertia;

- FX_tooling_inertia;
- FY_tooling_inertia;
- FZ_tooling_inertia;
- MX_tooling_inertia;
- MY_tooling_inertia;
- MZ_tooling_inertia;

FX = FX_system_aero -
FY = FY_system_aero -
FZ = FZ_system_aero -
MX = MX_system_aero -
MY = MY_system_aero -
MZ = MZ_system_aero -

FX_tooling aero;
FY_tooling aero;
FZ_tooling_aero;
MX_tooling_aero;
MY_tooling_aero;
MZ_tooling_aero;

mean_FY=mean(FY);
mean_MX=mean (MX) ;
mean_MY=mean(MY);
mean_MZ=mean(MZ);

fprintf('MX= %s \n',mean_MX);
fprintf('MY= %s \n',mean_MY);
fprintf('MZ= %s \n',mean_MZ);
fprintf('FY= %s \n',mean_FY);

% First Method

% % AOA arrangement
aoa_plot_final=(aoa+aoa_shift);
aoa_rad = aoa_plot_final*pi/180;
% %%% AOA shift %%%

FX_model_aero_inertia
FX_tooling_inertia_aero;
FY_model_aero_inertia
FY_tooling _inertia_aero;
FZ_model_aero_inertia
FZ_tooling_inertia_aero;
MX_model_aero_inertia
MX_tooling_inertia_aero;
MY_model_aero_inertia
MY_tooling inertia_aero;

FX_system_inertia_aero -

FY_system_inertia_aero -

FZ_system_inertia_aero -

MX_system_inertia_aero -

MY_system_inertia_aero -
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MZ_model_aero_inertia =
MZ_tooling inertia_aero;

FX_model_inertia =
FY_model_inertia =
FZ_model_inertia =
MX_model_inertia =
MY_model_inertia =
MZ_model_inertia =

FX_system_inertia
FY_system_inertia
FZ_system_inertia
MX_system_inertia
MY_system_inertia
MZ_system_inertia

MZ_system_inertia_aero -

FX_tooling_inertia;
FY_tooling_inertia;
FZ_tooling inertia;
MX_tooling_ inertia;
MY_tooling inertia;
MZ_tooling_inertia;

FX = FX_model_aero_inertia - FX_model_inertia;
FY = FY_model_aero_inertia - FY_model_inertia;
FZ = FZ_model_aero_inertia - FZ_model_inertia;
MX = MX_model aero_inertia - MX_model_inertia;
MY = MY_model_aero_inertia - MY_model_inertia;
MZ = MZ_model_aero_inertia - MZ_model_inertia;

% Second Method

% BODY TO WIND FRAME Forces and Moments

[FX_w,FZ_w] = body2wind(FX,FZ,aoa_rad); % Drag and Lift Forces (N)
FY_ w = - (FY); % Side force
[MX_w_sensor,MZ_w_sensor] = body2wind(MX,MZ,aoa_rad); % Roll and Yaw
Moments (N)

MY_w_sensor = - ( MY); % Pitch Moment (Nm)
MX_ w = (+FY_w*dz - FZ_w*dy) + MX_w_sensor;
MY w = (-FX_w*dz + FZ_w*dx) + MY_w_sensor;

MZ_w

(+FX_w*dy - FY_w*dx) + MZ_w_sensor;

% Pressure Center

x_p = ( - MY_w_sensor + FX_w*dz) ./ FZ_w; % (m) Pressure center in
pitch x_p is positive if the point is apart from the sensor in drag
direction

% WIND FRAME Coefficients
rho = rho_global; % kg/m"3

V = interpl(fan_per_map,power_per_map,fan_speed Vcalc); %
Interpolation for tunnel map

dyn_press = 1/2*rho*Vv"2;

C D = FX_w/(dyn_press*A);
C_Y = FY_w/(dyn_press*A);
C_L = FZ_w/(dyn_press*A);
C_R = MX_w/(dyn_press*A*c);

% Define the moment reference point
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x_ref = ¢/1000; % Moment reference point is at the trailing edge

% Assuming the original moment is calculated at x_©0 (initial
reference point)

X 0 = 0; % The original reference point at the apex

% Adjust the pitching moment to the new reference point
My =MYw+ FZw* (x_ref - x 0);

% Calculate the pitching moment coefficient with the new reference

point
CM=My / (dyn_press * A * c);
C_ N = MZ_w/(dyn_press*A*c);

CL_CD = C_L./C_D;

high_ind = find(aoa_plot_final==aoa_greater);
1 ind = find(aoa_plot_final==aoa_lower);

CL_alpha = ( C_L(high_ind) - C L(1_ind) ) / (
aoa_plot_final(high_ind) - aoa_plot_final(l_ind) );

CM_alpha = ( C_M(high_ind) - CM(1_ind) ) / (
aoa_plot_final(high_ind) - aoa_plot_final(l_ind) );

X_a = (dx_strut + c)/c - CM_alpha/CL_alpha; % measured location is
normalized by the chord length. It is defined from the apex therefore c
distance is added.

fprintf('X_a= %s \n',X_a);

o %

FX_derived = MZ/ (+dy);
FY_derived = zeros(size(FX_derived));
FZ_derived = MX/ (-dy);

[FX_w_derived,FZ_w_derived] =
body2wind(FX_derived,FZ_derived,aoa_rad); % Derived Drag and Lift Forces

(N)

FY_w_derived = - (FY_derived); % Derived Side force
% % % % % FZ w derived = FZ_w_derived - (FZ_w_derived(aoa_rad==0)); %

This line has to be commented. It stands for equating the lift value to
zero at zero angle of attack
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MX_w_derived
MY_w_derived
MZ_w_derived

(+FY_w_derived*dz - FZ_w_derived*dy) + MX_w_sensor;
(-FX_w_derived*dz + FZ_w_derived*dx) + MY_w_sensor;
(+FX_w_derived*dy - FY_w_derived*dx) + MZ_w_sensor;

% Double Check
expression_tobe_zero = MY + FX_derived * dz + MY_w_derived; % This
expression should be zero, My b sensor = Fx b * (-dz) + (My_b) _model

C_D_derived = FX_w_derived/(dyn_press*A);
C_Y_derived = FY_w_derived/(dyn_press*A);
C_L_derived = FZ_w_derived/(dyn_press*A);
C_R_derived = MX_w_derived/(dyn_press*A*c);

M_y derived = MY_w_derived + FZ_w_derived * (x_ref - x_0);

% Calculate the pitching moment coefficient with the new reference
point
C_M derived = M_y derived / (dyn_press * A * ¢);

C_N_derived = MZ_w_derived/(dyn_press*A*c);

CL_CD_derived = C_L_derived./C_D_derived;

x_p_derived = ( - MY_w_sensor + FX w_derived*dz ) ./ FZ_w_derived; %
(m) Pressure center in pitch x_p is positive if the point is apart from
the sensor in drag direction

CL_alpha_derived = ( C_L_derived(high_ind) - C_L_derived(1l_ind) ) / (
aoa_plot_final(high_ind) - aoa_plot_final(l_ind) );

CM_alpha_derived = ( C_M derived(high_ind) - C_M derived(l_ind) ) / (
aoa_plot_final(high_ind) - aoa_plot_final(l_ind) );

X_a_derived = (dx_strut + c)/c - CM_alpha_derived/CL_alpha_derived; %
measured location is normalized by the chord length. It is defined from
the apex; therefore c distance is added.

%6767626%6767667676 7676766667696 76.76.76.1676 6767676761667 767676166 667676 76166 1676767616166 696767616166 676767616696 76 76161616 6 6. 6.1
%%

%67626967676767676%6 7766666760666 = = = = === === mmmmmm e mmm e m e e oo -
%6767626%6%6.76.67676 9676767666766 76.76.76.1676

%6767676%67676767676 676766667676 76.76.76.1676 676767676166 76767676 7676 667676 7666 1676767616166 676767616166 676767616166 76 76161616 6 6. 6.1
%%

% The mass of the tooling

FX_b_1 = FX_tooling_inertia;

FZ b 1 FZ_tooling_inertia;

[FX w_ 1,FZ w_1] = body2wind(FX_b_1,FZ b _1,a0a_rad);
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% The mass and aerodynamic of the tooling

FX_b_234 = FX_tooling_inertia_aero;

FZ_b_234 = FZ_tooling_inertia_aero;

[FX_w_234,FZ_w_234] = body2wind(FX_b_234,FZ b 234,a0a_rad);

% The mass of the system

FX_b_5 = FX_system_inertia;

FZ_b 5 = FZ_system_inertia;

[FX w_5,FZ_w_5] = body2wind(FX_b_5,FZ_b_5,aoa_rad);

% The mass and aerodynamic of the system

FX_b_678 = FX_system_inertia_aero;

FZ_b 678 = FZ_system_inertia_aero;

[FX_ w_678,FZ_w_678] = body2wind(FX_b_678,FZ b _678,a0a_rad);

% The aerodynamic of the wing

[FX_w_91011,FZ_w_91011] = body2wind((FX_b_678-FX_b_234) - (FX_b_5-
FX_b_ 1), (FZ_b_678-FZ_b_234) - (FZ_b_5-FZ_b_1),ao0a_rad);

% %%%%667626%%%67606%6%%666%%%%% NEW APPROACH FOR
UNCERTAINTY %%7%7%%%%%3626%6%%%367676%6%%6.76767676%6%.%6.7676606 %6 %2666 66 %6 %6666 %6 %6 %67

% [FX_w_91011,FZ w_91011] = body2wind((FX_b_678-FX_b_234) -
FX_model _inertia_v2, (FZ_b_678-FZ_b 234) - FZ_model_inertia_v2,aoa_rad);

% The aerodynamic coefficients of the wing
C_D_121314 = FX_w_91011/(dyn_press*A);
C L 121314 = FZ _w_91011/(dyn_press*A);
CL_CD 121314 = C_L_121314./C_D_121314;

6769676769766 9696676967666 96767696 36766 676666766 63666966166 6766 63666 676166 6766 96 366666166 6766 963666 676166 %6
%%

%6269 7676660 %6660 %%%6% Derived plots for paper format
6969766269766 676697666 %6766 %6 %%

%67626%6%6%.7667676 6767676666 %676 7676676 %66 6.76.6.166 967676766616 %676 767666 9676 76766166 466767666 46 6676666696 66766 %6 %6676
%%

% The mass of the tooling

FX_b_1_derived = MZ_tooling_inertia/ (+dy);

FZ_b_1 derived = MX_tooling_inertia/ (-dy);

[FX_ w_1 derived,FZ w_1 derived] =
body2wind(FX_b_1 derived,FZ_b_1 derived,aoa_rad);

% The mass and aerodynamic of the tooling
FX_b 234 derived = MZ_tooling inertia_aero/ (+dy);
FZ_b 234 derived = MX_tooling inertia_aero/ (-dy);
[FX_w_234 derived,FZ_w_234 derived] =

body2wind (FX_b_234_derived,FZ_b_234 derived,aoa_rad);

% The mass of the system

FX_b_5 derived = MZ_system_inertia/ (+dy);
FZ_b 5 derived = MX_system_inertia/ (-dy);
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[FX_w_5_derived,FZ_w_5 derived] =
body2wind(FX_b_5_derived,FZ_b_5_derived,aoa_rad);

% The mass and aerodynamic of the system

FX_b_678 derived = MZ_system_inertia_aero/ (+dy);

FZ_b 678 derived = MX_system_inertia_aero/ (-dy);

[FX_w_678_derived,FZ_w_678_derived] =
body2wind(FX_b_678 derived,FZ_b_678_derived,aoa_rad);

% The aerodynamic of the wing
[FX_w_91011 derived,FZ_w_91011 derived] = ...
body2wind((FX_b_678_derived-FX_b_234 derived) - ...
(FX_b_5_derived-FX_b_1 derived), (FZ_b_678 _derived-
FZ_b_234 derived)...
- (FZ_b_5 derived-FZ_b_1 derived),aoa_rad);

% The aerodynamic coefficients of the wing

C_D 121314 derived = FX_w_91011 derived/(dyn_press*A);

C_L_ 121314 derived = FZ_w_91011 derived/(dyn_press*A);
CL_CD_121314 derived = C_L_121314_derived./C_D_121314_derived;

%%

if fan_speed == 20
plot_index = [2 6 9 12];
elseif fan_speed == 25
plot_index = [3 7 10 13];
elseif fan_speed == 30
plot_index = [4 8 11 14];
elseif fan_speed == 40
plot_index = [2 6 9 12];

end

CD_map = C_D_121314;
CL_map = C_L_121314;
CL2CD_map = CL_CD_121314;
CM_map = C_M;

CD_derived_map C_D_121314 derived;
CL_derived_map = C_L_121314 derived;
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CL2CD_derived_map
CM_derived_map

X_a_map = X_a;
X_a_derived_map =
X_p_map = x_p;
X_p_derived_map =

FX_system_inertia

FZ_system_inertia_aero_rms_map
MX_system_inertia_aero_rms_map
MY_system_inertia_aero_rms_map
MZ_system_inertia_aero_rms_map

= C_M _derived;

X_a_derived;

x_p_derived;

aero_rms_map

CL_CD_121314

derived;

FX_system_inertia_aero_rms;
FZ_system_inertia_aero_rms;
MX_system_inertia_aero_rms;
MY_system_inertia_aero_rms;
MZ_system_inertia_aero_rms;

file_savename = [folder_name '\' fold_name '\Results\'];

cd(file_savename)

% Saving the RMS resultsl
figHandles = findobj('Type', 'figure');
for i = 1:length(figHandles)
[num2str(i) '.fig' ])

savefig(figure(i),

end
cd(folder_name)
%%

close all

% %% h charts on the legend data vs AOA
%67626%6%%.76767626 6767676666 %6 %6.76.76676 %67 6.76.6.766 66766

figure;

set(gcf, 'units', 'normalized’,

1.8 * 0.68])

ha33 = tight_subplot(2, 2, [.08 .07], [.08 .01], [.2 .2]);

% Plot C_D vs AOA
axes(ha33(1));

%plot(aoa_plot final, CD_map, ['--
"Color', color_map_h(color_index,

)

plot(aoa_plot_final, CD_derived_map, 'Marker', plot_marker,
plot_color ,'LineWidth',1.5); ylabel('C_ D', 'Rotation', @);

hold on;
grid on;

set(gca, 'GridLineStyle', '-");
set(gca, 'GridColor', [0.15,0.15,0.15]);
set(gca, 'GridAlpha', 0.15);

set(gca, 'GridLineWidth', ©.5);

hold on;
legend(wing_name,

"Location', 'northwest');
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% Plot C_L vs AOA

axes(ha33(3));

% plot(aoa_plot final, CL_map, ['--
"Color', color_map_h(color_index, :));

plot(aoa_plot_final, CL_derived_map, 'Marker', plot_marker, 'Color’,
plot_color ,'LineWidth',1.5); ylabel('C_L', 'Rotation', @);
xlabel('\alpha (degree)');

hold on;

grid on;

set(gca, 'GridLineStyle', '-');

set(gca, 'GridColor', [0.15,0.15,0.15]);

set(gca, 'GridAlpha', 0.15);

set(gca, 'GridLineWidth', ©.5);

hold on;

markers{marker_index}(2)],

% Plot C_M vs AOA

axes(ha33(2));

% plot(aoa_plot final, CM_map, ['--' markers{marker_index}(2)],
"Color', color_map_h(color_index, :));

plot(aoa_plot_final, CM_derived_map, 'Marker', plot_marker, 'Color’,
plot_color ,'LineWidth',1.5); ylabel('C_M', 'Rotation', @);

hold on;

grid on;

set(gca, 'GridLineStyle', '-');

set(gca, 'GridColor', [0.15,0.15,0.15]);

set(gca, 'GridAlpha', 0.15);

set(gca, 'GridLineWidth', ©.5);

hold on;

% Plot C_L / C_D vs AOA

axes(ha33(4));

% plot(aoca_plot final, CL2CD_map, ['--' markers{marker_index}(2)],

"Color', color_map_h(color_index, :));

plot(aoa_plot_final, CL2CD_derived_map, 'Marker', plot_marker,
"Color', plot_color ,'LineWidth',1.5); ylabel('C_L / C_D', 'Rotation’,
0); xlabel('\alpha (degree)');

hold on;

grid on;

set(gca, 'GridLineStyle', '-');

set(gca, 'GridColor', [0.15,0.15,0.15]);

set(gca, 'GridAlpha', 0.15);

set(gca, 'GridLineWidth', ©.5);

hold on;

hold on;
% Save aerodynamic data
save([wing_name ' aero_data.mat'], 'MX', 'My', 'Mz', ‘'dy', 'dyn_press',

'aoa_plot_final', 'A', 'c');

% Subfunctions
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function Fz_refined = FZ_refinement(aoa_var,fx1,fx2)

X axis static balance refinement

aoa_var = delta aoa from the initial fx value aoa

if initial -10 aoa fx value is accepted as correct one, -8 aoa Fz value
will be defined with aoa_var = 2 since -8 - (-10)

3% 3R R X

if aoa_var == @ % Take precaution with respect to aoa == ©
Fz_refined_upper = tand(90 - (42)) * (fx2 - fx1);
Fz_refined_lower = tand(90 - (-2)) * (fx2 - fx1);
Fz_refined = mean([Fz_refined_upper,Fz_refined_lower ]);
else
Fz_refined = tand(90 - (aoa_var)) * (fx2 - fx1);
end
end

function [FX_wind_frame,FZ_wind_frame] =
body2wind (FX_body_frame,FZ_bodyframe,aoa_rad)

FX_wind_frame = + ( FX_body_frame.* cos(aoca_rad) - FZ_bodyframe.*
sin(aoa_rad) ); % Drag (N)
FZ_wind_frame = - ( FX_body frame.* sin(aoa_rad) + FZ_bodyframe.*

cos(aoa_rad) ); % Lift (N)

end
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Appendix B

OUT-OF-GROUND EFFECT PRESSURE COEFFICIENT
CALCULATIONS SOURCE CODE

folder_name = 'C:\Users\CASPER\Desktop\Thesis"';
cd(folder_name)
addpath(folder_name)

c = 135/1000; % Wing chord length in meters

fan_speed = 40; % Fan speed for file reading

aoa = -2:2:30; % Angle of attack range

csv_col = 11; % Number of columns in the CSV files of the experiments
(depends on the wing)

prompt7 = 'What is the AoA protractor?: ';
aoa_protractor = input(prompt7);
aoa_shift = -aoa_protractor - 2;
aoa_plot_final = (aoa + aoa_shift);

y_to S = [0.207407407, ©.281481481, ©.355555556, 0.42962963, 0.503703704,
0.577777778, ©.651851852, ©.725925926, 0.8]; % Pressure port locations

Pre-allocations for data storage
cell(length(aoa), 1);
cell(length(aoa), 1);
cell(length(aoa), 1);

p_map = cell(length(aoca), 1);
_dyn_map = cell(length(aoa), 1);

%
N
M
C
C
P

% Results folder name

fold_name = 'All Over\Pressure_Results Base LS GE';
wing_name = 'Base’;

%colors = [

'#000000' , '#FF4D0O', '#FFO000 ", '#00OOFF ', '#660066", " '#008000', '#003333"'];
%wing names [Base,S-A3¢9p05,S-A2¢p05,S-A2¢03,S-A1¢02,ST-A2¢05,ST-A2¢003];
%markers = ['o',"'+', 'square', "', "'x", 'diamond’, '*'];

plot_color = '#000000";

plot_marker = '0';

% Loop for noise data processing

for i = 1:length(aoa)
file_name = [fold_name '\Results\' num2str(fan_speed) 'per\noise\'];
cd(file_name)

% Initialize matrix for noise data
A = zeros(1, csv_col);

% Check if file exists for the specified angle of attack
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if exist(['aoa_
% Average noise data from the single available file
A = (mean(readmatrix(['aoa_' num2str(aoa(i))
' h_ 101 noise_ 1 Streaml.csv'])) + ...
mean(readmatrix([ 'aoa_'
' h 101 noise 2 Streaml.csv'])) + ...
mean(readmatrix([ 'aoa_"
' _h_101 noise_3_Streaml.csv'])))/3;
end

num2str(aoca(i))

num2str(aoa(i))

N{i} = A;
cd('../ /) 00h)
end

% Loop for measured data processing
for i = 1:length(aoa)

file_name = [fold_name '\Results\' num2str(fan_speed)
'per\measured_data\'];

cd(file_name)

% Initialize matrix for measured data
B = zeros(1, csv_col);

% Check if file exists for the specified angle of attack
if exist(['aoa_' num2str(aca(i)) ' _h 101 1 Streaml.csv']) ~= 0@
% Average measured data from the available file
B = (mean(readmatrix(['aoa_' num2str(aoa(i))
' h 101 1 Streaml.csv'])) + ...
mean(readmatrix([ 'aoa_
'_h_101_2_Streaml.csv'])) + ...
mean(readmatrix([ 'aca_' num2str(aoa(i))
' h 101 3 Streaml.csv'])))/3;
end

num2str(aoa(i))

M{i} = B;
cd('../.. /o /o))
end

% Subtract noise from the measured data
for i = 1:length(aoa)
c{i} = M{i} - N{i};

end

% Cp calculator and plotter
for i = 1:length(aoa)
C_mat = C{i};

% Extract Cp values

P = C_mat(l:end-2);

P_static = C_mat(end-1);
P_total = C_mat(end);

P_dyn = P_total - P_static;
Cp = (P - P_static) / P_dyn;
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Cp_map{i} = Cp;
P_dyn_map{i} = P_dyn;

% Plot Cp values
figure(i)
plot(y_to_S, -Cp, '-', 'Marker', plot_marker,

"LineWidth', 1);

end

hold on

grid on

title(['\alpha = ' num2str(aoa_plot_final(i))
xlabel('y/s");

xlim([@ 1]);

ylim([-0.4, 1.4]);

ylabel('-C p');

legend(wing_name);

% Save pressure data

save([wing_name

'P_static', 'P_total');
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Appendix C

ABSOLUTE UNCERTAINTY LEVELS OF FORCE MEASUREMENTS
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Figure C - 1 Absolute uncertainty levels of drag coefficient (Cp), lift coefficient
(Cy), moment coefficient (Cy;), and the lift-to-drag ratio (C;, /Cp) for the base wing

model.
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Figure C - 2 Absolute uncertainty levels of drag coefficient (Cp), lift coefficient
(C;), moment coefficient (Cy,), and the lift-to-drag ratio (C; /Cp) for the S-A1¢$02

wing model.
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Figure C - 3 Absolute uncertainty levels of drag coefficient (Cp), lift coefficient
(C;), moment coefficient (Cy,), and the lift-to-drag ratio (C;, /Cp) for the S-A2¢03

wing model.
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Figure C - 4 Absolute uncertainty levels of drag coefficient (Cp), lift coefficient
(C;), moment coefficient (Cy,), and the lift-to-drag ratio (C;,/Cp) for the S-A2¢$05

wing model.
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Figure C - 5 Absolute uncertainty levels of drag coefficient (Cp), lift coefficient
(C;), moment coefficient (Cy,), and the lift-to-drag ratio (C;,/Cp) for the S-A3¢$05

wing model.
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Figure C - 6 Absolute uncertainty levels of drag coefficient (Cp), lift coefficient
(C;,), moment coefficient (Cy,), and the lift-to-drag ratio (C; /Cp) for the ST-A2¢03

wing model.
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Figure C - 7 Absolute uncertainty levels of drag coefficient (Cp), lift coefficient
(C;), moment coefficient (Cy,), and the lift-to-drag ratio (C;, /Cp) for the ST-A2¢$05

wing model.

115






Appendix D

STATIC GROUND EFFECT FORCE MEASUREMENT RESULTS
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Figure D - 1 Drag coefficient (Cp), lift coefficient (C}), moment coefficient (Cy,),
and the lift-to-drag ratio (C;/Cp) at various ground clearances and angles of attack

for S-A1402 wing model.
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Figure D - 2 Drag coefficient (Cp), lift coefficient (C;), moment coefficient (Cy,),
and the lift-to-drag ratio (C; /Cp) at various ground clearances and angles of attack

for S-A3¢05 wing model.
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Figure D - 3 Drag coefficient (Cp), lift coefficient (C;), moment coefficient (Cy,),
and the lift-to-drag ratio (C; /Cp) at various ground clearances and angles of attack

for ST-A2¢03 wing model.
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Appendix E

STATIC GROUND EFFECT PRESSURE MEASUREMENT RESULTS
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Figure E - 1 Distribution of pressure coefficient at various angles of attack and

height-to-chord ratios for base wing model on half span at x/C = 0.5.
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Figure E - 2 Distribution of pressure coefficient at various angles of attack and

height-to-chord ratios for S-A1¢02 wing model on half span at x/C = 0.5.
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Figure E - 3 Distribution of pressure coefficient at various angles of attack and

height-to-chord ratios for S-A2¢p03 wing model on half span at x/C = 0.5.
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Figure E - 4 Distribution of pressure coefficient at various angles of attack and

height-to-chord ratios for S-A2¢p05 wing model on half span at x/C = 0.5.
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Figure E - 5 Distribution of pressure coefficient at various angles of attack and

height-to-chord ratios for S-A3¢05 wing model on half span at x/C = 0.5.
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Figure E - 6 Distribution of pressure coefficient at various angles of attack and

height-to-chord ratios for ST-A2¢03 wing model on half span at x/C = 0.5.
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Figure E - 7 Distribution of pressure coefficient at various angles of attack and

height-to-chord ratios for ST-A2¢05 wing model on half span at x/C = 0.5.
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Appendix F

VECTOR FIELDS AND VELOCITY CONTOURS OF PIV
MEASUREMENTS

S-32¢05 e =10°

Basea =10°

Figure F - 1 Vector fields of base, S-A2¢03, S-A2¢05, and ST-A2¢p05 wing models
ata = 10°.
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Basea =17°

S-12¢05a=17°

S- 22903 a=17°

Figure F - 2 Vector fields of base, S-A2¢03, S-A2¢05, and ST-A2¢05 wing models
ata = 17°.
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Figure F - 3 Vector fields of base, S-A2¢03

ata
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Basea =10°

S-A2¢05 a = 10°

ST-A2¢05 a = 10°

S-A2¢$03 a. = 10°

Figure F - 4 Velocity contours of base, S-A2¢03, S-A2¢05, and ST-A2¢p05 wing

models at ¢ = 10°.
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Basea =17°

S-R2¢05 a =17°

ST-A2¢05 a=17°

S-A2¢03 a=17°

Figure F - 5 Velocity contours of base, S-A2¢03, S-A2¢05, and ST-A2¢p05 wing

models at ¢ = 17°.
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Base g =22°

S-A2¢05 a =22°

S-12¢03 a = 22° ST-22¢05 a = 22°

Figure F - 6 Velocity contours of base, S-A2¢03, S-A2¢05, and ST-A2¢p05 wing

models at ¢ = 22°.
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