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ABSTRACT

EFFECT OF BLEED OPENING RATIO ON FLOW STRUCTURE OF A
NONSLENDER DELTA WING

Kestel, Kayacan
M.S., Department of Mechanical Engineering

Supervisor: Assoc. Prof. Dr. M. Metin Yavuz

August 2019, 07| pages

Boundaries of the aircraft industry need to expand since both economic and eco-
logic constraints are getting more challenging. The usage of Unmanned Air Vehicles
(UAV), Unmanned Combat Air Vehicles (UCAV), and Micro Air Vehicles (MAV)
which can be simplified as non-slender delta wing plan-forms has been increasing
during the last few decades, primarily due to their superiority over commercial air-
planes. Hence, researchers have aimed to control the complex flow structures on
non-slender delta wings with particular interest on elimination of large-scale, three
dimensional surface separation indication of pre-stall/stall regime, which appears at

sufficiently high angle of attacks.

Recently, it is proposed that passive bleeding, which utilizes passage inside the wing
in order to allow the fluid to flow from the pressure side to suction side by using inher-
ent pressure difference, have potential to be used as a flow control method to eliminate
large-scale surface separation. The aim of the present study is to understand the effect
of bleed opening ratio on flow structure and aerodynamic forces of a non-slender, 45

degree swept delta wing. For that purpose, the delta wings with four different bleed



opening ratios, bor, varying from 0.35 to 1.00, have been tested in a low-speed wind
tunnel using surface pressure measurement, Particle Image Velocimetry (PIV), and
force measurement. The experiments were conducted in a broad range of angles of
attack 0 > o > 36 degree and at two different Reynolds number Re = 5 x 10* and 1
x 10°.

The results indicate that at high angles of attack where the pronounced surface sep-
aration appears on the plan-form, wing with bor=1.00 is the most successful in the
elimination of the of large-scale, three-dimensional surface separation, albeit that the
lift force over the wing decreases. Moreover, the wing with bor=0.85 exhibits the
best performance considering the lift coefficients and the stall angle. Further studies

are needed to effectively use bleeding as a flow control technique.

Keywords: delta wing, bleeding, bleed opening ratio, flow control, non-slender, low

sweep
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AKITMA ACIKLIK ORANININ iINCE OLMAYAN DELTA KANAT
UZERINDEKI AKISA ETKISI

Kestel, Kayacan
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Dog¢. Dr. M. Metin Yavuz

Agustos 2019 ,[97| sayfa

Havacilik sektoriindeki ekonomik ve ekolojik sinirlamalarin artmasi ile birlikte, hava-
cilik teknolojisi de sinirlarini gelistirmek zorunda kalmigtir. Basit delta kanat seklinde
modellenebilen insansiz hava araglarinin ve mikro hava araglarinin kullanimi da, bu
kanatlarin siradan airfoil kullanan hava araglarina gore olan iistiinliiklerinden dolayz,
son yillarda artis gostermektedir. Bunun sonucu olarak, arastirmacilar, ince olmayan
delta kanatlar etrafindaki karmasik akis yapisinin anlasilmasi ve bu yapinin kontrolii
ile li¢ boyutlu yiizey ayrilmasinmi engellemek ve yiiksek hiicum acilarinda goriilen per-

dovitesi geciktirmek amaciyla ¢aligmalar yapmaktadirlar.

Ince olmayan delta kanatlar iizerinde yeni uygulanmaya bagslanan pasif akitma meto-
dunun, {i¢ boyutlu yiizey ayrilmasini engellemede etkili olabilecegi goriilmiistiir. Pa-
sif akitma metodu, kanadin i¢indeki basit gecitler sayesinde, kanadin basin¢ ve emme
yiizeyleri arasindaki basing farkindan faydalanara, havanin basing yiizeyinden emme
yiizeyine gecmesini saglayan bir akis kontrol yontemidir. Bu calismadaki amacg, pasif
akitma aciklik oraninin, bor, ince olmayan, 45 derece ok acili, delta kanatlar etrafin-

daki akis yapisina ve kanat iizerindeki aerodinamik kuvvetlere etksini incelemektir.
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Bu amagla, akitma agiklik oranlar1 0.35 ve 1.00 arasinda degisen dort farkli ince ol-
mayan delta kanat, yiizey basing ol¢iim teknigi, parcacik goriintiilemeli hiz 6l¢ciim
teknigi ve kuvvet olciim teknikleri kullanilarak, diisiik hizli riizgar tiinelinde test edil-
mistir. Deneyler, genis bir hiicum agis1 aralifinda 0 > « > 36 ve iki farkli Reynolds

sayisinda Re = 5 x 10* and 1 x 10 yiiriitiilmiistiir.

Calismanin sonucu gostermistir ki, bor=1.00 aciklik oranina sahip kanat, ii¢ boyutlu
yiizey ayrilmasini engellemekte en etkili performansi gostermistir ancak kanat iize-
rindeki kaldirma kuvvetinde bir diisiis oldugu goriilmiistiir. Ayrica, bor=0.85 agiklik
oranina sahip kanat, kaldirma kuvveti ve perdovitesin geciktirilmesi yonlerinde en
basarili performansi gostermistir. Pasif akitma yonteminin daha etkin bir akis kontrol

mekanizmasi olarak kullanimi i¢in, bu konuda ileri tetkikler yapilmalidir.

Anahtar Kelimeler: delta kanat, diisiik ok agisi, ince olmayan delta kanat, akitma, akis

kontrol
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CHAPTER 1

INTRODUCTION

Developments in the aircraft industry extended the limits of the aviation from the ear-
liest design of the simple planes to the large scale fuel efficient commercial planes,
supersonic fighters and micro air vehicles. Moreover, as the economic and envi-
ronmental aims of the aerospace industry getting more challenging, need of various
novel design of unconventional aircraft also stimulates engineering society to look
for new the solutions [1]. Thin plan-form idea to minimize the drag arised at the
early 1950s [2]. Accordingly, the desire to design a plane generating lift throughout
the entire surface evolved the shape of the planes into the delta wing integrated air
vehicles. Denning et al., at late 1990s, mentioned the possible benefits of integrating
delta wing shape to large aircraft design , such examples of which are illustrated in
Figure [3]. Boeing blended-wing-body (BWB) airplane concept is an example
of an unconventional aircraft design which is proved to be fuel efficient compared
to conventional planes [4]]. Furthermore, the usage of the Unmanned Air Vehicle
(UAV), Unmanned Combat Air Vehicles (UCAV), and Micro Air Vehicles (MAV),
which can be modeled as simple delta shaped plan-forms illustrated in Figure [1.2]
augmented significantly in recent years. Since these micro devices are designed in
the warrant to flee from the radars, the control surfaces over these aircraft are min-
imized. Furthermore, since they are highly susceptible to the loss of flight control
under the exposure of gusts due to their low weight and small size, comprehension
of the flow field of these plan-forms becomes crucial. Therefore, a thorough investi-
gation of aerodynamics of non-slender delta wings and control of the flow structure
over such plan-forms becomes the need [5/6]. One of the first studies to comprehend
flow structure around the simple plan-forms in delta shape with low-sweep angle was

published in 1960s [7]. Despite that, over the years, many studies have been per-



formed to comprehensively understand the complicated flow field of the non-slender
delta wings and various methods of flow control were introduced to identify how they
effect the flow field, which strongly influence the flight performance and stability,
there are plenty of new control methods that are not applied to the non-slender delta

wings.

Figure 1.1: Illustration of Unmanned combat air vehicle UCAVEkleft) and the
blended wing body BWBEFright)

o
o

w

Figure 1.2: Representation of UAV, MAYV, and UCAV

The name of the delta wing is coming from the greek letter delta, A, due to the evident
similarity of the shape of the plan-form. The sweep angle, /A, shown in the schematic
of a delta wing in Figure [I.3] is the main parameter classifying the delta wings. Al-
though, even the slight changes of the sweep angle differ the aerodynamics and the

flow field of these plan-forms, delta wings are basically classified into two according

Retrieved from https://www.nasa.gov/centers/dryden/research/X45A/index html
ZRetrieved from https://www.nasa.gov/centers/langley/news/factsheets/FS-2003-11-81-LaRC.html
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to their sweep angles: slender wings with sweep angle more than 55° and non-slender
wings with that less than 55°. The superiority of non-slender delta wings over the
slender ones appear in the low structural-weight-to-takeoff-weight ratio and high ma-
neuverability capacity, nonetheless, number of studies regarding the flow physics of

slender delta wings are far more than that of their non-slender counter-parts [8]].

S, Span

Figure 1.3: Basic schematic of a delta wing

Two counter rotating vortices are formed at the suction side of the delta wings regard-
less of the sweep angle of the wing [9]. As the velocity of the core of the vortices
are higher than the free stream velocity, U, presence of the vortices augments the
lift force over the wing. For different flight conditions, as the flight speed and the at-
tack angle, , changes, the flow field dominated by the vortices faces instabilities, in
addition, due to the adverse pressure gradient, the vortex might burst [10]. In Figure
@ the representation of the vortex formation, non-dimensional pressure coeffcient,
—C), distribution along a spanwise direction, and the vortex burst mechanism are

illustrated in detail.
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vortex core flow
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Wake—type core flow: H W/ U.. trailing—edge area

Figure 1.4: Vortex formation over a delta wing (a) and vortex burst (b)

Stream encountering the leading edge of the plan-forms experiences separation, form-
ing the vortical structure at the suction side. This separated shear layer further reat-
taches to the wing surface, for slender delta wings at very low attack angles and for
non-slender ones at a wide range of attack angles [5//8].Reattachment, particularly for
non-slender delta wings, is an important phenomenon as a proof of the stable coher-
ent vortex structure, hence, a stable flight condition. Line of reattachment is observed
at the outboard of the symmetry line and with the increasing angle of attack, line
of reattachment advances to line of symmetry [§]]. Further increase of the angle of

attack eventually leads the reattachment to disappear. In Figure[I.5] detailed illustra-
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tion of reattachment line and shear layer formation are presented. Viscous flow theory
states that the presence of the adverse pressure gradient results in the separation of
the flow. Flow separates from the wing surface at the pre-stall regime and the fea-
ture called "whorl" is observed [12]]. At adequately high angles of attack, delta wing
experiences the three dimensional separation. Figure [I.6] demonstrates the surface
streamline structure for two distinct delta wings with different thickness-to-chord ra-
tios. The one on the left-hand side of the figure exhibits the streamline structure of an
attached flow, while on the right-hand side flow with "whorl" feature that experiences

the three-dimensional separation is shown.

Primary vortex
Secondary vortex
Tertiary vortex

Secondary separation line

Flow trace NR : . Tertiary separation line

Vortex cutting planes
Center line

Primary reattachment line
Secondary separation line
Tertiary reattachment line

Sharp leading edge \ Testiary séparitioalis
(primary separation line)

Secondary reattachment line

Figure 1.5: Explicit illustration of the reattachment line and the vortex

formation

Figure 1.6: Streamlines over the plane in the vicinity of the suction surface of two

different non-slender delta wing with different thickness at o = 10°



At different flight conditions and under the exposure of strong gusts, for a stable and
safe flight, the flow field around the delta wing must be well understood, moreover,
it must be controlled such a way that the reattachment is satisfied, vortex burst is
diminished or its location is retarded, and stall regime is delayed. Instabilities after the
vortex burst locations and due to the lack of reattachment of the flow field, the plan-
forms are exposed to high buffeting loads, fatigue damage and structural vibrations
[10]. Hence, control of the flow field has utmost importance. Active and passive
flow control techniques are introduced to shape the flow field in various engineering
applications. Active control methods require energy input to the system while passive
ones differentiate from the active methods in terms of the energy input requirement
which is zero. In this present study, the control named passive bleeding is applied to

a non-slender wing to explore the effect of bleed opening ratio to the flow field.

Bleeding is a flow control method that has been applied on slotted wings and ailerons.
The mechanism of this flow control method is to make use of the pressure difference
between the suction and the pressure sides of the delta wing in order to transfer mo-
mentum through the openings over the wing to overcome the separation. Although the
momentum transfer occurs due to the inherent pressure difference between the wing
sides, this method can be applied both actively and passively considering whether the

bleed passages are changing orientation or not. A simple sketch for bleeding is shown
in Figure [I.7]

&

Figure 1.7: Illustration of a simple bleed mechanism through an airfoil [|15]

1.1 Motivation of the Study

In the very recent paper, Celik et al. proved that the passive bleeding is capable of

satisfying the reattachment of the flow field at the pre-stall/stall regime [[16]. The
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effect of passive bleeding investigated by introducing the bleed passages over a 45°
swept delta wing. Three different orientation of bleed angles named as Back (B),
Edge (E), and Back-Edge (BE) are implemented over the wings and flow field of the
bleed controlled wings are compared with that of the Base wing which is lack of
bleed openings. Figure [I.§]is taken from the paper and shows the findings for the
Base wing on the left and bleed controlled wing with Back angle configuration on
the right. Considering the smoke flow visualizations on top, both surface and cross
flow visualizations exhibit that the recovery of the vortical structure is achieved with
Back angle bleeding whereas vortex burst is observed over the Base wing at a position
near the apex. In addition, crossflow non-dimensional vorticity results obtained via
PIV approve the visualization images such that the vorticity intensity is higher in
controlled wing, moreover, the non-dimensional vorticity pattern of the shear layer
is elongated. Furthermore, non-dimensional pressure coefficient, —C,,, graphs at the
bottom of Figure [I.8| has the foot-prints of the recovery of the vortices that holds the
hump-like shape where the peak in the graph shows the maximum suction point, in
other words, core of the vortex where the velocity is the highest. Thus, Back angle
passive bleeding orientation is the most effective among others studied in the research.
In the thesis study of Karagoz, 45 degree swept four delta wings with three different
Back angle configurations are investigated. The Back angles are selected as 13, 18
and 23 degrees and among three wings, the plan-form with 23 degree Back angle
passive bleeding configuration appeared as the most efficient in enhancing the flow
field [17]. In this study, passive bleeding with Back orientation is also implemented
on the 45 degree swept delta wings. Yet, the openings of the bleed passages vary
and the aim is to comprehend the effect of bleed opening ratio to the flow field at the
extremities of the flight conditions where the angle of attack is sufficient enough to
lead the Base wing to experience the three-dimensional separation. Moreover, these
two aforementioned studies has a gap in the investigation of the aerodynamic forces.
Since the basis of bleeding is transferring the flow from pressure side to suction side,
mechanism is expected to inherently decrease pressure difference between the two
sides of the wing, hence, lift force might decrease as well. Moreover, information
regarding the consequence of bleed application on the drag force and lift-to-drag ratio
is missing in these two previous studies. Although, in both studies, flow fields are

enhanced and recovery of the vortical structure is achieved in the pre-stall regime, in



the absence of the force measurement, interpretation of delay of stall is not possible.

Therefore, one of the goal of the present study is also to enlighten this ambiguity.
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Figure 1.8: Smoke flow visualization, surface pressure measurement and PIV results

of the 45° delta wing for base plan-form and passive bleed controlled plan-form [16]

1.2 Aim of the Study

As it is expressed above, passive bleeding is implemented on the 45° swept delta
wings and the bleed passages over the plan-forms are selected to have the orientation
of Back which is defined in the related article [[16] and the Chapter 3 of this thesis.
For this present research, four different wings with bleeding passages at different sizes
were used to understand effect of the changes in the bleed opening ratio to the flow

field of a 45° swept delta wing in the pre-stall/stall and three-dimensional separation



regime. Moreover, the missing part in the related article, which is very significant
in aircraft design, force measurements to obtain lift and drag coefficients are also
studied in this thesis. Hence, flow field around the base wing is compared with the
flow field around the bleed controlled wings to investigate the how the bleed opening
ratio effects the aerodynamics of a non-slender delta wing at pre-stall/stall regime.
Bleed-opening-ratio, bor, is defined as the ratio of the opening area of a wing to area
of the maximum possible opening area. Maximum opening area is limited to 3 mm
width and 121 mm length. Four wings with bor = 0.35, 0.60, 0.85 and 1.00 are used
in the study. For this purpose, an experimental approach utilizing surface pressure

measurement, particle image velocimetry (PIV), and force measurements is used.

1.3 The Outline of the Thesis

Formation of the thesis includes five main chapters.

In chapter one, introductory knowledge regarding the delta wings is given. Moreover,

motivation and clear goal of the present study are also introduced to the reader.

The second chapter consists of the summary of the extensive literature survey about
the vortex dominated flows, aerodynamics of both slender and non-slender delta

wings, and flow control methods.

In chapter three, experimental set-up and wing design are discussed in detail. More-
over, the measurement techniques utilized during the study are also introduced com-
prehensively. The chapter ends with the experimental matrices and uncertainty esti-

mates of the present measurement devices.

Chapter four exhibits and discusses the findings of the surface pressure measure-

ments, near surface PIV, and force measurements.

The fifth chapter finalizes the research by explicitly explaining the conclusions ob-
tained during the study, furthermore, presents the possible extensions for the future

work.
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CHAPTER 2

LITERATURE SURVEY

Following chapter extensively summarizes the studies in the literature regarding the

flow structure around the delta wings and the flow control techniques.

2.1 Flow Structure around a Delta Wing

2.1.1 Vortical Structure

Flow structure of both slender and non-slender delta wings are dominated by the two
counter rotating vortices that are separated from the leading edges of the wing [9], [7].
These vortices called primary vortices are formed as discrete vortex sheets as illus-
trated in Figure 2.1l Example of a vortex formation and coherent vortex layers, ob-
tained with flow visualization, are also shown in Figure [2.2] and Figure [2.3] respec-
tively. Despite that flow structure of both slender and non-slender delta wings are

vortex dominated, there are notable differences.

As the sweep angle increases, the significant rise of lift also is observered [7], more-
over, the velocity at the core of the vortices increases with the escalating sweep angle
and velocity at the core can be 4 - 5 times higher than the free stream velocity for slen-
der delta wings [8]]. In the analytical study of Polhamus [20], it is predicted that the
lift produced with the contribution of the vortices can reach the 50% of the total lift
over the wings with high sweep angles. Furthermore, the vortex structure of highly
swept delta wings are stronger and less depedent the Reynolds number whereas that
of low swept delta wings are sensitive to Reynolds number [21]] . The major differ-

ence between high and low swept delta wings is that vortices are closer to the wing
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Figure 2.1: Illustration of the discrete vortex sheet [[10]

Figure 2.2: Generation of the vortices separated from the leading edge [18]

surface in a low swept delta wings compared to the high swept ones [22]. This dis-
tinction results in the interaction of wing surface and vortices and it generates the
secondary vortex at the same sign vorticity with primary one at low Reynolds num-
bers and low angles of attack [23] . At high angles of attack, the secondary vortex
tends to erupt and the flow structure becomes similar to the ones of highly swept delta

wings. Illustration of dual vortex structure is demonstrated in Figure [2.4
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Figure 2.3: Crossflow visualization of coherent vortex sheet [[19]

Figure 2.4: Illustration of dual vortex structure [24]

2.1.2 Vortex Breakdown

Phenomenon of vortex breakdown is defined as the sudden expansion of the vortical
structure due to the rapid deceleration of the axial velocity at the vortex core [[10],
demonstrated in Figure[2.5] as a result of the adverse pressure gradient over the plan-
forms [25]. This phenomenon is observed at high attack angles. Vortex breakdown
is not unique to delta wings; hence, there exist seven different vortex breakdown
types [26]]. Among seven, three particular types as spiral, bubble, and double helix
are observable over the delta wings. These three common types are shown in Figure

Pressure gradient and the swirl level appear to be the two main parameters that

13



influence the presence and the location of vortex breakdown [[10]. For slender delta
wings, vortex breakdown location is visualized by Payne and it is shown that for a
given attack angle location of vortex breakdown advances towards to trailing edge as
sweep angle rises [27]. Moreover, Zharfa et al. demonstrated that, on a delta wing
with a low sweep angle, increase in attack angle leads the location of breakdown
to approach to the apex of the wing [28]]. This phenomenon is undesired since the
disruption of vortex results in significant drop in lift force, particularly for high swept
delta wings. Although the lift contribution of vortex is not high at low swept delta
wings, high buffeting loads occurring as the outcome of the vortex breakdown leads

fatigue damage and structural vibrations [10].
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Figure 2.5: Velocity magnitude in a plane through vortex core
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Figure 2.6: Visualization of spiral, bubble and double helix vortex breakdown types

shown from top to bottom

2.1.3 Shear Layer Reattachment

Differences in flow structure between slender and non-slender delta wings appear in
the shear layer reattachment character as well. Highly swept delta wings experience
the reattachment only at very small attack angles and after a certain attack angle the
flow does not attach anymore [5]]. Hence, the control of the reattachment over slender
delta wings becomes difficult. On non-slender delta wings, location of reattachment
of the leading-edge vortices to the wing surface, on the other hand, is outboard of the
wing symmetry plane; moreover, reattachment line advances to the center line of the
wing as the attack angle rises [8]. Honkan and Andreopoulos also proved that the
region around the reattachment line has high turbulence intensity [29], accordingly,
the location of the region with the high magnitude of rms velocity exhibits the ap-
proach of the reattachment line towards the center line of the wing in Figure 2.7} As
incidence reaches a certain point near stall condition, reattachment is observed at the
symmetry plane of the wing [30]. As mentioned, the highest velocity fluctuations in

the vicinity of the wing surface are present along the reattachment line; thus, reat-
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tachment is said to be the most important source of buffeting, rather than the vortex

burst in the pre-stall regime [[12]].
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Figure 2.7: Magnitude of rms velocity near the wing surface

2.1.4 Three Dimensional Flow Separation/Stall

According to the viscous flow theory, presence of adverse pressure gradient leads flow
to separate. This phenomenon is also observed over the delta wings just before the
stall condition. In Figure 2.8 streamlines structures over delta wings with flow reat-
tachment and separated flow with "whorl" flow feature are demonstrated at different
attack angles [12]]. At sufficiently high incidences, vortical structure around the delta
wing becomes prone to lose its characteristics and is replaced by a large-scale, surface

streamline structure of inward-swirling, flow pattern, which is basically the major in-
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dicator of the three-dimensional separation [31]. Further increase in the incidence
results in the stall where the "whorl" is observed. In the case of stall, reattachment
of the shear layer is no longer possible, lift over the wing drops, and velocity in the

vicinity of the plan-form converges to an almost stagnant one as it is demonstrated in

Figure[2.§
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Figure 2.8: Time-averaged velocity magnitude contours and streamlines near the

wing surface [I'IZI]

2.2 Flow Control Techniques

The definition of flow control is stated as the capability of manipulating, either ac-

tively or passively, a flow field to achieve a desired change [32]. Basically, the desire
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is to satisfy transition delay, increase lift, decrease drag, diminish noise and postpone
separation [32]. Flow control on delta wings particularly focuses on eradicating or
postponing the vortex breakdown, flow separation and stall; furthermore, recover-
ing the vortical structure and flow reattachment. Various studies were performed in
the literature regarding the flow manipulation on both slender and nonslender delta
wings and an extensive review of that is present in study of Gursul et al. [5]. In
another paper, Mitchel and Delery reviewed the literature in the aspect of delaying
vortex breakdown [25]]. Among plenty of flow control methods, ones require energy
input to the domain are called active control techniques and the rest is named as pas-
sive control techniques. Blowing and suction through the passages around the wing,
controllable moving flaps, small and high frequency excitation, and plasma actuators
are some examples of active flow control techniques [5]. Whereas, since the passive
techniques do not require energy input, they appear mostly as geometrical or mate-
rial changes such as; leading edge, trailing edge or control surface modifications and

elastic material to model biomimicry. [|33H37]].

2.2.1 Active Flow Control

Active control of vortex dominated flow over slender and nonslender delta wings are
applied mainly using pneumatic methods for suction and blowing, moving control
surfaces, and jet applications through the wing surfaces. One of the first research car-
ried out to enhance vortical flow structure using leading edge blowing is performed
by Bradley and Wrayt [38]]. Wood and Roberts, using the method of tangential lead-
ing edge blowing on a slender delta wing, showed that vortex burst can substantially
be delayed and aerodynamic performance of the wing can be enhanced [39]]. Lead-
ing edge blowing is applied to highly swept delta wing at high incidences to control
burst or unburst vortices or enhance the flow field in other various studies [[39-41].
Gu et al. carried out a study using steady suction and blowing, and alternate suction-
blowing at the leading edge and proved that even at the fully stall condition method
can successfully recover the coherent vortices over the plan-forms [42]]. Moreover,
among three methods, the performance of alternated suction-blowing is reported to
be most beneficial to retard the vortex burst location. Another unsteady blowing from

leading edge of a slender delta wing study showed that blowing frequency selected
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based on the helical mode instability associated with the vortex breakdown achieves
the delay of vortex breakdown location [43]. The effect of oscillatory blowing on a
delta wing with a sweep angle of A = 50° is examined in the study of Williams et
al. [44]. Results demonstrated that stall is significantly postponed and development
of vortex flow pattern is observed. Steady and decreasing blowing from the lead-
ing edge of a non-slender delta wing is also studied in the literature, and presented
a significant improvement in the flow field [28]. Another study on 45 degree swept
delta wings approved the enhacement of the flow field under the application of steady
and unsteady blowing from the leading edge [45]. A combination of leading edge
flap and intermittent trailing edge blowing is introduced on a slender delta wing by
Vorobieff and Rockwell and findings of the experiments proved intermittent blowing
is efficient to delay the vortex breakdown [46]]. Yavuz and Rockwell implemented
the steady trailing edge blowing on a 35 degree delta wing and achieved the eradica-
tion of three-dimensional separation at high incidences [47]]. The effect of unsteady
blowing in the vicinity of trailing edge of both slender and nonslender delta wing is
also discussed in terms of time response of the flow structure to the unsteady blow-
ing in the literature [48]. Apart from the edges, suction and blowing is implemented
on the wings along the spanwise direction in various studies. Johari et al. exam-
ined the effect of spanwise steady blowing with the experiments performed in water
tunnel [49]. It is realized that, while the blowing from a point upstream of the vor-
tex burst position promoted the breakdown, blowing from downstream of that moves
the location towards the trailing edge. Various other studies succeed in delaying the
vortex breakdown location over slender wings using the core blowing method are
present in the literature [S0-52]. Trailing edge jets are also capable of delaying the
vortex breakdown and satisfying flow reattachment at high attack angles for slender
wings, moreover, these jets succeed in enhancing the lift, reattachment of flow and
delaying the vortex breakdown near the stall angles for nonslender delta wings as
well. [5354]. Suction over the wing from particular points are also discussed in the
literature and it is shown that both unsteady and steady suction can be effective in de-
laying the vortex breakdown location significantly [55./56]]. Especially in the study of
Badran et al. suction almost doubled the spanwise position of the vortex breakdown
location, which can be seen in Figure [S7]. Flaps are utilized in the enhancement

of car and airfoil aerodynamics. There are also studies where flaps are used as an ac-
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tive flow control mechanism. Oscillating leading edge flaps are introduced by Deng
and Gursul to a slender delta wing to examine leading edge vortices and vortex burst.
Findings showed that oscillation amplitude is important in the control of the vortex
burst location, moreover, oscillating flaps are efficient only if the vortex breakdown
location is close to the trailing edge, otherwise the adverse pressure gradient becomes
dominant [S8]]. Lift enhancement with the cost of increase in drag is also shown to be

possible utilizing the gurney flaps on nonslender delta wings in the literature [S9].

oo-o=-"10-19

b)

Figure 2.9: Flow visualization of retarding the vortex burst location due to the

suction at the trailing edge [57|]
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2.2.2 Passive Flow Control

Passive flow control techniques, on the contrary to the active ones, do not require
any energy input. Accordingly, they are far easier to apply, yet, might cause unde-
sirable impacts at certain flow or flight conditions. The primary difference between
geometries of delta wings is the sweep angle that defines whether the wing is slender
or nonslender. The extensive research of sweep angle effect started at 1966 [7]. In
another study, wing with a varible sweep angle mechanism is utilized to understand
the effect of sweep angle to the position of vortex breakdown [60]], despite chang-
ing a geometrical parameter might be assumed as an active flow control technique.
Aerodynamic performance of flexible delta wings with various sweep angles from
25° to 65° are investigated with force measurements and oil flow visualization [[61].
Study demostrated the effect of sweep angle to the lift coefficient, which is shown
in Figures [2.10] and 2.1} and the maximum C/, value appeared as higher in flexible
wings than in rigid ones for A = 30° - 50° sweep angles. Although, for the other
wings, maximum lift coefficient is higher in rigid ones and they experience the stall
at higher incidences. Self-excited flexible wings with sweep angle of 40° - 60° are
examined and the results showed significant amelioration in the lift coefficient and
stall angle for the nonslender ones with sweep angle of which is less than 60° [33].
Leading edge modifications emerge as another passive control method implemented
in the literature. Effect of leading edge bevel angle on aerodynamics of low swept
delta wing is studied by Wang and Lu and they stated that leeward bevel angle en-
hanced the stall angle and the maximum lift over the wings while at very low attack
angles, leeward beveled wings might experience negative lift [[62]. Bio-inspired lead-
ing edge modifications are studied in order to alter the flow topology [63}64]. Chen
and Wang examined vortex structure around low swept delta wing with sinusoidal
leading edge modification, inspired from humpback whales, in the study where the
bio-inspired wings retard the delay [64]. Enhancement of flow structure of low swept
delta wings with sinusoidal leading edge modification are also observed in various
other studies [65,/66]]. In one of the very recent study, delta wing with sweep angle
of 45 degree are slotted, with the inspiration by the nature, hence, an improvement in

the stall angle is observed [67].
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Figure 2.10: Comparison of lift coefficients of delta wings with different sweep
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Figure 2.11: Comparison of the lift coefficients of rigid and flexible delta wings [61]
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2.2.2.1 Bleeding

As it is mentioned in the introduction chapter, bleeding is a control mechanism, either
active or passive, that aims to introduce additional momentum to the region where the
adverse pressure gradient is dominant enough to cause the separation. This momen-
tum transfer inside the flow medium is achieved due to the inherent pressure differ-
ence between high pressure and the low pressure side of the surfaces via passages or
holes over the solid structure. The idea behind is almost the same as the blowing and
jet injection despite the fact that transferred momentum rate might not be controllable
in bleeding. Simple illustration of bleed mechanism over an airfoil is shown in Figure
noting that in this figure bleed mechanism is utilized in the way of triggering the
turbulence transition in order to retard the flow separation over an airfoil. Bleeding
can be applied passively, which is relatively easier to apply compared to active ones,
or actively by manipulating the bleed passage geometry into the desired shape/orien-
tation. The very first study where the bleeding is applied on slotted wings and ailerons
is reported by Lachmann in 1924 [68]. Passive porosity is stated to have a potential
to be utilized as a flow controller [69-71]]. In the experimental study carried out by
Kearney and Glezer of active bleeding at wide range of angles of attack from pre-stall
to post-stall condition, improvement in the aerodynamic forces is observered [15].
Celik et al. published an experimental study that demonstrates the effect of passive
bleed on a nonslender delta wings [16]. In their study, three different bleed orien-
tation, named as Back (B), Edge (E), and Back-Edge (BE), are implemented on a
delta wing with sweep angle of 45 degree, and results exhibit that the efficacy of
Back bleed orientation in the elimination of three dimensional separation is superior
to other bleed orientations. The flow reattachment is achieved at the pre-stall region
with the use of passive bleed method on nonslender delta wings. Passive bleeding is
also applied to the 45 degree swept delta wings and wings with three different Back
angle configurations are studied in the literature [[17]. Findings of the study showed
that among three wings with three different bleeding configuration angles that are 13,
18 and 23 degrees, the wing with 23 degree Back angle configuration demonstrated
the best performance in terms of flow reattachment. These outcomes regarding the
effect of passive bleeding on nonslender delta wings are positive, yet there are various

points to discuss.
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CHAPTER 3

EXPERIMENTAL SET-UP AND MEASUREMENT TECHNIQUES

In this chapter, the details of the experimental set-up and the measurement techniques
including surface pressure measurement, particle image velocimetry and force mea-

surement are given.

3.1 Wind Tunnel

The study is carried out in the wind tunnel located in the Fluid Mechanics Laboratory
of Mechanical Engineering Department of Middle East Technical University. The
type of the wind tunnel is a low-speed, suction-type, and open circuit and it is fed by

an axial fan with 10kW AC motor.

The wind tunnel has two symmetric air intakes where fine mesh screens are situated
in order to prevent the undesired particles and satisfy the uniformity of the flow. Air
enters the tunnel through these inlets and faces with three more fine mesh screens and
one flow straightener to further decrease the turbulence intensity at the settling cham-
ber which is 2700 mm long. Afterward, air passes through the contraction part with
2000 mm length and contraction ratio of 8:1. The test section with the dimensions
of 750 mm width, 510 mm depth and 2000 mm length follows the contraction part.
Walls of the test section is made up of plexiglass; hence, it becomes transparent in
order to utilize the optical flow measurement methods. At the end of the test section,
diverging duct with the length of 7300 mm is followed by the fan. This structure of
the wind tunnel with five distinct parts are designed to achieve a flow with a maxi-
mum speed of 30 m/s, turbulence intensity less than 1%, and the blockage ratio below

2.9% at the maximum angle of attack o = 36° over the entire experimental matrix.
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The picture of the facility and the test section are shown in Figure [3.1]

R Rl
Figure 3.1: Picture of METU Mechanical Engineering Department wind tunnel

(above) and test section (below)

Despite that the maximum tunnel speed is 30 m/s, the maximum operational speed is
around 15 m/s due to the safety concerns. Experiments were conducted at two free
stream velocities which are U, = 5.63 and 11.36 m/s. Therefore, the corresponding

Reynolds number calculated based on the chord length, C, in Equation (3.1)) appear
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asRe=5.0x 10* and 1 x 10°.

Re = 3.1

Wings were tested at the center of the test section with a mounting mechanism that is
placed on top of the test section. A robust thin strut invulnerable to the vibrations that
might occur due to the air flow suspends the wings at the desired position. The angle
of attack, «a, of the wing is arranged with respect to the free stream velocity with a
rotating mechanism inside the mount. The representation of the mount on top of the

test section is displayed in Figure [3.2]

Figure 3.2: Sketch of the wing suspended in the test section

The tunnel characterization was performed by the previous lab members and stated in
the thesis of Zharfa that velocity measurements performed with both Laser Doppler
Anemometry and Pitot-static tube with both inclined manometer and piezoelectric
pressure scanner [[72]. As it is reported, measurements done at different tunnel speed
by traversing the measurement volume of the LDA along the center line of the test
section to acquire the free stream velocity as well as the pitot-static tube. The high
temporal and spatial resolution of LDA, moreover, results in the acquisition of the
turbulence intensity at distinct fan power levels. Free stream speeds at the same points
in the test section are also obtained using the pitot-static tube. Comparison between
the tunnel speed results points out to a maximum difference of 3% approximately.

Maximum turbulence intensity in the test section is also reported to be around 0.9%,
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as it is indicated in Figure [3.3] with the tunnel characterization curve.
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Figure 3.3: Graph of wind tunnel characterization and turbulence intensity [72]

3.2 Wing Models

Four plan-forms with the passive bleeding channels and the Base wing are used in
the study to investigate the effect of bleed opening ratio, bor. The wings are pro-
duced at the METU BILTIR Center by employing the rapid prototyping technique.
Rapid prototyping is an additive manufacturing method that bonds the particles of
fine polyamide PA2200 layers with thickness of 0.15 mm with respect to the 3-D
sketch provided by a CAD file. Thus, the maximum roughness level at any surface
of the wing is 0.15 mm, which has utmost importance in order to minimize effects of

surface impurities to the flow field.

On a delta wing, chord, C, is defined as the minimum distance between the apex
and the trailing edge and span, S, is defined as the maximum distance between lead-
ing edges. In this study, thickness, span, chord, and the sweep angle are the same
for all wings and selected as 8 mm, 270 mm, 135 mm, and 45 degree, respectively.
Both suction and pressure side of the Base wing are presented in Figure [3.4 with the

pressure measurement holes and the span and the chord are denoted by the S and C,
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respectively. Base wing is lack of bleeding passage and utilized as a reference wing.

Pressure Side

Suction Side

Figure 3.4: Sketch of the pressure and suction side of the base wing with the

pressure taps

Celik et al. [63]] defined three different angles over the 45 degree sweep angle wings
and opened bleed channels with respect to these angles, defined as Back (B), Edge
(E), and Back-Edge (BE). In the study of Celik et al., it is proved that bleed ori-
entation, named as Back, enhanced the flow field the most and achieved the flow
reattachment up to certain angles of attack. Accordingly, in the present study, the
examination of effect of the bleed opening ratio was carried out for the bleeding ori-

entation of Back angle, defined in the related article. In Figure [3.5] the sketch on
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top shows the local coordinate system to define the Back angle which is lying on the
x’-y’ plane where the x’-axis is on the wing surface and parallel to the leading edge
and y’-axis is normal to the wing surface. Bleed angle, in other words Back angle, is
defined with # and taken to be 23°. In the same figure below, the suction side of four
wings is shown with the details of the bleed passages. The four wings are named with
respect to the bleed opening ratio that is defined as the ratio of the area of the bleed
passage of the corresponding wing to that of the wing with the maximum bleed open-
ing. The fully open delta wing with bleed opening length, /, of 121 mm is named bor
= 1.00. The other three wings with [ = 21, 15, 9 are named as bor = 0.85, 0.60, 0.35
respectively. The detail in Figure demonstrates, r, as the radius of the curvature
of the holes and, p, as the distance between the leading edge and the channels at the

suction side.
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Bleed hole orientation

\ bor=0.35 % S bor=0.60 7
N Y

N o N a
N o S Ya

1.00/

l(mm) r(mm) p(mm) 0

bor=1.00 121 1.5 11.5 23°
bor=085 21 1.5 11.5 23°
bor=0.60 15 1.5 11.5 23°
bor=0.35 9 1.5 11.5 23°

Figure 3.5: Sketch of the plan-forms showing the details of the bleed orientation and

bleed openings

Figure [3.4] demonstrates the span and chord on the Base wing. Furthermore, in the
same figure, pressure taps and the smoke holes are displayed with the dashed lines,
although the smoke visualization was not performed during the study. The pressure

measurement location is defined at the chordwise non-dimensional position of x/C
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= 0.5 at the suction side of the wings. While the Base wing has 19 pressure taps in
total, due to the presence of the bleed passages, other four wings have 13 taps. The
positions of the pressure taps are located at the non-dimensional spanwise locations
of y/s =0.21, 0.28, 0.36, 0.43, 0.50, 0.58, 0.65, 0.73, 0.80, 0.87, noting that the length
of s is equal to the quarter of the length of the span, S. Figure [3.6]exhibits the pictures
of the five wings tested in the study. The surfaces of the suction side of the plan-forms
are painted with black color in order to overcome reflection problem during the PIV

application.
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bor= 0.35

bor=0.60

bor= 0.85

bor=1.00

Figure 3.6: Pictures of the manufactured wings used in the present study
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3.3 Measurement Techniques

The investigation is carried out employing three measurements methods namely, sur-
face pressure measurement, particle image velocimetry (PIV), and force measure-

ment.

3.3.1 Surface Pressure Measurement

Steady-state pressure measurements were performed using Netscanner 9116 Intelli-
gent Pressure Scanner which has 16 silicon piezo-resistive pressure transducers. Pres-
sure scanner is capable of recording data at 500 Hz, and the range of the sensor is
limited to O - 2.5 kPa. Despite that the manufacturer provides the pre-calibration for
certain pressure and temperature ranges, validity is confirmed with manometer read-
ings as well. Pressure scanner can carry out the measurements with a resolution of +
0.003% FS (full scale) and accuracy of + 0.05% FS when the combined errors due to

non-linearity, hysteresis and non-repeatability are taken into consideration.

Preliminary experiments demonstrated that two sets of 5000 data sample, acquired
at 500 Hz, is enough to satisfy the saturation of the results and further repetitions
do not alter the results significantly. Therefore, average pressure measurements were
recorded at 500 Hz for three sets of 5000 samples, rather than two sets to re-ensure
the saturation. External noise was also acquired before each experiment case at the
same sampling rate, and the average of that was subtracted from the average of the
pressure measurements. This noise is mainly generated by the wind tunnel fan, the
wind tunnel fan control unit and all other electronic devices, and it is assumed to be

steady-state or periodic.

Since the measurements were done in the suction side of the wings, the pressure,
which is gauge, appears as negative. Therefore, non-dimensional pressure coefficient
C, is demonstrated as —C, in the charts. Pressure coefficient, C),, is calculated with

the following Equation [3.2}

(3.2)



3.3.2 Particle Image Velocimetry (PIV)

Particle Image Velocimetry (PIV) is a state-of-art flow measurement technique which
is employed in a substantial portion of this study. The technique is a quantitative,
non-intrusive optical flow measurement method that provides instantaneous velocity
field either in 2D or 3D domain, depending on the type of the PIV. During the study,
Planar PIV is employed to extract the two velocity component v and v within the
plane in the vicinity of the wing suction surface. The fundamental logic behind the
PIV is to trace the seeding particles by taking two subsequent picture of the flow
field that is illuminated by the continuous laser sheet. Images are divided into the
smaller regions that are called interrogation area (IA). Positions of the particles are
compared in image-1 and image-2, and for each IA, an average displacement vector is
estimated. As the time difference between the two successive images, At, is known as
a user-defined input, the average velocity vector is calculated by dividing the average
displacement of the particles to the time step for each IA, therefore, the whole flow

field can be obtained.

Flow measurement experiments were carried out by using TSI PIV hardware and
Insight4G software in order to acquire the data acquisition and for further processes.
The laser of the system is a dual-pulsed Q-switched Litron Nano L200-15 200m)J
Nd:YAG. Laser beam passing through a cylindrical lens with a radius of -15 mm
and spherical lens with a focal point of 1000 mm, respectively, is converted into a
laser sheet. This combination of lenses is selected considering the maximum velocity
within the region of interest in order to ensure maximum displacement of seeding
particles inside the laser sheet is less than one-fourth of the length of IA, and to
illuminate the domain adequately. Images were taken with a high-speed 4-megapixel
CMOS camera and the lens of the camera was Nikon AF NIKKOR 50mm f1.8. The
laser shutter speed is limited to the sampling rate of 15 Hz, hence, image pairs were
also acquired at the rate of 15 Hz. TSI LaserPulse™ 610036 synchronizer satisfied
the synchronization of camera and laser with respect to the inputs provided by the
user via the computer. Focus plane of the camera was aligned with the laser sheet
which was kept underneath the wing surface with a distance, Az, of 2.5 mm with the

same angle of attack. The sketch of the alignment of these three elements is explicitly
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shown in Figure

SIDE VIEW

Figure 3.7: Sketch of the near surface PIV experimental set-up

During the experiments, seeding particles, properties of which must be selected ap-
propriately to ensure that they follow the flow stream, were generated through the
vaporization of a glycol-based liquid and released into the wind tunnel from a com-
mercial smoke machine. Since the domain of the experiments was air, the size of the
particle becomes significant. Particles can follow the air flow stream provided that the
diameter of a particle is in the range 0.5 - 5 um, and that of glycol-based smoke is in
1 -3 pm [[73]]. Once the homogenous distribution of seeding particles was achieved,

the data acquisition was initiated.

For each case, 200 pairs of image were taken, and these raw images were pro-
cessed by dividing the region of interest into the 32 x 32 square pixels interroga-
tion windows, which corresponds to the effective grid size of A/C = 0.022. Us-
ing FFT correlator, cross-correlation between each image pairs were performed to
achieve the time-averaged velocity field (V). The velocity field, further, was post-
processed to obtain time-averaged streamlines ,(\¥), time-averaged non-dimensional
vorticity (w,C'/U), time-averaged non-dimensional streamwise velocity compo-

nent (u/U), velocity magnitude root-mean-square V., in Tecplot Focus.
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3.3.3 Force Measurement

Forces present over the plan-forms were measured using ATI-Gamma SI-32-2.5 Force/-
Torque (F/T) sensor. The whole acquisition system consists of 4 components which
are the F/T transducer, F/T transducer cable to the power supply, DAQ transducer
power supply, cable to connect DAQ card to the power supply. The integrated elec-
tronic system inside the power supply 9105-C-H-PS-10, was fed by an external elec-
tric source of 5V. Raw data was digitized via NI PIC-6024E - 16 channel 12-bit DAQ
card. Accuracy of the device provided by the manufacturer is + 0.01% FS for the
measurement axes that are used in study. The transducer is capable of reading the
maximum force of 32 N at a maximum sampling rate of 10 kHz. The manufacturer
provides the calibration matrix and the interface developed in Labview. Neverthe-
less, to assure the calibration, preliminary measurements were performed with both
the commercial force transducer and the in-house one, then the obtained results were
compared. It appeared that both readings were consistent. The in-house developed
force measurement device is an internal force balance and the data obtained through

this device is published in the study of Ghazijahani [24].

The wings were suspended inside the tunnel vertically during the force measurements,
as in Figure whereas it was horizontal for the pressure and PIV measurements.
The reason for that is to measure the lift and drag forces on the axes where the device
is the most sensitive. Manufacturer reported that the resolution in the z-axis which is
the vertical axis is 1/80 N while the resolution value of both x and y axis which are
lying in the horizontal plane is 1/160 N. In order to inspect whether vertical placement
affect the results, pressure measurements were performed and compared with the
same cases in which the wing was suspended horizontally. The difference between the
measurements was insignificant. The angle of attack, «, was altered using a stepper
motor and stepper motor driver controlled by an Arduino card. Data acquisition was
performed at each 1.8°in 0° > o > 9° & 27° > « > 36° and at each 0.9° in 9.9° >
a > 25.2° where the stall regime is expected to occur. Preliminary cases showed
that 10 seconds of data acquisition at 5 kHz led to the saturation of the readings.
Despite the high capacity of data acquisition of the transducer, sampling rate during

the experiments was 5 kHz for 12 seconds in order to minimize the data process time.

37



Noise was also measured under the same conditions and time average of that was
subtracted from the time-averaged force measurements. Air stream creates forces
over the strut holding the wing, which is sensed by force sensor and embedded in
the total force. In order to minimize this effect, forces occur over the bare strut was
measured for each angle of attack of the wing at different Reynolds numbers, and

these measurements were subtracted from readings for the wings.

“”M
Oomm 14‘ 7]/ I

Figure 3.8: Pictures of the force measurement set-up, wing inside the test section

and motion control unit outside the wind tunnel

Labview software extracts the data in the text files and the raw data was processed
using Matlab. Time-averaged force measurements are present as non-dimensional
lift, C';, non-dimensional drag, Cp, and lift-to-drag ratio, C;,/Cp coefficients for
Reynolds number of Re = 5.0 x 10% and 1 x 10° in Appendix . Equation ex-
hibits the calculation of non-dimensional force coefficients. In the calculation area

of the wing is denoted by A which is the surface area of the suction side of the Base
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wing. Due to the different bleed passage sizes, the surface area of each wing slightly
changes, nevertheless, since the aim of the study is to control of the flow structure
of the Base wing, the area used in the calculations is chosen to be Base area for all

wings.

FLaFD

Cp,Cp = +———
L,“YD %pUOOQA

(3.3)

3.4 Experimental Matrices

Investigation of the effect of bleed opening ratio to the flow field around a non-slender
delta wing was carried out by employing three measurement techniques. There are
upper and the lower limitations in order to decide the experimental matrix. Pressure
measurement at the Reynolds number below Re = 3.5 x 10* results in high uncer-
tainty and above Re = 12.5 x 10 the tunnel becomes prone to structural vibrations.
Accordingly the experimental matrix is selected as it is shown in Figure During
the pressure measurements, experiments were carried out at Reynolds numbers Re
=5.0 x 10* and 1 x 10° for angles of attack o = 17°, 18°, 19° & 20°. Because the
ultimate aim of the passive control mechanism is to reattach the flow, angles of attack
are the ones where the flow around the Base wing is at the onset of separation or fully
separated. Pressure readings were conducted for all wings. PIV measurements, on the
other hand, were performed at two different angles of attack at Reynolds number Re
=5.0 x 10* for selected wings. At attack angle of 18° near-surface PIV measurements
were performed for all wings whereas at o = 20° experiments were performed merely
for the Base, bor = 1.00 and bor = 0.85 wings. Furthermore, aerodynamic forces
existing over the wing was extracted at the Reynolds numbers Re = 5.0 x 10* and 1
x 10° where angles of attack were in the range of 0° > « > 36°. The idea behind
the decision of the experimental matrix is to maintain the Base wing in pre-stall/stall

condition considering the limitations of the tunnel and the measurement devices.
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Measurement
Method Reynolds Numbers Attack Angle, a

Pressure «  50x10% o
Measurement - 10x10° 17°,18°,19°,20
PIV 5.0 x 10* 18°,20°
. 4
Force Measurement . 518;(( 184 0°< o <36°

Figure 3.9: Experimental matrix for all measurement techniques

3.5 Uncertainty Estimates

Experimental research, due to its nature, contains uncertainty and the estimation of
which is crucial in order to present the results of the study. Kline and McKlintock
[74]], defines the uncertainty as "the possible value the error might have" and they
mathematically express resultant uncertainty of a quantity, wg, with the following

equation:

B OR OR OR 2l
wr = [(wey 8x1) + (wa, 8x2> + .+ (we, 8%) ] (3.4)

Uncertainties present in the force measurements and pressure measurements were
estimated using the equation [3.4] using the accuracy of the devices provided by the
manufacturer. The abovementioned values for the accuracy of the pressure scanner is
taken to be 0.05%(FS), noting that FS refers to full-scale, considering the background
noise subtraction performed during the pressure measurements and three sets of data
acquired to ensure the saturation of the results. The accuracy of the force transducer
is 0.01%(FS). Among the various cases, since each pressure tap measures different
pressure due to the varying flow dynamics, the uncertainty in the non-dimensional
pressure coefficient varies. The average of the minimum, average of the maximum

and the total average of the —C,, are found to be 16.2%, 17.3% and 20.5%, respec-
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tively, for the measurements at Re = 5.0 x 10%. Likewise these values at Re = 1 x 10°
are 3.9%, 5.2% and 4.2%. The maximum standard uncertainty in the non-dimensional
aerodynamic force coefficients, considering the thirty incidences of angles of attack
for each wing, estimated for the cases at Re = 5.0 x 10* and Re = 1 x 10° are below
18.0% and 4.4%, respectively and the peak values appear for both Reynolds number

in lift-to-drag ratio coefficients.

Standard uncertainties of PIV measurements, on the other hand, were estimated with
method called Peak Ratio method, recently developed by Vlachos et al. [75]], where
ratio of primary to second peak height ratio as the result of cross-correlation of the
image pairs are compared to find the resultant uncertainty, independent from the im-
age quality or flow condition. Insight4G provides the standard uncertainty values
estimated using Peak Ratio method for the velocity vectors in the flow field and max-

imum values of that is found to be 10.2% among all PIV cases.
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter includes findings obtained during the investigation of effect of bleed
opening ratio on the flow structure around the non-slender delta wings. Wings with
four distinct bleed opening ratios bor = 0.35, 0.60, 0.85 & 1.00 and the Base wing
were studied. Experiments were conducted in the broad range of angle of attack in

the span of 0° > o > 36° at Re =5.0 x 10* and 1 x 10°.

4.1 Results of Surface Pressure Measurements

Results of the pressure measurements presented as non-dimensional pressure coeffi-
cient, —C,, are discussed in this part. Measurements are obtained at the dimension-
less chordwise distance of x/C = 0.5 and along the spanwise distance equal to the
quarter of the wing span, s, which is also non-dimensionalized as y/s. In Figures 4.]
and —C), distributions are shown for the wings with bor = 0.35 0.60 0.85 1.00
& Base wing. The experiments were performed at o« = 17°, 18°, 19° & 20° for the
Reynolds Number of Re = 5.0 x 10* and 1 x 10°. In the figures, each chart exhibits
distinct findings at different angles of attack and Reynolds numbers which are la-
beled on the charts. As it is discussed in Chapter 3, the negative value of the C), is
displayed, since the measurements were done in the suction part of the wings, where
the leading edge vortex exists. The maximum value of the —C), is the potential loca-
tion of the time-averaged vortex core provided that it exists. As the —C, distribution
becomes hump-like, where there is a significant difference exists between the highest
and lowest points of the curve, it is the proof of reattached flow structure with vortical

structure, strength of which increases as the difference between the highest and lowest
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points rises. On the other hand, the straight distribution of the non-dimensional pres-
sure coefficient demonstrates the footprints of the flow field experiencing the three

dimensional separation.

The minimum angle of attack for the pressure measurements is 17 degree at which
the Base wing is almost in the pre-stall regime, as can be deduced from the —C),
distribution at the top left chart of Figure at Re = 5.0 x 10*. —C, distribution
of Base wing, represented with the black lines in all charts, is almost flat and the
peak point in the line which is the possible location of vortex core is very close to
the symmetry line of the wing. The similar trend appears in the wing bor = (.35,
hence, the enhancement over the flow field due to the passive bleed is not observed.
On the other hand, for the same chart, wing bor = 0.60 & 0.85 have the hump-like
—C, distribution, moreover, the location of possible time-averaged vortex core moved
outboard of the symmetry line. Furthermore, wing bor = 1.00 has the trend line which
clearly represents an recovery of the vortical structure. The difference between the
maximum and the minimum points of —C,, is the highest in the chart along the line
representing the bor = 1.00. At the same angle of attack « = 17°, —C, distribution at
Re = 1 x 10° reveals a slightly different scenario where the non-dimensional values
are higher compared to Re = 5.0 x 10* case. Firstly, although the —C,, trend of
Base wing is relatively better in this case, vortex structure is still weak considering
the discrepancy between the maximum and the minimum points. Furthermore, bor
= 0.35 wing again exhibits the similar trend with the Base wing. As the Reynolds
number increased to 1 x 10°, bor = 0.60 & 0.85 wings show a strong improvement
of in the recovery of the leading edge vortex. At Reynolds number Re = 1 x 10°, the
bor = 0.60 wing has a hump-like shape and the approximate difference between the
peak and the lowest poing of the —C,, of bor = 0.60 is 0.48. Likewise, a significant
enhancement in the recovery of vortices can be observed in the —C, curve of the bor
= (.85 wing. The difference between the lowest and the highest points of the curve is
almost 0.56 and the peak value of that is closest to the leading edges. The maximum
—C), difference is also achieved with the bor = 0.85 wing. Plan-form with the highest
bleed opening ratio that is bor = 1.00 is expected to have lower —C), values due to the
fundamental mechanism of passive bleeding. Nevertheless, —C, trend line is shifted

above others yet the difference of the max-min values is less than that of bor = 0.85
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wing. Green line representing the bor = 0.60 reveals a trend with the characteristics

of both bor = 0.85 & 1.00 although the bleed opening is least in between these three

plan-forms.
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Figure 4.1: Non-dimensional pressure distribution —C, along the non-dimensional
distance of y/s for bor = 0.35, 0.60, 0.85, 1.00 & Base wings at Re = 5.0 x 10* (left
column) and 1 x 10° (right column) for o = 17° & 18°

At the rest of the pressure measurement cases, at distinct angles of attack and Reynolds

numbers, the —C), distribution of the Base wing is quite flat, hence, one can deduce

that the flow is separated and the wing is in the pre-stall regime. Since the pressure
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measurements were performed at a cross-section of the wing, the characteristic of
the flow field at upstream of the chordwise pressure measurement location cannot be
deduced, by solely considering the pressure measurements. Hence expressing that
the wing is stalled might be misleading without observing the force measurements

results.

In Figure 4. 1] bottom left chart demonstrates the non-dimensional pressure coefficient
distribution for o = 18° at Re = 5.0 x 10%. While bor = 0.35 and Base plan-forms
have straight pressure cofficient distributions, the trend line with a small difference
between the min-max —C,, value is observable for bor = 0.60 & 0.85. On the other
hand, fully opened wing, bor = 1.00 still keeps the hump-like shape in the —C), distri-
bution. Considering the difference of minimum and maximum points along the curve
of —C,, bor = 0.60 wing displayed improved performance in the enhancement of the
flow structure compared to the bor = 0.85, albeit that the enhancement is insignificant
and might be a reading error. As in the previous case, it is observed that the increase
in the Reynolds number to the Re = 1 x 10° leads the bor = 0.60 & 0.85 wings excite
the flow field effectively in order to achieve a significant change. The positions of
peak of —C), are approximately at the same region for bor = 0.60, 0.85 & 1.00 wings
at angle of attack of o = 18°. While the difference in between the maximum and min-
imum points of —C), appear to be almost the same for bor = 0.85 & 1.00 wings, in
terms of that bor = 0.60 revealed the least effective performance among these three.
Again, the —C), distribution of bor = 1.00 is shifted above compared to the bor =
0.85, which is not expected.

Experiments performed at o = 19° and 20° at Reynolds number Re = 5.0 x 10% and 1
x 10° are demonstrated in the graphs of Figure All plan-forms except for bor =
1.00 are lack of the hump-like structure of —C), curve and it can be expressed that they
experience the three dimensional separation and are in the pre-stall regime. However,
trend of the —C), curve of bor = 1.00 is still in hump-like shape even at the attack
angle of 20°, despite that the vortex is not very strong considering the difference
between the maximum and the minimum value of the —C),. Nevertheless, the vortical
structure that is completely lost over the Base wing is recovered by the bleeding and
fully opened wing is capable of doing so even at the extremities as such angles of

attack. Two details that is not easy to take notice for bor = 1.00 wing appear for all
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cases. One of which is that trends show that the —C), values are roughly the same for
both Reynolds numbers at each case, hence, the control of the flow field with fully
opened wing may be Reynolds independent, which is one of the very first feature
for a passive flow control method is expected to have. The second detail, on the other
hand, is the peak point of the —C), which is the potential location of the time-averaged
vortex core is found to be at the same non-dimensional spanwise location where y/s
is equal to 0.43, although this might not be an important feature for the flow field or
flight stability which is the ultimate aim of flow control techniques, the reason behind

this is vague.
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Figure 4.2: Non-dimensional pressure distribution —C), along the non-dimensional
distance of y/s for bor = 0.35, 0.60, 0.85, 1.00 & Base wings at Re = 5.0 x 10* (left
column) and 1 x 10° (right column) for o = 19° & 20°

The minimum point of the —C), is accepted to be the reattachment line for a continu-
ous measurement along a line from symmetry line to the leading edge. However, due
to the geometrical constraints in the design of the wing models, the number, accord-
ingly, the location of the pressure taps are restricted. Results show that the minimum
points is always take its place at the very first pressure tap, hence, stating that this

location is the reattachment point might be a misleading conclusion. Although the
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hump-like —C,, distribution is the foot-print of the flow reattachment to the wing
surface, the point of reattachment is not clear with respect to the available pressure
measurement findings. The results of pressure measurements in general are in line
with the study of Celik et al. [16] where the passive bleeding with the Back angle
orientation is capable of recovering the vortical structure and of reattaching the flow
to the plan-forms. Present data also shows that increase in the bleed opening ratio
leads the passive bleeding function for the further angles of attack, in other words,

various flight conditions.

4.2 Results of Surface PIV Measurements

PIV experiments were carried out for the Re = 5.0 x 10* at attack angle = 18° for
all wings. Based on the results obtained at o = 18°, PIV measurements were also
conducted at the Re = 5.0 x 10* for the angle of attack of 20 degree only for the bor =
0.85, 1.00 & Base wings. Particle image velocimetry measurements were performed
at the plane in the vicinity of the wing suction surface and the obtained velocity field
(V), constant contours of non-dimensional vorticity (w,C/U), streamlines (¥),
constant contours of non-dimensional streamwise velocity component (u/U,,) and
constant contours of velocity magnitude root-mean-square V., all of which except
for V,.,.s are time-averaged, are demonstrated and discussed. Solid lines in the con-
stant time-averaged non-dimensional vorticity contours represents the positive values
while the dashed lines stands for the negative contours. For all cases, the absolute
minimum and the absolute incremental values for each contour are the same and
stated in the caption of each figure. The symbols of the vertical (streamwise) and
horizontal (spanwise) components of the velocity fields are presented with the let-
ters u and v, respectively. Non-dimensional constant streamwise velocity component
contours are shown with the shaded regions which present the u velocity component,
direction of which are opposite to the direction of the free stream velocity. In each
PIV result, a triangle representing the position of the half of the plan-form is inserted
to the pictures. The data acquisition was performed for the region approximately to
two third of the plan-form area to confirm the symmetry of the flow field and and it

was repeated for half of the wing to increase the resolution, therefore, results of the
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half wings are shown.

In Figure[4.3|data obtained for the Base wing at angle of attack of & = 18 at Re = 5.0 x
10* is demonstrated. The PIV measurment results are mirrored to resemble the whole
wing surface. The top left figure showing the velocity field of the Base wing reveals
the sudden drop of the magnitudes of the velocity vectors at the downstream of the
leading edge. The streamlines demonstrated at the top right figure has a pattern with
a large-scale, inward-swirling surface streamline, that is the main foot-print of the
three-dimensional separation that is stated in Chapter 3. The non-dimensional vor-
ticity contours elongated from apex to the center of the wing which is the indication
of vortex dominated and reattached flow structure does not exist in the dimensionless
vorticity contours at the bottom left data of Figure [4.3] These three findings indicate
that for the Reynolds number of 5.0 x 10* at angle of attack o = 18°, the Base wing
experiences the three-dimensional separation and it is inline with the outcomes of
the pressure measurements. At the bottom right picture of the Figure 4.3 the neg-
ative streamwise velocity component contours are shown with the shaded area. The
magnitude of the streamwise velocity component opposite to the free stream velocity
increases near the leading edge due to the existence of the bifurcation line. Further-
more, roughly two third of the wing is dominated by the reverse flow and elimination
of this might eradicate the three-dimensional separation by suppressing the effect of
adverse pressure gradient and reattach the flow to the wing surface. The comparison
of the four wings with different bleed opening ratios are made in the further discus-
sion having in mind that the Base wing has already experienced the three-dimensional

separation.
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Near-surface time-averaged streamline structures are exhibited in the Figure [@.4] for
the bor = 0.35, 0.60, 0.85 & 1.00 wings. Except for the bor = 1.00 wing, the scale of
the streamline focus shrinks, moreover, moves to the apex. Although, the distinction
is not very obvious, the reattachment line for the bor = 0.85 & 1.00 wing occurs at
the outboard of the symmetry line and there is a boost of the strength of reattach-
ment. Small swirling patterns appear at the downstream of the leading edge in the
streamline structure emanating from the bleed passages demonstrates the effect of
the bleeding for bor = 0.60 & 0.85 wings, while this pattern does not exist in bor =
0.35 wing. This gives an idea about the amount flow passing through the bleed pas-
sages which is almost not observable over the bor = 0.35 wing while the flow field is
enhanced compared to the Base wing. On the other hand, bor = 1.00 wing demon-
strates a very enhanced vortex dominated and reattached flow structure. The line of
reattachment is very clear and strong, and is shifted to the outboard of the symmetry
line of the wing. Just after the downstream of the leading edge, streamlines separated
from the reattachment line converge along a line parallel to the leading edge and it is
approximately at the position of the bleed channel for the fully opened wing. Hence,
comparing fully opened wing with the bor = 0.35 wing, considering only the traces
of the effect of bleeding, influence of the bleed opening ratio draws the attention in

terms of the efficiency of bleed for different bor values.

52



- <> |

<¥>
i

o

1)
i e W
Il

\\\\\, N
N

bor = 0.85

a=18° <¥Y> a=18° <¥>

NS
S

I

Figure 4.4: Streamline patterns (W), for bor = 0.35, 0.60, 0.85 & 1.00 wings at Re =
5.0 x 10* and for o = 18°

One of very significant foot-print of three-dimensional separation over the wing is
the almost stagnant velocity field in the vicinity of the wing surface. In Figure §.3]

diminish of the velocity vectors at the downstream of the leading edge is clearly
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shown for the Base wing, as the wing experiences the three-dimensional separation.
In Figure [4.5] time-averaged velocity field is presented for four distinct bor wings.
As the pressure measurements and the streamline contours also indicate, the bor =
0.35 wing does not succeed in enhancing the flow field. Velocity field of bor = 0.35
also results in the same scenario where velocity vectors loses its strength just after
the leading edge. Likewise, velocity field of the bor = 0.60 wing is not very strong,
although the vectors representing the swirl structure in the Base wing are disturbed.
Plenty of which are still almost stagnant, yet the vectors near the symmetry line are
larger in magnitude compared to the Base wing. On the other hand, for the flow
field of bor = 0.85 wing, the area covered by the vectors with larger magnitude is
dominant over approximately one-third of the half wing. The bleeding mechanism
succeeded in strengthening the vectors near the symmetry line. Over the fully opened
wing, as the streamline structure heralded, stagnant vector field disappeared except
for the field near the trailing edge. The foot-prints of three-dimensional separation
vanished, and velocity vectors, even stronger than the free stream velocity, took over
the small vectors near the symmetry line. Although directly relating the outcome of
this increase in the velocity magnitudes of the vectors near the symmetry line with
the existence of the vortical structure might be erroneous, the improvement of flow
structure compared to the Base wing is clear. The velocity vectors parallel to the
leading edge also shows the effect of bleeding, which are straight and in the bleed
direction. Despite that the bleed opening ratio of bor = 0.85 and bor = 1.00 is only
15 percent, flow fields differ significantly.
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Figure 4.5: Time-averaged velocity field
Constant contours of non-dimensional vorticity at the surface of the plan-forms are

presented in Figure 4.6l In all the wings, a field of negative vorticity contours with

the dashed lines concentrated along the path of leading edge exists.



vorticity contour of a flow field experiencing the reattachment with a strong vortical
structure is an elongated one from apex through the center of the wing. The Base wing
in the pre-stall and three dimensional separation regime is lack of vorticity contour
shown in Figure 4.3] except for the small vorticity structures close to the noise level.
Vorticity level of bor = 0.35 does also not signify any improvement over the flow
structure. Small scale vorticity contours appear around the region where the bleed
passages are located. Concentration of the contours of bor = 0.60 wing in Figure
[4.6] is relatively higher, although not significant. Both negative and positive small
vorticity contour structures exist around the bleed passages of bor = 0.60 wing. On
the other hand, an apparent the enhancement over the flow fields of bor = 0.85 &
1.00 is observable. The vorticity level is higher, especially for the bor = 1.00, and
the vorticity contour structure elongated from the apex of the wing to the center of
the plan-forms. The maximum level of vorticity concentration near the apex for bor
= 1.00 is approximately fifty percent higher than that of bor = 0.85. Moreover, the
location of the high vorticity concentration region is closer to the leading edge for
bor = 1.00 wing compared to the bor = 0.85, which indicates the recovery of the
stronger leading edge vortex over the bor = 1.00 plan-form. For bor = 0.35, 0.60 &
0.85 wings, both positive and negative circular-like vorticity contours concentrated
near the leading edge are observed, while positive ones located close to the leading
edge and negative ones are further, inboard to the wing center. On the other hand,
this positive and negative contours exist along the same line parallel to the leading
edge and the positive one closer to the apex and negative structure is closer to the
trailing edge. Despite that importance of this interpretation of this positive negative
vorticity structure around the leading edge is questionable, this might provide some

information regarding the amount of airflow passing through the bleed passages.
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Figure 4.6: Constant contours of non-dimensional vorticity, (w,C/U.) for bor =
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In the discussion above the features of the flow structure near the suction side of the

delta wings are made. Although the bleed opening ratio between the wing bor =
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0.85 and bor = 1.00 is only 15 percent, the distinction between the flow feature of
those are significant. In order to comment on that, in Figure the non-dimensional
streamwise velocity component (u/U,,) are demonstrated with the shaded areas for
all wings with the bleed passages location that are extracted from the CAD software.
The Base wing at o = 18° for Re = 5.0 x 10* experiences the three-dimensional sep-
aration and main reason for that is the adverse pressure gradient that results in the
domination of the negative streamwise velocity component over the flow field pre-
sented at the bottom right of Figure 4.3] At the first sight, the negative streamwise
velocity component contour structures of bor = 0.35, 0.60 and 0.85 appear to be
quite similar and the maximum level of that are the same. Nevertheless, spatial ex-
tend of the shaded area for bor = 0.85 is slightly smaller than that of bor = 0.35 &
0.60, despite the fact that the level of maximum negative non-dimensional stream-
wise velocity component contours is the least for bor = 0.35 wing among these three
wings, and this might be questionable. On the other hand, the dimensionless negative
streamwise velocity component contours of bor = 1.00 reveal a very distinct view.
Bleeding overcomes a notable portion of the area covered by the contours which sup-
ports aforementioned enhancement of the flow field of bor = 1.00 wing. Considering
the bleed opening areas, while the lack of difference between the wings bor = 0.35,
0.60 and 0.85 is understandable, the significant distinction between the bor = 0.85
and 1.00 is remarkable. This clear distinction of the plan-forms bor = 0.85 & 1.00,
although the bleed opening areas are quite close, might be interpreted that solid parts
between the bleed passages distort air passing through the openings and reduce the
effect of bleeding. Hence, rather than the bleed opening ratio, orientation of exiting

flow stream from the bleed openings might be more important.
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As it is discussed in the Chapter 2, the high velocity fluctuations are the foot-print of
reattached flow to the wing surface, moreover, they exist near to the reattachment line
which is observable over the streamline pattern [12]. The velocity magnitude root-
mean-square contours shown on the left-hand side and streamline pattern shown at
the right-hand side of the Figure [4.8]at o = 18° are demonstrated for bor = 1.00, 0.85
and Base wings in an ascending order. At this angle of attack, it was stated that the
shear layer reattachment is not possible for the Base wing. Hence, the concentration
of the rms contours for the Base wing is least and almost homogeneously distributed
along the surface. On the other hand, rms values for bor = 0.85 wing near apex and
the downstream of there is significantly high and the spatial extend of the relatively
high rms contours follow the path of the reattachment line that is demonstrated in the
adjacent streamline pattern. This is inline with the findings of Taylor and Gursul [12],
although the spanwise position of the reattachment line is relatively closer to the
symmetry line of the wing. The rms contours for the bor = 1.00 wing reveal the high
concentration near the apex and around the center of the wing the concentration of the
rms value reaches fifty percent higher than that of bor = 0.85 wing. Since the shear
layer reattachment is stronger in bor = 1.00 wing than bor = 0.85 wing, the increase
in the concentration of the rms contours is understandable. Nevertheless, when the
adjacent streamline pattern is considered, there is a gap along the rms contours where
the reattachment line is supposed to be located. It is expected to observe an rms
contour concentration of which covers the area extended from apex to the wing center
without the discontinuity. This might be because of the dominating flow coming

through the bleed passage.

60



Vrms

‘ T
a=18°

_

bor =0.85 | \

X
Vims v ¥ <P>
!, g b
¥

7

N

B
—

Figure 4.8: Constant contours of velocity magnitude root-mean-square (left) Vs,

streamline patterns (right) (W), for bor = 0.85, 1.00 and Base wings at Re = 5.0 x
10* and for a = 18°, [Vis|, . =0.4 and A[V,p,s] =0.2

mu

61



Particle image velocimetry measurements were also performed for the same Reynolds
number at angle of attack o = 20° for bor = 0.85, 1.00 and Base plan-forms. The vec-
tor field, steamline structure, non-dimensional vorticity contours and non-dimensional
streamwise velocity component contours of Base, bor = 0.85 and bor = 1.00 wings
are present in a descending order in Figure .9 The PIV results are shown as full

wings by mirroring the results obtained for the half wing.

The results of the Base wing that has already experienced the three-dimensional sep-
aration at o = 18° 1s similar in this case as well. The velocity field is almost stagnant
and decrease in that appears just after the leading edge. Structure of non-dimensional
constant vorticity contours is also not visible over the Base wing. Considering the
streamline structures, the large-scale focus comes with a shift in its position through
the center of the plan-forms. Moreover, spatial extend of negative streamwise veloc-
ity over the Base wing almost covers the whole wing surface. The improvements ob-
served over the bor = 0.85 wing seems to be lost at o = 20°. Considering the velocity
field, vectors lose their strength at the downstream of the leading edge, furthermore,
bleeding is not efficient enough to achieve to increase the velocity magnitude of the
vectors near the symmetry line. In the incidence of angle of attack o = 18°, bleeding
was capable of increasing the magnitude of the vectors near the symmetry line sig-
nificantly for bor = 0.85 wing, whereas at o = 20° this does not happen. Streamline
structure also supports the discussion regarding different scenarios for the velocity
field of bor = 0.85 wing at different angles of attack. At a = 20°, the focus of the
swirl pattern shifted to the apex and its size is smaller compared to the Base wing.
Moreover, the line of reattachment is also observable, thus, bleed still enhances the
flow field, although insignificant. Non-dimensional vorticity structure also lost its
concentration at o = 20° for bor = 0.85 wing. The positive and negative small pat-
terns still exist near the leading edge. However, foot-print of the flow reattachment
that is the vorticity pattern elongated from apex to wing center does not appear except
for a weak structure close to the noise level. Streamwise velocity component contours
of bor = 0.85 might show a slight improvement over the flow field compared to Base
plan-form. The size of the shaded area, which is the region where reverse flow is
dominant, is smaller compared to that of the Base wing. On the other hand, the max-

imum value of which is higher in the bor = 0.85 wing. Similar contradiction between
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reverse flow contours of the wings bor = 0.35 and 0.85 is also mentioned at o = 18°.
Hence, despite that the flow field of bor = 0.85 is slightly enhanced compared to the
Base wing at o =20°, it is not as strong as in angle of attack of 18 degree. As the pres-
sure measurements foresee, the fully opened wing is still capable of recovering the
vortical structure at o = 20°. The velocity field demonstrates that the almost stagnant
field on the Base wing is replaced by the stronger vectors, relatively weaker to case at
a = 18°, region near the symmetry line. The large scale focus appearing in the Base
wing streamline pattern vanishes and the pattern with the reattachment line emerges.
There still exists a small-scale swirl structure at the region very near to apex, yet the
enhancement of the flow field with streamlines converging to the reattachment line is
clear to see. Dimensionless vorticity pattern is not as strong as in case a = 18° for
bor = 1.00, however, the concentration of the vorticity is still high around the apex.
Furthermore, the pattern near the leading edge occurs due to the bleeding also keeps
it position. Non-dimensional streamwise velocity component contours demonstrate
the remarkable result, as in the o = 18° case, compared to the other wings, especially
the Base wing where there is no flow control. Results of the bor = 1.00 wing for o =
20° at Re = 5.0 x 10* are consistent with the pressure measurement results, the flow

field is enhanced, reattachment of the separated shear layer is achieved.
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Figure 4.9: Time-averaged velocity field (V'), streamline pattern (V), constant
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In order to ensure the existence of the reattachment line and deduce its position, the
contours of magnitude of rms velocity are demonstrated in Figure .10/ for bor = 0.85

on the left and for bor = 1.00 on the right. The comparison of the level of the rms
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velocity contours reveals that maximum level is higher in the bor = 1.00 wing than
bor = 0.85 wing. Streamline pattern of bor = 0.85 shown in[4.9)indicates the location
of the reattachment line which is very close to the symmetry line of the wing. This
is the furthest location of the shear layer reattachment line before it disappears and
the wing experiences the three-dimensional separation, hence, the concentration level
of the rms velocity contours are relatively less. On the other hand, the position of
high level rms velocity contours and the streamline pattern with apparent shear layer
reattachment line are consistent for bor = 1.00 wing. The high concentration appears
first near the apex and elongates to the center of the wing so does the shear layer
reattachment line. Thus, the reattachment exists and its location is around where
the streamline structure indicates for bor = 1.00 wing for a = 20° at Re = 5.0 x
10%. Further cases at higher angles of attack were not investigated with PIV since
the pressure measurements also did not result in promising flow field in terms of

reattachment.

The impact of bleeding with bor = 1.00 wing is superior to other wings and passive
bleeding is efficient in the improvement of the flow field up to o = 20 degrees of angle

of attack.
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bor = 0.85 (left) & 1.00 (right) wings at Re = 5.0 x 10* and for o = 20°, [Vrms} i =
0.4 and A[V,,,] =0.2

4.3 Results of Force Measurements

The outcomes of passive bleeding in terms of the stability of the flow field, the shear
layer reattachment and the regeneration of vortical structure are significantly promis-
ing as mentioned above. Moreover, the distinction between the wings is clear enough
to discuss the bleed opening ratio influence. Yet, there always exist a certain ambi-
guity regarding the aerodynamic forces over the wings with passive bleeding since
the method inherently diminishes the pressure difference between the wing surfaces
which might cause the decrease in the lift force, although regeneration of leading edge

vortex is expected to augment the lift force.

Non-dimensional lift C';, and drag coefficient Cp, as well as the lift-to-drag ratio,

Cp/Cp are presented in Figure for Reynolds number Re = 1 x 10° for angles
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of attack in the span of 0° > a > 36°. Since the stall is expected to occur around
10° > a > 25°, the increment of the angle for data acquisition is different. For
angle of attack of 0° > « > 9° and 27° > o > 36° the increment is 1.8° while
for 9.9° > a > 25.2° the increment of « is 0.9° which is more precise compared
to increment of 1.8°. Measurements were also performed for the Reynolds number
Re = 5.0 x 10%, nevertheless, wings experience the force in the lower limitations of
the utilized force measurement sensor. Hence, the results at Re = 1 x 10° have less
uncertainty values and curves are smoother. The graph containing the measurements
at Re = 5.0 x 10? is in Appendix |Al Furthermore, the data used in the charts are in the
table attached to Appendix
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The first chart on top at Figure {.11] demonstrates the dimensionless lift coefficient,
(1, versus angles of attack, «, for bor = 0.35, 0.60, 0.85, 1.00 and Base plan-forms.
Base wing shown with the light blue line have a trend starting just above C, = 0.1
and experienced stall approximately at o = 17 degrees. The maximum lift coefficient
over the Base wing is around 0.75 after which the expected decrease of the trend of
(', is observed. The second wing bor = 0.35, the line of which is illustrated with
the red line, also have a lift coefficient slightly larger than 0.1 at o = 0 degree. This
plan-form experiences the stall at around o = 15 degrees. The general trend of the
C', of bor = 0.35 wing is just below the C}, graph of Base wing, which is expected
due to the aforementioned flow field. The bleed mechanism decreases the pressure
difference between the suction and pressure sides of the bor = 0.35 wing, in addition,
the flow structure of the wing is not improved. Hence, C';, measurements matches
with the previous results. The third wing bor = 0.60 is illustrated with the green line
and the similar C';, value shows up at angle of attack o = 0°. The lift coefficient
values are always higher than the bor = 0.35 wing, furthermore, the stall is observed
at angle of attack around o = 18 degrees. Although the flow field over this wing
is not significantly enhanced compared to the Base wing, the stall angle seems to
retard although the lift force over the wing is less than the Base wing in general. The
superior results in terms of lift coefficient appear in the bor = 0.85 wing which is
illustrated with the dark blue line in the C'y chart. The wing posses the C, value
over the 0.2 at angle of attack of 0 degree. Furthermore, the lift force over the wing
is highest among others including the Base wing, although the C';, values of those
coincide around the angles of attack between approximately 10° to 17°. The bor =
0.85 wing experiences the stall at angle of attack slightly further than oo = 20° and after
that the trend of the C'y, line is still above others. This points out the achievement of the
delay of the stall angle. The last wing bor = 1.00 has a similar C';, value at zero attack
angle, just above 0.2. Although at low angles of attack, the C';, curve of bor = 1.00
wing is above others, after 10 degrees of angle of attack, this wing starts experience
the least lift force compared to other, which is expected due to the bleeding. The stall
angle for this wing appears as around « = 19 degrees. Stall angle is delayed compared
to the Base wing, albeit that the difference is only around 2 degrees, furthermore, the
(', is almost doubled compared to the Base wing at zero degree of angle of attack

which is a favorable feature in the design of an aircraft. Among all wings, bor = 0.85
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draws the attention due to its superiority in terms of C'z. It has the highest values of

lift force and experiences the stall at latest attack angle.

The non-dimensional drag coefficients, C'p, are demonstrated in the middle graph
in Figure .11} While the drawback of the passive bleeding is the reduction of the
pressure difference between the wing surfaces, bleeding is expected to the decrease
the drag since the air freely flows through the bleed passages. Nevertheless, this may
not be the outcome of the measurements. The trends of the C', curves for all wings
are almost the same. The least value is just below 0.1 and there is a small hump just
before av = 20°. The curves are illustrated with the same colors as in the lift charts.
Values of C'p for bor = 0.35, 0.60 and Base wings are almost matching. Yet, as the
bleed opening enlarges the Cp value appears to increase as well. The C'p curve of
bor = 0.85 is above the other three wings and on top of all, the line of bor = 1.00 is
placed. The starting and the ending points of the curves are very similar for all wings
yet, in a broad range of angles of attack, the trend of the C', curve of bor = 0.85 and

1.00 is above others.

The lift-to-drag ratio, C;, /Cp, is also an important parameter to comment about the
effectiveness of an aircraft. The bottom chart in Figure {.11] shows the results ob-
tained for lift-to-drag ratio. In general, all the curves reach a peak value followed
by a sharp decrease at low angles of attack and converge to a value of approximately
0.75 at angle of attack o = 36°. The C,/Cp value for the Base wing at « = 0° is
approximately 2. Then the curve reaches its peak value of C,/Cp = 3.8 at 3.6 de-
gree. The second wing bor = 0.35 has C,/Cp value of 1.75 at zero attack angle and
its peak value is around 3.6 at 3.6 degree. The similar trend is observed for the bor
= 0.60 wing although its C,/Cp value is 2 at zero attack angle and the value is just
above 3.6 at angle of attack of 3.6 degrees. The C/Cp curve of bor = 0.85 has
highest values among others at low angles of attack, which are 3.25 at o = 0 degree
and 3.9 at o = 3.6 degrees. Lastly, as it is predictable considering the C';, and Cp
charts, the least value of the peak of C,/Cp is observed in the curve of bor = 1.00
wing, which is around 3.1 at both « = 1.8° & 3.6°. The value of C', /Cp, for this wing
is also around 2.5 at o = 0 degree. Up to the angle of attack o = 3.6 degrees, the
Cp/Cp values are higher for the bor = 0.85 wing, nevertheless, for the rest of the

attack angles Base wing demonstrates the superior values. The C,/Cp curve of bor
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= 1.00 is below of others and the values of which are significantly lower than the rest
at all angles of attack, although they converge to a same value. It should be noted that
at a = 0°, both bor = 0.85 and 1.00 wings have C',/Cp values higher than Base wing.
Despite that the C',/Cp performance of bor = 1.00 wing is inferior in an large range
of angle of attack, for an aircraft design to have high C,/Cp value at the angles of

attack corresponding to the take-off incidences is an advantage.
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CHAPTER 5

CONCLUSION

Present study aims to comprehend the effect of bleed opening ratio for the 45 degree
swept delta wings with passive bleed control at the extremities of the flight condi-
tions. In order to achieve this, wings with four different bleed opening ratio, bor
= 0.35, 0.60, 0.85 and 1.00 are compared with the Base wing over which passive
bleeding mechanism is not applied. The measurements were performed in mainly
at two Reynolds number Re = 5.0 x 10* and 1 x 10° for attack angles 0° > o >
36° employing particle image velocimetry, force measurement and surface pressure
measurement. Since the study is devoted to compare the bleed opening ratio, the
comparison of the bor wing is made at the cases where the Base wing is already

pre-stall/stall regime and experiences the three-dimensional separation.

According to the results presented in the previous chapter, following conclusions may

be deduced:

o Atall angles of attack where the Base wing is in pre-stall/stall regime or experi-
ences the three-dimensional separation, bor = 0.35 wing also does not perform
any improvement in terms of the enhancement of the flow field. Furthermore,
considering the lift performance and lift-to-drag ratio over the entire angles of
attack studied in the measurements, bor = 0.35 wing demonstrated worse re-
sults compared to the Base wing, while drag coefficient are almost identical for

both wings.

e The plan-form with bor = 0.60 demonstrated promising performance in the
reattachment of the flow field at Reynolds Number Re = 1 x 10°, up to the

angle of attack a = 18°, considering only the pressure measurement results.
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Moreover, although the sufficiency is arguable, the enhancement over the flow
field at the suction side of the bor = 0.60 wing is observed in the near-surface
PIV measurements at o = 18 degree. The expected decrease in lift force over

the wing is also present as the force measurements point out.

e Considering the effectiveness in terms of flow reattachment and vortex recov-
ery, bor = 0.85 wing appears to be the second most effective wing. Pressure
measurements demonstrate that the vortex recovery is achievable up to angle
of attack o = 18 degree, moreover, the near-surface PIV findings support the
amelioration of the flow field due to the existing foot-print of shear layer reat-
tachment to the wing surface. Furthermore, the superiority of the wing in the
lift force measurements over all other bleed controlled wings and Base wing
draws the attention, especially in the lift and lift-to-drag ratio findings at zero

degree of angle of attack.

e Fully opened wing with bleed opening ratio bor = 1.00 might be said to be the
most efficient according to the results obtained considering the flow fields. The
surface pressure measurements show promising results in terms of recovery of
the vortical structure up to the angle of attack of 20 degrees. Moreover, reat-
tachment of the separated shear layer and the recovery of leading edge vortex
are clearly observed up to o = 20°. Fully opened wing also retards to stall angle
and increased the C';/Cp ratio value at zero degree of angle of attack, which
is an important feature for an aircraft at the take-off incidence, compared to the
Base wing, albeit that the lift coefficients are significantly less than that of the

Base plan-form.

Remarks:

e As the bleed opening ratio increases, the flow field over the non-slender delta
wings seems to enhance according to the present study. Particularly for the fully
opened wing, the amelioration of the flow field may be said to be significant at

angles of attacks up to a = 20°.

e Fully opened wing is capable of reattaching the shear layer separation and re-

covering the vortical structure up to 20 degrees of angles of attack. Never-
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theless, the force measurements showed that the lift force over the fully opened
wing is significantly less than Base wing, which is expected due to the presence
of bleeding, yet, the stall is delayed on fully opened wing relative to the Base
wing. This might be one of the remarkable conclusion of the present study. It
is, however, hard to reason, since the lift contribution of the vortical structure
to the non-slender delta wings is relatively low. Moreover, the second most ef-
ficient wing with bleed opening ratio bor = 0.85 resulted in ambiguous findings
such that the near-surface PIV showed relatively less recovery in the vortical
structure and reattachment is not perfectly achieved at o = 20 degree. Nonethe-
less, over the entire span of angles of attack in force measurements, superiority
of the bor = 0.85 wing was clear in terms of lift coefficient. The lift is higher
than the Base wing and bor = 1.00 wing, furthermore, the wing experience the

stall at the latest angle of attack among others.

It is also relatively difficult to deduce a clear result from the drag coefficient
graph. The bleed mechanism is expected to decrease the drag force existing
over the wing, however, the force measurements reveal that trend of the drag
coefficient curve, C'p, of fully opened wing is above among others over the
entire range of angles of attack, and that of bor = 0.85 shows up just below
the curve of fully opened wing. Although the Cp of other bleed wings are
approximately the same, it is hard to draw a reasonable conclusion from these

findings.

As viscous flow theory states, the adverse pressure gradient causes flow to sep-
arate. One of the very first technique to overcome this issue is to introduce
momentum against the adverse pressure gradient. Basically, the bleeding also
aims that, moreover, findings supported this theory as the bleed opening en-
larges the momentum transfer increases, hence, enhancement in the flow field
with strong vortices is observed. Fully opened wing exhibited a superior perfor-
mance among others in terms of flow reattachment and recovery of the vortex
and the bor = 0.85 wing shows up as the second most effective. Despite that this
is expected, the difference between the bleeding surface area of these two wings
is only 15 percent, yet, the flow structure and lift coefficients demonstrates sig-

nificant divergence. The issue might be because of two reasons; either bleed
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effectiveness is really sensitive to the bleed opening ratio for over certain bor
values or the solid parts dividing the bleed channels distort the flow exiting

from the passages in an inefficient way.

Passive bleed is proved to be an efficient flow control mechanism in a certain range
of angle of attack [16L|17]. In this study, the motivation was to exhibit whether the
bleeding is sufficient at high angles of attack by changing the bleed opening ratio.
It might be concluded that bleed opening ratio is an important parameter over the
efficiency of passive bleeding, and active bleed mechanisms with a variable bleed
openings could be implemented over delta wings in order to satisfy the flight stability

at the extremities.

5.1 Future Extensions to the Study

This present study employs an experimental approach to comprehend the possible ef-
fects of the bleed opening ratio to the flow field and among limitless bleed orientations
a proved one in literature is studied [[16]. In order to explore further, the extension to
the study might focus on the elimination of negative streamwise velocity component.
When the negative streamwise velocity component contours are observed, it could be
deduced that elimination of the reverse flow eases the recovery of the leading edge
vortex. Hence, configuration and the orientation of the bleed holes might be set such
that the air passing throughout the bleed passages goes to the center of the region
where the negative streamwise velocity is dominant. To illustrate, bleed holes might
be located where the maximum values in the streamwise velocity component highest

for the Base wing shown in Figure
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Appendix A

FORCE MEASUREMENT CHARTS AT RE = 5.0 X 10*
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Figure A.1: Non-dimensional lift coefficient C,, drag coefficient C'p, and lift-drag
ratio C', /C'p from top to bottom respectively, for bor = 0.35, 0.60, 0.85, 1.00 &
Base wings at Re = 5 x 10* for 0° > o >36°
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Appendix B

FORCE MEASUREMENT RESULTS FOR EACH POINT IN THE CHARTS

Table B.1: Values of each point in the C, Cp, C,/Cp graphs with respect to the
corresponding attack angle for bor = 0.35, 0.60 and Base wings at Re = 5.0 x 10* for
0° >« >20.7°

Base bor=0.35 bor=0.60

o Cr Cp | CL/Cp | CL Cp | CL/Cp | CpL Cp | CL/Cp
0° 0.105 | 0.08 1.317 | 0.156 | 0.087 | 1.801 | 0.122 | 0.072 | 1.695
1.8° | 0.214 | 0.087 | 2.455 | 0.235 | 0.089 | 2.634 | 0.209 | 0.073 | 2.857
3.6° | 0324 | 0.102 | 3.182 | 0.321 | 0.102 | 3.143 | 0.287 | 0.092 | 3.136
54° 10393 | 0.122 | 3.217 | 0.393 | 0.124 | 3.174 | 0.372 | 0.117 | 3.181
7.2° 1 0457 | 0.141 | 3.245 | 0455 | 0.152 | 2985 | 0428 | 0.141 | 3.036
9° 0.525 | 0.168 | 3.128 | 0.513 | 0.18 2.844 | 0.509 | 0.173 | 2.935
9.9° | 0.554 | 0.184 | 3.014 | 0.559 | 0.187 2.99 0.536 | 0.194 | 2.766
10.8° | 0.587 | 0.201 | 2917 | 0.558 | 0.213 2.62 0.552 | 0.21 2.627
11.7° | 0.608 | 0.214 | 2.843 | 0.614 | 0.227 | 2.706 | 0.579 | 0.23 2.516
12.6° | 0.624 | 0.23 2713 | 0.614 | 0.253 | 2432 | 0.593 | 0.251 | 2.367
13.5° | 0.631 | 0.24 2.626 | 0.642 | 0.263 | 2441 | 0.612 | 0.275 | 2.225
14.4° | 0.646 | 0.262 | 2463 | 0.647 | 0.29 2234 | 0.616 | 0.291 2.115
15.3° | 0.658 | 0.284 2.32 0.658 | 0.3 2.192 | 0.617 | 0.306 | 2.016
16.2° | 0.675 | 0.307 2.2 0.641 | 0322 | 1991 | 0.633 | 0.34 1.863
17.1° | 0.656 | 0.315 | 2.083 | 0.669 | 0.343 1.95 0.647 | 0.362 | 1.787
18° | 0.637 | 0326 | 1.956 | 0.646 | 0.358 | 1.806 | 0.633 | 0.368 | 1.717
18.9° | 0.623 | 0.338 1.841 | 0.633 | 0.361 1.755 | 0.618 | 0.378 1.636
19.8° | 0.621 | 0.36 1.726 | 0.611 | 0.378 | 1.617 | 0.615 | 0.401 1.537
20.7° | 0.618 | 0.374 | 1.653 | 0.613 | 0.393 1.56 0.591 | 0.413 1.433
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Table B.2: Values of each point in the C, Cp, C,/Cp graphs with respect to the
corresponding attack angle for bor = 0.35, 0.60 and Base wings at Re = 5.0 x 10* for
21.6° > a >36°

Base bor=0.35 bor=0.60

e} CrL Cp | CL/Cp | CL Cp | CL/Cp | CL Cp | CL/Cp
21.6° | 0.597 | 0.378 1.58 0.598 | 0.405 1.476 0.57 | 0.422 | 1.349
22.5° ] 059 | 0394 | 1.499 0.58 | 0.412 | 1.407 | 0.546 | 0.425 1.284
23.4° | 0.584 | 0.405 1.442 | 0.561 | 0.425 1.322 0.54 | 0444 | 1.218
24.3° | 0.573 | 0.417 1.373 | 0.561 | 0.44 1.275 | 0.516 | 0.447 | 1.156
25.2° | 0.563 | 0.428 1.317 | 0.549 | 0.458 1.199 | 0.513 | 0.469 1.094
27° | 0.558 | 0.461 1.21 0.524 | 0.475 1.104 | 0.509 | 0.506 | 1.006
28.8° | 0.54 | 0.487 1.109 | 0.526 | 0.524 | 1.004 | 0495 | 0.535 | 0.925
30.6° | 0.538 | 0.534 1.008 | 0.502 | 0.555 | 0.906 0.47 | 0.566 0.83
32.4° | 0.519 | 0.571 0.91 0.475 | 0.579 0.82 0452 | 0.6 0.754
342° 1 0487 | 0595 | 0.819 | 0.467 | 0.624 | 0.748 | 0.426 | 0.636 | 0.669
36° | 0.468 | 0.632 | 0.739 | 0.445 | 0.656 | 0.678 | 0.408 | 0.667 | 0.612
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Table B.3: Values of each point in the C, Cp, C1,/Cp graphs with respect to the
corresponding attack angle for bor = 0.85 & 1.00 wings at Re = 5.0 x 10* for
0° > a >36°

bor=0.85 bor=1.00
« Cr Cp | CL/Cp | CL Cp | CL/Cp
0° 0.177 | 0.082 2.16 0.196 | 0.081 | 2.413
1.8° | 0.255 | 0.085 | 3.012 | 0.259 | 0.097 | 2.672
3.6° | 0328 | 0.099 | 3.317 | 0.327 | 0.119 | 2.749
54° 10403 | 0.118 34 0.403 | 0.147 | 2.732
7.2° | 0484 | 0.152 | 3.188 | 0.439 | 0.174 2.53
9° 0.545 | 0.185 | 2.949 0.47 | 0.202 2.32
9.9° 1 0.569 | 0.198 | 2.867 | 0498 | 0.223 | 2.236
10.8° | 0.588 | 0.213 | 2.764 | 0.516 | 0.242 | 2.135
11.7° | 0.61 | 0.234 | 2.608 | 0.537 | 0.265 | 2.027
12.6° | 0.62 | 0.248 | 2.497 | 0.553 | 0.288 1.92
13.5° | 0.629 | 0.265 | 2.376 0.56 | 0.304 1.84
14.4° | 0.633 | 0.283 | 2.241 | 0.574 | 0.334 1.72
15.3° | 0.626 | 0.294 | 2.131 0.576 | 0.344 | 1.675
16.2° | 0.642 | 0.321 | 2.001 | 0.577 | 0.364 | 1.582
17.1° | 0.644 | 0337 | 1911 | 0.574 | 0.386 | 1.488
18° | 0.646 | 0.356 | 1.815 0.58 | 0.404 | 1.436
18.9° | 0.645 | 0372 | 1.732 | 0.574 | 0.407 1.41
19.8° | 0.639 | 0.387 1.649 | 0.568 | 0.435 1.306
20.7° | 0.626 | 04 1.565 | 0.558 | 0.45 1.238
21.6° | 0.613 | 0.416 | 1.475 | 0.558 | 0.471 1.184
22.5° | 0.59 | 0.421 1.401 0.541 | 0.489 1.107
23.4° | 0.576 | 0.435 1.324 | 0.534 | 0.491 1.088
24.3° | 0.554 | 0436 | 1.269 | 0.521 | 0.518 1.006
25.2° | 0.546 | 0.452 | 1.207 | 0.488 | 0.509 | 0.958
27° | 0534 | 0486 | 1.099 | 0.459 | 0.538 | 0.854
28.8° | 0.521 | 0.523 | 0.996 | 0.434 | 0.563 0.77
30.6° | 0.504 | 0.558 | 0.904 | 0426 | 0.591 | 0.721
32.4° 1 0477 | 0.589 | 0.811 | 0.402 | 0.634 | 0.633
342° | 046 | 0.628 | 0.732 | 0.387 | 0.665 | 0.581
36° | 0432 | 0.648 | 0.667 | 0.355 | 0.693 | 0.513
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Table B.4: Values of each point in the C, Cp, C,/Cp graphs with respect to the
corresponding attack angle for bor = 0.35, 0.60 and Base wings at Re = 1 x 10° for
0° > a >36°

Base bor=0.35 bor=0.60
e} CrL Cp | CL/Cp | CL Cp | CL/Cp | CL Cp | CL/Cp
0° 0.133 | 0.065 | 2.032 | 0.122 | 0.070 | 1.736 | 0.150 | 0.074 | 2.026
1.8° | 0.267 | 0.077 | 3.451 | 0.223 | 0.073 | 3.045 | 0.263 | 0.074 | 3.541
3.6° | 0368 | 0.096 | 3.844 | 0.327 | 0.091 | 3.608 | 0.347 | 0.094 | 3.706
54° 10452 | 0.122 | 3.709 | 0410 | 0.116 | 3.539 | 0.439 | 0.124 | 3.547
7.2° | 0.524 | 0.148 | 3.550 | 0.464 | 0.141 3290 | 0.490 | 0.146 | 3.350
9° 0.592 | 0.180 | 3.287 | 0.520 | 0.171 | 3.043 | 0.569 | 0.182 | 3.116
9.9° 1 0.625 | 0.196 | 3.191 | 0.558 | 0.191 | 2929 | 0.599 | 0.200 | 2.993
10.8° | 0.653 | 0.214 | 3.055 | 0.587 | 0.209 | 2.808 | 0.620 | 0.215 | 2.881
11.7° | 0.685 | 0.233 | 2938 | 0.617 | 0.229 | 2.691 | 0.648 | 0.238 | 2.724
12.6° | 0.711 | 0253 | 2.811 | 0.644 | 0.248 | 2.598 | 0.675 | 0.261 | 2.586
13.5° | 0.725 | 0.272 | 2.661 | 0.667 | 0.271 | 2.461 | 0.694 | 0.282 | 2.464
14.4° | 0.736 | 0.292 | 2518 | 0.680 | 0.292 | 2.334 | 0.703 | 0.298 | 2.360
15.3° | 0.736 | 0309 | 2.377 | 0.676 | 0.305 | 2.219 | 0.708 | 0.319 | 2.222
16.2° | 0.741 | 0.328 | 2.263 | 0.669 | 0.319 | 2.095 | 0.705 | 0333 | 2.116
17.1° | 0.748 | 0.348 | 2.152 | 0.675 | 0.341 1.976 | 0.713 | 0.354 | 2.012
18° | 0.729 | 0.358 | 2.039 | 0.663 | 0.352 | 1.885 | 0.716 | 0.373 1.919
18.9° | 0.713 | 0.370 | 1.924 | 0.662 | 0.372 | 1.778 | 0.703 | 0.384 | 1.831
19.8° | 0.688 | 0.374 | 1.841 0.654 | 0.385 1.700 | 0.702 | 0.403 1.740
20.7° | 0.674 | 0.387 1.741 | 0.631 | 0.394 | 1.601 | 0.686 | 0.418 1.643
21.6° | 0.669 | 0.404 | 1.655 | 0.618 | 0.405 1.527 | 0.671 | 0.428 | 1.570
22.5° | 0.658 | 0.415 1.586 | 0.599 | 0.413 1.450 | 0.642 | 0.432 | 1.487
234° 1 0.653 | 0434 | 1505 | 0.591 | 0427 | 1.385 | 0.627 | 0.446 | 1.406
24.3° | 0.644 | 0.448 1.435 | 0.577 | 0.441 1.310 | 0.611 | 0.454 | 1.344
252° 1 0.634 | 0.459 | 1.380 | 0.571 | 0.456 | 1.250 | 0.594 | 0.460 | 1.291
27° | 0.620 | 0.487 1.273 | 0.549 | 0476 | 1.155 | 0.585 | 0.496 | 1.179
28.8° | 0.608 | 0.520 | 1.168 | 0.541 | 0.512 | 1.056 | 0.566 | 0.520 | 1.087
30.6° | 0.592 | 0.555 1.067 | 0.524 | 0.544 | 0963 | 0.550 | 0.559 | 0.983
32.4° | 0.567 | 0.585 | 0969 | 0.501 | 0.575 | 0.870 | 0.529 | 0.591 | 0.895
342° 1 0552 | 0.624 | 0.885 | 0.479 | 0.605 | 0.791 | 0.508 | 0.624 | 0.814
36° | 0.536 | 0.659 | 0.813 | 0.466 | 0.640 | 0.728 | 0.495 | 0.661 | 0.749
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Table B.5: Values of each point in the C, Cp, C1/Cp graphs with respect to the
corresponding attack angle for bor = 0.85 & 1.00 wings at Re = 1 x 10° for
0° > a >36°

bor=0.85 bor=1.00

« Cr Cp | CL/Cp | CL Cp | CL/Cp
0° 0.235 | 0.072 | 3.241 | 0.206 | 0.083 | 2.495
1.8° | 0.315 | 0.083 | 3.812 | 0.302 | 0.098 | 3.091
3.6° | 0412 | 0.107 | 3.862 | 0.372 | 0.121 | 3.081
5.4° 10503 | 0.138 | 3.656 | 0.435 | 0.151 | 2.887
7.2° 1 0.557 | 0.165 | 3.373 | 0482 | 0.179 | 2.688
9° 0.622 | 0.198 | 3.143 | 0.537 | 0.215 | 2.499
9.9° | 0.644 | 0.210 | 3.068 | 0.557 | 0.230 | 2.423
10.8° | 0.672 | 0.232 | 2.891 | 0.586 | 0.254 | 2.308
11.7° | 0.697 | 0.250 | 2.785 | 0.601 | 0.270 | 2.223
12.6° | 0.713 | 0.270 | 2.645 | 0.621 | 0.291 | 2.138
13.5° | 0.737 | 0290 | 2.541 | 0.632 | 0.307 | 2.057
14.4° | 0.752 | 0310 | 2422 | 0.645 | 0.330 | 1.955
15.3° | 0.747 | 0325 | 2.302 | 0.652 | 0.349 1.867
16.2° | 0.756 | 0.351 | 2.154 | 0.653 | 0.366 | 1.784
17.1° | 0.756 | 0.368 | 2.057 | 0.661 | 0.387 1.708
18° | 0.765 | 0.391 1.957 | 0.670 | 0.413 1.622
18.9° | 0.758 | 0.401 1.887 | 0.666 | 0.426 | 1.562
19.8° | 0.760 | 0.423 1.794 | 0.639 | 0.431 1.481
20.7° | 0.750 | 0.438 | 1.712 | 0.635 | 0.449 1.416
21.6° | 0.733 | 0.447 | 1.637 | 0.627 | 0.466 | 1.347
22.5° | 0.716 | 0.457 1.567 | 0.615 | 0.478 1.288
23.4° | 0.697 | 0.469 | 1.486 | 0.594 | 0.483 1.229
243° 1 0.675 | 0476 | 1420 | 0.583 | 0.496 | 1.174
25.2° | 0.672 | 0.494 | 1.359 | 0.564 | 0.505 1.117
27° | 0.636 | 0.512 | 1.243 | 0.536 | 0.526 | 1.018
28.8° | 0.622 | 0.541 1.149 | 0.517 | 0.550 | 0.940
30.6° | 0.602 | 0.579 | 1.040 | 0.500 | 0.582 | 0.860
32.4° | 0575 | 0.607 | 0.949 | 0.488 | 0.614 | 0.794
34.2° | 0.557 | 0.641 | 0.869 | 0.468 | 0.643 | 0.728
36° | 0.540 | 0.674 | 0.802 | 0.449 | 0.671 | 0.669

91



92



Appendix C

MATLAB CODE TO CALCULATE VELOCITY MAGNITUDE RMS

clear all

clc

NAME = borlReb5018deg2,7mml1728x1952
firstFrameNumber = 10;

lastFrameNumber = 209;

fileNumber = firstFrameNumber:lastFrameNumber;
Expname = Solidity000 ;

extension = .T000.D000.P000.HO00.L.vec ;

L=1;

for i=fileNumber (1) :fileNumber (length (fileNumber))
if i 10
fileNames L = strcat (Expname, 0 , num2str (fileNumber (L)),

extension) ;

end
if i = 10 i 100
fileNames L = strcat (Expname, 0 , num2str (fileNumber (L)),
extension) ;
end
if 1 = 100
fileNames L = strcat (Expname,num2str (fileNumber (L)),
extension) ;
end
L=L+1;

end
pwd

for i=1:(lastFrameNumber firstFrameNumber+1)
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[vecfile, details]=fopen(fileNames i , r ) ;

firstline = fgetl (vecfile); reads the first line

firstline = split(firstline);

I = str2num(erase(firstline 43 , I=)); get the mesh number
J = str2num(erase(firstline 44 , J=)); get the mesh number
holder = fgetl(vecfile); reads the second line

k=1;

while (holder = 1)
holder = strrep(holder, PR ) ;

holder = str2num(holder);

Data(k, :,1) = holder;
Data2 (i, k, :) = holder;

k = k+1;

holder = fgetl (vecfile);

end

fclose (vecfile);

end

X(:,:) = Data(:,1,1);
Y(:,:) = Data(:,2,1);
U(:,:) = Data(:,3,:);
V(:,:) = Data(:,4,:);

for i=1 : length (U)
for j=1 : (lastFrameNumber firstFrameNumber+1l)
velmag (i, j) = sqrt(U(i,J) 2 + V(i,3) 2);
end

end

for i=1 : length (U)

meanvelmaqg (i) = mean(velmag (i, :)); calculates the mean of
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set of data for each IA

end

for 1i=1 : length (U)
meanU (i) = mean(U(i, :)); calculates the mean of set of data
for each IA
meanV (1) = mean(V (i, :)); calculates the mean of set of data
for each IA
meanvelmag (i) = mean(velmag(i,:)); calculates the mean of
set of data for each IA
end
for i=1 : length (U)
diffuU(i,:) = U(i,:) meanU(i); subtracts the mean for the
value of each IA
diffv(i,:) = V(i,:) meanV (i); subtracts the mean for the
value of each IA
diffvelmag(i,:) = velmag(i,:) meanvelmag(i); calculates
the mean of set of data for each IA
end

for i=1 : length (U)

Sqrdiffu(i,:) = diffu(i,:) . 2;
Sqrdiffv(i,:) = diffv(i,:) . 2;
Sgrdiffvelmag(i,:) = diffvelmag(i,:).2;

end

for 1i=1 : length (U)
rmsvalues (i,1) = sqrt(sum(SqrdiffU(i,:)) / length(U(i,:)));
rmsvalues (i,2) = sqrt(sum(Sqrdiffv(i,:)) / length(V(i,:)));
rmsvalues (i,3) = sqgrt(sum(Sqgrdiffvelmag(i,:)) / length(

velmag (i,:)));

end

TecplotWriter (X,Y, rmsvalues,NAME, I,J);
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Appendix D

MATLAB CODE TO CONVERT RMS CALCULATIONS INTO THE
TECPLOT FILE

function [] = TecplotWriter (X,Y,A, name,II,JJd)
U=A2aA(:,1);

V = A(:,2);

VelMag = A(:,3);

file = fopen(strcat (name, RMS.dat ), wt ) ;

fprintf (file, s s s, TITLE = ", name, " );

fprintf (file, s , VARIABLES = "X mm", "Y mm", "Urms", "Vrms" ,

VelocityMagnituderms") ;
fprintf (file, s s i s 1 s n, ZONE T="ZONE 001", ,I=

;, » J=, JJ, , F=POINT) ;

for i = 1:I1 JJ
fprintf (file, .10f t.10f £t.10f £.10f t.10f n,X(i),Y(1),U
,V(i),VelMag (i));
end
fclose (file);

end
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