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ABSTRACT

CONTROL OF FLOW STRUCTURE ON 45 DEGREE SWEPT DELTA WING
USING PASSIVE BLEEDING

Karag?®z, Burcu
M.Sc, Depatment of Mechanical Engineering
Supervisor : Asoc. Prof. Dr. Mehmet Metin Yavuz

SeptembeR017, 78 pages

In recent decadesresearcheraim to understand and control the physical
phenomenon behind tlemmplexflow structure of low swept delta wings arising
with their widespread use lUnmanned Air Vehicles (UAV), Unmanned Combat
Air Vehicles (UCAV) and Micro Air Vehicles (MAY. In order to extend the
working capabilities of these vehiclegith havng stable flight performance,
detailed studies omnderstandingand controlling the flow structures oveaw

swept delta wingare required

The aimof the present studig to control theflow structure over anon-slender
delta wing with sweep angle of2 1 vdegreeusing passive bleedinwith
particular interest in edication of thre@limensional surface separationhe
passive bleeding is a methoahich uses simple passages inside the wing and
allows the fluid flow fromthe pressure side to the suction siggng the inherent
pressure differencélhe experiments areonducted in a low speed wind tunnel
using surfacepressure measuremendgmd Particle Image &ocimetry (PIV)

where thestreamlines and the corresponding patterns of velocity and vorticity are
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characterized on a plane immediatabjjacent to the surfaaef the wing. Three
different bleeding configurations with backnglesy p op AT A degrees,
where these angles define the bleeding passage orientations with respect to free
stream velocityare tested tauantify the effect ofpassive bleeding with bk
angleon flow structure compared to Base planformboyadranges of Reynolds
numbersc® pm YQ p & p mmand attack angles o | ¢ adegees

The results indicate that bleeding significantly alters the overall flow structure as
shown in the near surface velocity, vorticity, and streamline patterns and the
suction pressure coefficient g, At sufficiently high angle of attack where the
pronownced surface separati@ppears on the Base planform, which is indicated
by focus point along with largecale swirl in the near surface streamline pattern,
the elimination of surface separation is achieweth passive bleeding. This is
incorporated withsignificant increases in the magnitudes of surface normal
vorticity and suction pressure coefficientr, which indicate recovery of leading
edge vortex. Considering the effectl@ckangle,r, on flow structurer COo
degree provides the utmost impeowent on the overall flow pattern in terms of
the elimination of three dimensional surface separation, where for certain angle of
attack,[ p Ydegree induces flow pattern which is quite similar to the one

obtained by ¢ aegree.

Keywords: Nonslerder delta wing,Low sweep angle Leading edge vortex,
Threedimensional surface separatiétgssivelow control, Bleeding.
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konfig¢e¢pasydnlakk et maarp&Ers € a k& e remeh Haadt | et ki si
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CHAPTER 1

INTRODUCTION

In recent years, researchers pay a great attention to the seldiesl with flow
control over norslender delta wings, which can be considered as simplified
planforms of Unmanned Air Vehicles (UAV), Unmanned Combat Air Vehicles
(UCAV) and Micro Air Vehicles (MAV).Common examples of these vehicles

are represented indure 1. Because aerodynamics play an important role in the
flight performance and stability of an air vehicle, design parameters need to be
improved; thus, researchers aim to understand and control flow physics around the
delta wings. Although the earlstudies on aerodynamics of delta wings were
conducted more than a half century ago, there is still much more topics to
enlighten [1]. The most attracting part is exploring the effective methods to
control the complex flow structure around the delta wingsrder to prevent the
instabilities introduced by different flight conditions [2].

The main classification of delta wings are performed according to their sweep
angl es: delta wings having sweep angle g
hi gh swept) whil e delta wings having sw
known as nosslender ¢r, low swept) delta wingd.he geometry and sweep angle

of a typical delta wing are represented in Figw2. In the literature, there are
many studies focusing on the slender delta wings, whereas considering the non
slender delta wings, very little efftohas been devoted and the flow control have
not been thoroughly resolved and need to be studied further.

The flow around a delta wing is dominated by two countéating leading edge
vortices, which are generated by the separation of the flow fromwitiswvard

side of the leading edges and appear above the suction side of the wing [3]. With

this continuous separation and shedding, flow rolls up into a curved frae she

1



layer, as shown in Figure3 The streamwise core velocity can reach fiodfive

times greater than the free stream velocity due to low pressures at the vortex core
represented in Figure4. These high velocities generate an additional lift, called
as vortex lift and increase the critical angle of attack [4]. However, the vortex lift
contribution increases with increasing sweep angle; thus, forsleoder delta
wings, it is a smaller portion of the total lift. Moreover, for rsdender delta
wings, a dual primary vortex is observed on the wing surface, which is believed to
be generatethy the interaction of the vortical structure with the boundary layer
[5].

Because of different flight conditions, vortices become unstable and some
undesired formations can be observed. Increasing angle of attack may introduce
several instabilities likevortex breakdown, shear layer instabilities, vortex
wandering, and helical mode instability [A.representation of vortex breakdown

and shear layer instability is shown in Figur6.JAmong all of these instabilities,
vortex breakdown, sudden expansidrthie vortex core, becomes prominent due

to its effects on flow structure and stability. During vortex breakgoas
represented in Figure-3, jettype velocity profile at the axial vortex core turns
into waketype velocity profile because of swirl levaind pressure gradient
[6],[7], which in turn causes buffeting on the wing surface due to high velocity
fluctuations.

Recent investigations reveal that reattachment of the separated shear layer is one
of the main source of high velocity fluctuations for rsd@nder wings[8]. As
indicated in Figure I/, reattachment of shear layer demonstrates differences in
slender and neslender wings. For slender delta wings, the shear layer cannot
reattach to planforms except for very low attack angles, whereas feslemmher
wings, the location and strength of reattachment is quite crucial in terms of
sustaining vortical coherence. The location of reattachment moves inboard with
increasing incidences, and vortex breakdown proceeds through the apex of the
wing. When tle vortex breakdown reaches to the apex, reattachment line is
located over the wing root chord, resulting substantial amount of buffeting-at pre
stall region. Thus, the reattachment is the main cause of buffeting {islemafer

delta wings rather than thenex breakdown in slender wings [8].
2



At sufficiently high angle of attacks, where the-gtall regime occurs over nen
slender delta wings, largezale, threelimensional surface separation dominates
the flow field. This flow regime is correlated withlarge-scale, inwareswirling
surface streamline pattern, which eventuates in a stahlis,fas represented in
Figure 8. The most significant feature of the three dimensional separation is the
largescale focus that streamlines emerge [45]. At the ceoftéhis focus and
downstream of the leading edge, the velocity magnitude abruptly decreases,
meaning that leadingdge vortices are eradicated. If the angle of attack increased
further, the shear layer reattachment becomes impossible, and flow fielidbeescr

as a whorl, expressing that flow is stalled, and resulting very low velocity
fluctuations on the planform [8].

In order to prevent these instabilities in achieving stable flight conditions, delta
wings are needed to be controlled either actively @sipaly. These control
methods aim to prevent separation, delay vortex breakdown and- three
dimensional surface separation/stall, and enhance reattachment. To achieve these
purposes, active control methods utilize some energy input in order to blow or
sucton the air on planform surface, or create steady or unsteady excitations to
flow domain. On the other hand, in passive control, no energy input is required
because passive control methods utilize geometry and material modifications, and

inthisstudy,apmsi ve contr ol met hod, which i1 s cal

1.1 Motivation of the Study

Micro Air Vehicles (MAV), Unmanned Combat Air Vehicles (UCAV) and
Unmanned Air Vehicles (UAVare exposed to complex flow structures during
steady and unsteady flight conditions. In order to improve and stabilize flight
performance, lift force should be increased while buffet loads should be
diminished. Because threlmensional separation eradiea the vortical
structures and induces velocity fluctuations on wing surface, it causes the
elimination of vortex lift contribution and increases the buffet loads on planform.
Therefore, to eliminate the three dimensional surface separation/stall, rnol co

the reattachment location, different active and passive flow control methods have

been utilized.The passive bleeding is a method, which uses simple passages
3



inside the wing and allows the fluid flow from the pressure side to the suction side
using he inherent pressure difference.

Recently, @lik et al. [9] have developed and implemented a passive bleeding
technique on 45 deg swept delta wings which have different hole orientations,
called asBack (B), Edge (E) and Back & Edge (BE) referring to dicectof the

bleed air In Figure 19, the results of surface pressure measurements, surface and
cross flow visualizations and constant contours of-diamensional vorticity
measurements at Reynolds numb¥r® o&® p mmandp Ttare represented for
planforms Base and B at a high angle of attack, p ¢. Jhe left column of the
figure represents the results for Base wing, whereas the right column represents
the results of the planform B. Considering the Base planform, the surface and
cross flow visualizationdemonstrate a dispersed flow on the wing surface where
the traces of reattachment appear close to the symmetry lihedistribution
indicates a flatike shape and the cross flow patterns have very low vorticity
magnitudes, which are the indications tbfeedimensional surface separation.
Considering the planform B, thed distribution has a humiike pattern where

the patterns of vorticity demonstrate 90 % increase in the maximum level of
constant vorticity contours compared to the Base planfétrase findings could

be interpreted as the recovery of vortical structure over the planform and the
eradication of thredimensional surface separation/stall with bleeding
configuration of planform B, which has bleeding holes with back angle, while no
improvement were reported for the other planforms with bleed air orientations as
Edge (E) and Back & Edge (BE). In consideration of the results of that study, to
broadly investigate the effect of back angle and generalize the statement that the
bleeding with lack angle improves the flow structure in qstall/stall regimes,
further investigations, in which the only control parameter becomes the back
angle of the bleeding holes, are needed. Thus, the main motivation of this thesis
is further observing the effeof bleeding with different back angles on flow

structure for nosslender delta wings.



1.2 Aim of the Study

This study aims to control the flow over a dégswept delta wing by utilizing
passive bleeding method. In that method, control process is accordphghe
inherent pressure difference between pressure and suction sides of the planform
by allowing highpressure air tthe suction siden backward direction through the
holes on wing surface with different back angles. In order to explore the effect of
tha method, surface pressure and near surface Particle Image Velocimetry (PIV)
measurements were conducted in a low speed wind tunnel. Wide ranges of
Reynolds numbers and attack angles, varying fpom J | ¢ o dnd 0®

pTt YQ p@ p mwere tested orpleeding configurations including three

different back angle$ = 13, 18, and 28egreesand a Base planform.

1.3 Structure of the Thesis

This thesis is composed of five main chapters. Chapter 1 provides information on
delta wings on an introduction basisdagives a brief idea about the aim and the

motivation of the current study.

In Chapter 2, the literature survey including the general flow structures of delta
wings are described with particular emphasis on-siender delta wings. In
addition, the flow cotrol strategies are summarized and the passive bleeding is

explained in detalil.

The technical details of thexperimentalsetup and the measurement systems

used inthe studyalong with the experimental matraxeexplained in Chapter 3.

Chapter 4 presdgs and discusses the results of passive bleeding experiments

including the measurements of surface pressure and near surface PIV.

Chapter 5 provides the conclusions throughout the study including the

recommendations for possible future work.
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Figurel-1 Representation of different natender delta wing types [4].
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Figurel-6 lllustrationof vortex breakdown and shear layer instabilities [3].
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Figurel-7 Schematic seamline patterns for (a) reattachment over-siemder
wings and (b) with no reattachment on wing surface on slg¢8dgr
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CHAPTER 2

LITERATURE SURVEY

In this chapter, the literaterrelated with high and low sywe delta wings is

summarized. In literature, there are much more studies related with high swept
delta wings than low swept case, and the main focus of this chapter is flow
physics over delta wings and the flow control mechanisms, especially passive

bleeding.
2.1Flow Structure on Delta Wings

2.1.1Vortex Structure

Flow over delta wings is dominated by two counter rotating vortices, which are
formed by rolling up of vortex streets separated from leading edge of the wing
over the suction side, as represented in Figute[T0]. The time agraged axial
velocities at the core of these vortices may reach upSaifhes greater than the
free stream velocity [11]. Because of
velocity will result a decrease in pressure at the same location; thus, $karpre

will decrease at the suction side of the wings, where these vortices and high
velocities are observed. Hence, these vortical structures increases the lifirforce
wing surfaces because they create additional lift by decreasing the pressure at
suctian side. According to Polhamus, the contribution of the vortex lift to the total
lift force on the wing surface can be as large as the potential lift for high swept

delta wings, as can be seen in Figuz[22].

Although the both have vortex formation ¢imeir suction sides, high and low
swept delta wings have some major differences related with the flow structures

over them. One of these obvious differences is related with the distance between
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planform surface and vortex core: it is smaller for-stande wings compared to

slender planforms. The difference affects the flow structure considerably. Because

the vortex core is closer to wing surface, there occurs an interaction between

boundary layer and the primary vortex, forming a second vortex struotateng

in the same direction [13,14,75]. This formation, which is comprised of two
vortices rotating in the same direction, [
can be only observed for low angle of attacks and low Reynolds numberag16]

shown in kgure 23. The first study focusing on that structure was conducted by
Gordnier and Vi bal [ 5], and followed by Yar
et al. [L3] as Particle Image Velocimetry (PI1V) studies. Moreover, according to

JinrJun and Wand15], the range of incidences with dual vortex structure

becomes narrower with increasing sweep angle.

2.1.2 Shear Layer Instabilities

According to viscous flow theory, when the flow contacts with a surface,
separation occurs due to the adverse pressure graditer flow separates from

the leading edge of the delta wing, boundary layer theory loses the validity.
Separated flow rolls up into a core, which is formed in three different regions: free
shear layer, rotational core, and viscous stdycas represéad in Figure 24 [23].
Yanéktepe and Rockwel |l [ 14] <classified the
small scale patterns, and the instabilities are related with the small scale patterns.
The generation of these smaller vortices are caused due ¥inKelelmholtz
instability. Moreover, Yavuz et al [19] represented-strinctures created on shear
layer by using PIV tehnique. As shown in Figure-2 small scale fluctuating
structures are present throughout the leading edge of the planform. Gordhier an
Visbal [5] worked on the underlying causes of these instabilities. According to
them, shear layer instabilities are created due to the interaction of the primary
vortex structure with the boundary layer, resulting with movements of vortex co

around thanean direction, which is called as vortex wandering.
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2.1.3Vortex Breakdown

At sufficiently high incidences, vortical structures over the planforms suddenly
expand, and this situation is called as vortex breakdown [7]. As a result of this
expansion, jetike axial core flow stagnates, and finally, takes the form of wake
like flow and velocity at the core drops dramatically [3]. Because of the decrease
in velocity, pressure increases at the suction side, which decreases the lift and
momentum coefficients drameadilly. The most common types of vortex core
disruptions can be counted as spiral, double helix and bubble type vortex
breakdown on wing planform. Slender delta wings generally exhibit spiral type
vortex breakdown as in Figure&and Figure 2 [11], which fluctuates along
streamwise direction, while nesiender planforms have a tendency to develop a
conical shape of breakdown, in which swirling in the core and reversed axial
velocity are not observed [14,17,18]. The two main parameters, which affect the
formation of vortex breakdown, are swirl level and external pressure gradient.
Any increase in one of these parameters may cause to disrupt vortex core earlier.
According to Erickson [10], the results of the experimental studies conducted in

wind tunnels anavater channels are well in line with the real flight conditions.

Vortex breakdown is an undesired phenomenon because of its severe effects on
flow. The deterioration of vortex structure and the decrease of axial core velocity
will increase the pressuré the suction side of the planform, leading a decrease in
vortex lift contribution, eventually. Actually, the most important consequence of
vortex breakdown is high buffeting loads exposed to planform, which eventually
leads to structural vibrations andifme damage. These consequences mean that

aerodynamic performance decreases in thegpost stall regimes.

2.1.4 Shear Layer Reattachment and ThreeDimensional Separation/Stall

Reattachment is one of the main characteristics of flow over delta wings because
the shear layer separated from the leading edge attaches to the suction side of the
wing for both slender and nestender cases. For slender wings, reattachment is
not occur on the planform, it can only attach to the surface for very small

incidences [3],which is difficult to control. However, for neslender wings,
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separated flow attaches to the planform from outboard of the symmetry line,
compared to slender wings [4]. A comparison of these two conditions is
represented ifrigure 17. According to Taylo and Gursl[4], increasing attack
angle cause to shift the reattachment line to the inboard of the symmetry plane.
The reattachment line can reach the centerline of the just prior to the stall, for

¢ ¢ ¢ o, after vortex breakdown reaches to the apexhat case, high velocity
fluctuations in the symmetry plane is observed, meaning that the main cause of
buffeting is the shear layer reattachment, rather than vortex breakdown in-the pre
stall regime [8].

At sufficiently high angle of attacks, in whiclase the pretall regime occurs

over nonslender delta wingas shown in Figure-8, the vortical structure gives

place to the largscale, threglimensional surface separation over the planform.

This flow regime is governed by a largeale, inwareswirling surface streamline

pattern, which eventuates in a stable focus, which is the most significant feature of

threedi mensi onal separati on. Hornunig and Perr
Legendre separatiorn which the flow rok up into a focus. In Figur2-9, the

structure of threelimensional separation is represented: the saddle of separation

initiates the separation process through a bipartition. One of the ends of this

bipartition rolls up and culminates into a focus, whereas the other end proceeds

through the downstream [73].

For further increase of attack angle ( ¢ v Bas shown in Figure-8 streamlines
takes the form called as whorl, which means that stall condition occurs and in that
case, shear layer can no longer reattach to the planform esurésulting low
velocity fluctuations and buffet loads [8]hus, it is important to control the flow

in order to delay stall, enhamdift and prevent buffet loads, alsofigmation of
reattachment over nesiender planforms in the pestall regimes.

2.2Flow Control Techniques on Delta Wings

In order to have stable flight conditions, the aforementioned instabilities are
needed to be prevented; in other words, delaying stall, separation, vortex

breakdown and eliminating buffet loads by regulating flow teefiment in a
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desired manner are necessary. For slender delta wings, the main focus of the
control strategies is preventing the vortex breakdown, while irstender delta
wings, the reattachment line is needed to be regulated. The flow over delta wings
can be controlled in two manners: actively or passively. In literature, Gursul et al.
[3] have extensively reviewed the active and passive control techniques for
slender and noeslender wings. In active control, an energy input is required: in
blowing and sction of air from edges or surfaces of the planforms, controllable
flaps, and small and large scale perturbations [3]. However, the passive control
methods do not require any energy input because they generally adjust the flow by
changing the geometricaind material properties of the wings. As common
examples to this technique, flaps, elastic materials attached on wing surface,

modification on leading and trailing edges can be counted [21,22,25,61,80].

2.2.1 Active Control

Active flow control in delta wings areery popular and a great attention have
been paid for several years to explore new techniques. One of the most common
method that has been used in that field is a pneumatic technique, which is
controlling the flow by suction and blowing. In this methahding edge vortices

can be controlled with the help of leading edge blowing or suction [Z3R7
trailing edge blowing and suction[3&], and along core blowing and suction
techniques [387,3,81] and they can be applied in steady or unsteady manner, b
unsteady blowing is more effective than the steady blowing [3]. As an example of
leading edge blowing, Wood et al. [38] performed the steady blowing method
thoughout the leading edge forra ¢ Ttslveep delta wing and found that vortex
structure can be otrolled up tog v 1T McCormik and Gursul [39] and Badran

[40] applied the leading edge suction to high swept delta wings and showing that
this method can move vortex breakdown to downstream and affect the vortex core
location in a good manner. Gursul ghdied the along core blowing method and
represented that it is the most effective technigue among the others in terms of
vortex breakdown location control. Also, that method accelerates the axial core
flow and favorably adjust the pressure gradient [4i]addition to along core

blowing, trailing edge blowing is also effective in terms of vortex breakdown
17



delay according to the study, which applied that methothto ap Ttslveep delta
wing [42].

Although there are excessive amount of study applying tb@sieol methods to

the slender planforms, this is not the case forslender delta wings. Wang [43]
conducted an important study to control rsd@nder wings, by applying a trailing
edge blowing and concluded that it is difficult to control the vorteakdown
location and postpone its occurrence for these planforms. Zharfa et al. [44]
concluded their study that steady blowing is an effective way to control the
occurrence of thredimensional separations from¥a ¢ v Sweep delta wing.
Moreover, Yavuz androckwell [33,45] performed a characterization study for

¥ o0 uslveep delta wing to understand the near surface topology when applying

the steady trailing edge blowing method.

In terms of unsteady blowing and suction studies, Guy et al. [46,47], Gu et al.
[26], Gadel-Hak and Blackwelder [48] performed experimental studies to show
the effect of periodic suction and blowing along the leading edges of slender
planforms. The main conclusions of these studies represented that lift can be
improved while stall ad vortex breakdown can be delayed with the help of these
techniques. The effectiveness of these nugttare represented in Figurd @

In addition to the suction and blowing methods, some researchers control the flow

structure over the delta wingsbypasp yi ng osci |l l atory motion to t
et al. [14] and Vardaki et al. [82] applied oscillatory motatrpoststall regime while

Yavuz et al. [19] applied at pigtall regime to control reattachment. They concluded

that oscillatory flow promoteeattachment in lovewept delta wings. As represented

in Figure 211 with the help of oscillation, totally separatédw reattaches to the

surface.

2.2.2 Passive Control

Despite the active control, passive control methods do not require any energy
input because they utilize the effects of geometrical and material modifications.
Although they are simpler and cheaper than active control methods, sometimes

they may be conclutl with unexpected results.
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Because the purpose of controlling the flow is different for slender and non
slender planforms, the applications are different. For slender wings, the main
purpose of control is postponing the vortex breakdown and adjustipositon

on planform.Klute et al.[49], Gursul et al[50] and Mitchell et al]51] studied

the effects of apex flaps, leading edge flaps and extensions over the control of
vortex breakdown. The main conclusion of these studies is that the vortex
breakdevn can be delayed if the bended and stationary apex flap is attached to the
surface of the wing. Also, the maximum delay is obtained in the case of apex flaps

bended to the planform with an angle toward negative direction.

On the other hand, because thaimmotivation of controlling the flow over nen
slender wings is the adjustment of the reattachment line, Vardaki et al. [52] and
Mitchell and Delery|51] suggested the usage of flexible wings. According to their
results, a delay in thre#imensional sepation and an enhancement in
reattachment of shear layer is obtained with the help of flexibility. Taylor et al.
[21] studied the effect of flexibility by using 1 1 J@ TtSWeep delta wings,

and reported that an improvement in lift force is obtained withhtp of this

method.

Another important method, which is called as bleeding, is suggested in recent
studies, and it requires the holes and openings in the planform surface in order to
energize the flow over the wing, which is the subject of this study. Therefore, that

method isneeded to be investigated comprehensively.

2.2.2.1Bleeding

In recent years, a new methodology, which is called as bleeding, arises as a novel
flow control technique. In this method, inherent pressure difference between
suction and pressure side is utilizedther actively or passively. One of the
significant characteristics of that method is the slots, which are opened close to
the wingtip, as explained by Hu [53]. With the help of these slots, air is conducted
from pressure side aft to suction side fore,gg@easented in Figura-12. Indeed,

bleeding works nearly in the same logic with blowing or jet injection, with some
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major differences: in the bleeding method, the air coming to suction side is
directed from the pressure side, rather than supplied by haymeans.

In active bleeding, actuators are utilized in order to orient the slot direction and
geometry. On the other hand, in passive bleeding, holes remain fixed; therefore, it
is a relatively simple flow control strategy. In 1920s, Lachmann [54]debis
method on slotted wings and ailerons. Actually, the main conclusion is
represented by Tanner [55], suggesting that bleeding can be utilized as a drag
reduction method. In addition to the slots, porous surfaces was also studied as a
bleeding methodBauer and Hemsd®6] experimentally studiedassive porosity

on tangentagive forebodiesnd showed that porosigliminates the asymmetric
forces. In their numerical study on tailless fighter aircrafts, Hunter et al. [57]
represented that passive porggiain be utilized as a control effector. Moreover,
Carpenter and Porter [58] showed that passive porosity is a good method in
controlling boundarjayer instabilities, theoretically. In addition to these early
studies,Kearney and Glezef59] studied bleedig on two dimensionaVR-7

airfoils at 2012. The results expressed thhdeding has positive effects on
aerodynamic forces and moments. Moreover, Hu et al. [53] also concluded that
different slots geometries can be utilized to eliminate roll oscillatigti®ut any
negative effect, and with the help of these slots, separated shear layer may again
form votical structures. These important finding is supported by the experimental
study of Celik et al. [9]. In that study, different bleed hole orientatiorsstested,

which are Back (B), Edge (E) and Ba€Ekige (BE). According to their pressure
measurement, smoke visualization and Particle Image Velocimetry (PIV) results,
at angle of attack p @ Where the thregimensional separation occurrete
recovery & the vortical structures with an increase in magnitude of suction
pressure coefficient is achieved with back angled bleeding groation, as
shown in Figure B. Also, all configurations move reattachment line to the
outboard of symmetry lineTherefore they concluded that, bleeding might
eliminate thethree dimensionaurface sepation in lowswept delta wings while

promoting the flow reattachment to the wing surface.
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Figure2-1 Shearlayerseparaiton and formation of leading edge vof&.

0.6

C,

0.4

A=T6°
———— AST0°
————— A=65°
——— A=60°
———s——— A=55°

—w————  A=45°

Lo oo bovn o bovva bovva by b
-10 0 10 20 30 40 50 60

o [deg]

Figure2-2 lllustration of vortex lift contribution to lift coefficier]tl] .

21



Axial
Vorticity ~ Dual Vortex

- 125 Structure 4“‘"\‘\
0 = ' : \

o

- -
.

S~ Primary Vortex

Figure2-3 lllustration of dual vortex structuré&om the studiea) Gordnier and
Visbal[4], b) Tayloretal[5], c¢) Yaneéekt e[pdg and

22

Rockwel |



Free Shear Layer

Rotational Core

Viscous Subcore —

Figure2-4 Regions of a shear laygz3].

” \ §‘ ‘

o S

G
5
:

Figure2-5 PIV measurement results of shear layersubctures for a 38.7 deg
swept delta wing62].

23



Original axis
of vortex

Turbulence
\/{p\irolling

Deceleration

P

Figure2-6 lllustration of vortex breakdown experiencegddender delta wings
[11].

24



Bubble Type Wortes Sheor _oyer

Breasdown Rall Up

Sparal Worfes Shear Layer
Breakdown Roll Up

Figure2-7 The most common types of vortex breakdown: Bubble and Spiral type
[65].

25



a=10° ¢ =10°

1 1 J

a=15° ¢ =15°

1 1 J

wu,

14

! 1.12
084
058
028

1]

a=20°, ¢ =20° a=25° ¢=25°

03 06 0.9 03 0.6 0.9

ylc
Figure2-8 Magnitudeof time-averaged velocity and streamline pattern near the wing

surface: Representation of thréenensional surface separation and stall [66].

‘Saddle-of-separation

— ,,/

Ibipartition

a) b)

Figure2-9 Surface and offsurface characteristics\éé ri Le@endre separation [73].

26



Stationary wing Oscillating wing

a=15°

o =20°

Figure2-10 Effect of control with oscillation on reattachment location [82].

10000 —
— 102 =
— B | Along-the<ore blowing l
1000 = B
= 10 = | Leading-edge suction'blowing l
— Unsteady blowing i
= B o I~
= " P
S )
.‘(_1'/ 100 :: o o

T TTTI
T TTTIT

Trailing<dge blowing

I

10!

10

T TTTIT

Steady blowing

T T TTTT

102

Figure2-11 Effectivenes®f (left)steady and unsteady blowing (right) blowing
suction method§4].

27



Figure2-12 Bleed through the airfo[b9]
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CHAPTER 3

EXPERIMENTAL SET -UP AND TECHNIQUES

3.1Wind Tunnel

The experiments are conducted ilow speed, open circuit and suction type wind
tunnel, driven by an axial fan having 10Kw AC motor, is located in the Fluid
Mechanics Laboratory of Mechanical Engineering Department at Middle East
Technical University. The overview picture of the wind tunfacility is

presented in Figure-B.

The tunnel is composed of fine main parts: settling chamber, contraction cone, test
section, diffuser and fan, respectively. At the inlet, wind tunnel has two
symmetrical sections where air is introduced throughtuhael. These entrances

are covered with fine mesh screens in order to make the flow uniform.
Throughout the settling chamber, which is 2700 mm long and known as the
entrance region of the tunnel, three more fine mesh screens and one honeycomb
are locatedto improve the uniformity and to reduce the turbulence intensity.
After the settling chamber, a contraction cone is present which is 2000 mm long
and has a ratio of 8:1.

Transparent test section allows light access through plexiglass walls for optical
measurement techniques and has dimensions of 2000 mm length, 510 mm height
and 750 mm width. The maximum free stream velocity, which can be obtained in
the test section, is 30 m/s.

Following the test section, a diffuser having a length 7300 mm is located to
decelerate the flow in order to reduce the power required to drive the tunnel and to

increase the static pressure.
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The tests were conducted fate stream velocities® o-h@) ¢- AT A& ¢-

which correspond tdhe Reynolds number¥ Q o® p1m YQ Xx®& pm
andYQ p @ p 1 which arecalculated based ae wing chord lengthC,
via Equation 3l. These velocities are adjusted by remotely controlling the

frequency of the fan with a control unit.

vo 0 (3.1)

3.1.1Wind Tunnel Characterization

The wind tunnel characterization was performed with the measurements of Laser
Doppler Anemometry (LDA) and pitedtatic tube, by measuring the velocity at
different fan powers. The measurements were taken from one fixed point in the
test ®ction, and he average velocities of both technique® represented in
Figure 33, which is the tunnel calibration curv&he comparison shows that the
difference between two techniques, velocity measurements with LDA technique
and velocity calculations with pitgtatic tube measurements, is around 3%.
According to the tunnel calibration curve, tunnel power and averageityelo

linearly changes for the fan power larger than 4%, corresponding to a tunnel

velocity v —, approximately On the other hand, a polynomial curve fit is

necessary for the values smaller than that percent, because for low fan powers,
losses become sigicant. Therefore, it is necessary to understand the uniformity

of the tunnel at the lowree streamvelocities by conducting some tests. In
previous studiesg], LDA is used for tracing the flow in test section at two low
free streamvelocities,and t is reportedthat, the maximum difference between
these two lowfree streamvelocities could not exceed 5.7%. Besides the
uniformity, the concept of turbulence intensity is one of the main criterion of the
performance of the wind tunnels. The turbulemciensity of the tunnel was

determined by using LDA method for a wiffee streanvelocity rangeln Figure
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3-3, the intensity values are also plotted atdhe test section, the turbulence

intensities do not exeel 1%

3.2Flow Measurement Techniques

3.2.1 SurfacePressure Measurements

In pressure measurementdetscanner 9116 Intelligent Pressure Scanmas

used. Pressure scanner has 16 silicon piezoresistive pressure transducers, allowing
to record the pressure from 16 channgithin the range of 0 to.3kPa Even

though the scanner was calibrated over a certain pressure and temperature ranges
by the supplier, the pressure measurements were conducted using a manometer
prior to the experiments to confirm the calibration curves provided by the
supplier.The calibration settings of each transducer were stored in the EEPROM
(Electrically Erasable Programmable Readly Memory). With the help of
integratedmicroprocessor andhe temperature sensomsansducer outputs for
offset, nonlinearity, sensitivity arttiermal effects prior to traferring data to the
computer are compensated. Thirg $ystem ensures a measuremeslutionof
NO.003% FSarfduadcuesrc®m&ES)of NO.O05

For all experiments,he data was recorded at a 500 Hz sampling rate for 10
seconds.The repeatability of the experiments was evaluated using different
number of data sets in averaging. Initial experitaeshowed that averaging of
threedata setsupply saturatedesults. The detailed investigation on uncertainty
analysisfor the pressure measuremeistseported at the end of this chapter. The
noise of the environment was also measured with the same sampling rate and
timefor three sets,and their average issubtracted from the data for each

experiment.

The results of He pressure data were presented amedsionless pressure

coefficientvalueso , which is calculated via Equation 3Ror the corresponding
pressure distribution charts tide valueswere shown as 60 that plottedwith

respect tothe dimensionlesspanwise location of the pressure sgapif'Y The
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detailed illustration of theseps are present in Figure83 andFigure 39 shows

0 versusuif'Yrepresentationolr atypicalleading edge vortex.
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3.2.2 Particle Image Velocimetry (PIV) Measurements

The flow fields under the planforms were acquired by using Particle Image
Velocimetry (PIV) experimental method. PIV is a Aatrusive technique, which
measures instantaneous velocity field by making flow visible with the help of
seeding particles, and laser sheet to illuminate them. This laser sheet is not
continuous, and its pulsation frequency enables to determine the time step. This
illuminated region of interest is captured with the help of a camera. For each case,
camera captures two images; thestfimage is called as frame 1 and captured at
time 0, while the second image is called as frame 2 and captured ab tirzed

each frame is divided into small interrogation areas, all of them having some
amount of tracer particle. Thudecause thalisplacementsw between two
particles in the same interrogation are of two images thadtime difference
between first and secordser pulse 30, the velocity of flow in the region of

interest is calculatedith thefollowing formula:



TSI 2D Dynamic PIV system was used for the experiments in the study. The basic

configuration of a PIV system is composed of:

1 Doublepulse laseand its opticalequipment (thephercal-cylindrical lens
combination).

1 Frame grabber

1 CMOS camera

1 Synchronizer

1 Hluminating particles

1 Computer withiNSIGHT 4G

In Figure3-4, working principle of thé?lV is shown

Tracer particles are one of the important components of PIV system because their
movements help to understand the instantaneous velocity. The seeding material is
selected according to the criterions that they must be large enough to reflect the
light from laser and small enough to follow the fluid. In that studyZount
Compact 1300 oibased smoke generator aimed for wind tunnel applications were

used in this study with glycol based fog fluid

In order to illuminate the flow field, the laser sst is utilized. PIV system in
experimental setip usesLitron Nano L 20015 PIV laser systentomprising
double pulsed and -®Qwitched Nd: YAG laser with a visible o gm laser light.
The output energy of the lasertaio gm wasg 1 mJ and repetition rate pkaser
head ranged betweenl® Hz. A laser sheet wasreatedby using a set of
sphericalandcylindrical lensesin that study, near surface flow PIV experiments
were conducted, anaif nearsurface flow velocity measurement, the laser sheet
waspositioned parallel to the wing surfadéhe measurements were taken both

andt millimeters away from the wing surface.

Images of thetracer particles in the flow fieldand interrogation areawere
capturedby a digital TSI Pow r v i e w E-mdgapixes, CMOS @amerawith a
Nikon v Tmm F1.8 lenshavingg 1 T {g 1T TpiPel resolutionln this studyg 1t 1t

image @irs were captured farasesA frame grabbereads andtores the images
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as a digital image in the RAM tiie computerln order to synchronize the cana

and the laser, a synchronizer was utilized.

Insight 4G software was used to control the PIV setup. The separatiomstine (
between two laser pulses was adjuséedordingto free stream velocity Y .

After adjusting all of these componen&;T (Fast Fourier Transforneprrelation
technique was performetb process the 200 image pairdhe movement of
particles within interrogation areas of each frames were analyzed to obtain the
average flow vector by applying cressrrelation method toanalyze the
displacement othe seeding particles over timk each frame, the interrogation
areas were crosorrelated pixel by pixel, with each other. After correlatiorere
completed Tecplot was used texaminethe time-averagedstreamlines w ,

velocity @ , andtime-averaged vorticity 1 &Y patterns.

The schematicepresentatiorof the PIV setupwith the connections among the
components is shown in FiguBeb. For nearsurface flow velocity measurement
the laser sheet wasiented paralleto the planform surfacdhe PIV camera was
located under the test sectiandlens surfacef the cameravasalso parallel to

the wing surface.

3.3 Delta Wing Models and Experimental Matrices

Bleeding is a technique, which uses the pressure difference belove@and high
pressure surfaces of the wing with the passages opened at the selected locations on
the wing surface. This would allow tharflow from the pressure side to the
suction side of the, which might ultimately improve the flow field depending on
the geometry and locations of the holes. In previous study conducted by Celik et
al. [9], three different hole orientations, namely back, edge andduiyk were
tested, and it was shown that holes having back angle improve the flow field,
espedcilly in prestall conditions.

In the present study, in order to extent the understanding of the effect of back
angle on flow structure, three delta wings with different back angles were
designed. The delta wings used in the present study have 45 degaswéejps

shown in Figure &. They were manufactured by using fine polyamide PA2200
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with the rapid prototyping mkeobhord at
length which was defined as the distance between apex and the trailing edge of
the wing and thickress of all wings were 135 mm and 8 mm, respectiwehjle

the span width, which was defined as the dimension ofrtikéng edgeof the

wing, is 270 mmThe leading edges of the wings were beveled on the windward
side at an angle of 45 deghe Base wingloes not have any bleeding passages
and not shown in the figurdn Figure 37, the bleed hole orientations and
geometries are represented with @ 3ketch. The local coordinate system,
(wh), was used to explain the bleed hole directidtee bleedig holes, which

are rectangular in shape, have fixed locations at the pressure side of the wings and
are parallel to the leading edgedndirection. For the geometrical representation

of the bleeding holes, is the width of the holesyis the lengthof the holesQis

the distance between the holes and the leading atlt&is the distance between
holes.In order to understand the orientation of bleed passages clearly, two angles,
I andB were defined with respect to local coordinate systgm.is used for
expressing the angle between bleed air direction @ndvhilet is used for
expressing the angle between bleed air directionuaadis.5 anglevalue for all
planforms with bleeding is 90 deg, and does not represented in the Figure 3
while T angle value changes for three bleeding planforms a%

p tp YA T & A AheespectivelyThe back anglé, , of the holes were selected in
order to explore the effects of bleeding on the tuliesensional separation over

the planform for the attac&ngles where prstall, stall, and post stall regimes,
appear on the planform.

In order to perform surface pressure measurements, the wings have pressure taps,
which are placed at chordwise distanceapt® m@. The Base wing has 20
pressure taps on its don side, while the others having 13 due to geometrical
constraints introduced by bleed holes. The pressure measurement experiments
were conducted at the attack angles p &p ¢p ¥p @p tend ¢ alegeesat
Reynolds number& Q o® p mhx® pmadYQ p & p 1 based on

the wing chordength,6. For these Reynolds numberketfree stream veldges

weret® o— hj@ @— and p & ¢—, respectivelyThe reason of selecting these

35

t

h



angle of attack values mnhancing the possibility of eftiveness of hole with
increasing angle of attack, at the qstall, stall, and post stall regimes. Especially,

it is vital to see the effect of back angles p op WA 1 & adegrees to the flow
field at the similar attack angles, p &p WA 1 & odegrees, where the free
stream directly passes through the holes in parallel orientation.

The near surface flow PIV measurements were conducted at the plane 3
(Y& o mm) away from the surface of the planform, which was the achievable
minimum value fo the selected angle of attacks considering the entrainment of
the tracer smoke particles to the region proximity to the surface of the planform.
In order to understand the effect of boundary layer on near surface PIV
measurement®/d T mm measuremenisere also conducted where the results
are presented in Appendixihe near surface PIV experiments were conducted at
the attack angleg p X and p Ydeg at Reynolds numbersy Q

o® pmAT A® p 1 The instantaneous velocity vector patterns are
deternined by the crossorrelation technique, which compares the locations of
particles between identical interrogation areas of two different images with a 50%
overlap ratio, satisfying Nyquist criterion. These interrogation areas are in the
dimension ofo ¢ o cpixels, with resolutionYf6 18t ¢ for the near surface
flow measurementdn Figure 38, the overview of experimental setup; i.e., the
location of the wing and camera, the planes of laser sheet and free stream, also the
plane where pressure measuremeaqst are located, are demonstrated. In
addition, Figures 310 and 311 represent the experimental matrices for surface

pressure measurements and near surface flow PIV, respectively.

3.4 Uncertainty Estimates

During experimentation, experimental data must besickered in terms of

uncertainties, which are unavoidable components of the results and required to be
measured. In experimental measurements, two types of error are present:
systematic and random error. Systematic error can be corrected with the help of
calibration. On the other hand, the only way to decrease the random errors is

applyinguncertaintyanalysis.
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According to Kline and McKlintock [74], thencertaintiescreated in pressure

coefficient, 0 , measurements can be determined by using theodheth

T
ry Iy = ry (33
] ] o ] o E ] o

—a
—a

The above equation is used to calculate the resultardrtainty which is shown
with] 8The pressure scanner measurements have the 0.05 % FS accuracy. The

following formula is used for calculating the relative uncertainity:

o (34)

Recall that the pressure coefficient was calculated 2ia 3.

hn o
E” w r‘-] h
C Y

Applying the previously mentioned method may lead to

o o 7
1 , e, 19 (3.5
T Y0 ™n
The differentiation results in :
o
= = 39)
n n
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The calculated re#ts are represented ifable 1. he relative uncertainty value is
found as 6.53 % for the minimum absoluté value and the maximum values are

supplied in below table.

Tablel Uncertainty values for the pressure measurements for passive bleed
experiments for all planforms at the maximum and the minimum Reynolds
numbers for attack angles p ¢p ¢p ¥p tp wand¢ aeg.

Uncertainty (%) Base [ poi{l puyll ¢o
Re=35000 | 2.19 2.13 2.2 2.12
U=13 | Re=125000| 0.15 015 | 015 | 0.15
Re=35000 | 2.31 2.28 2.28 2.2
U=16 | Re=125000| 0.17 0.16 0.16 | 0.16
Re=35000 | 2.45 2.4 237 | 2.42
U=17 | Re=125000| 0.18 0.17 0.16 | 0.16
Re=35000 | 2.58 2.45 246 | 2.43
U=18 | Re=125000| 0.19 019 | 019 | 0.18
Re=35000 | 2.63 2.54 246 | 2.57
U=19 | Re=125000| 0.2 0.2 0.19 | 0.19
Re=35000 | 3.03 2.81 264 | 2.77
U=23 | Re=125000| 0.22 0.21 0.2 0.19

The uncertainty values for PIV measurements are determined with the help of
commercial software TSlnsight4G The software utilizes the Peak Ratio (PR)
uncertainty method, in which peak to noise peak ratio (PPR) is used to determine
uncertainty. The PR method is composed of many possible error sources,
including density of seeding particles, pixel d&smment and prerocessing of

the images. Insight software calculates the uncertainty of each velocity
components of the two dimensional velocity vectors, Yikeand Y, for the PIV
application, at some confidence level, and for each Reynolds nsinaet
planforms, uncertainty Waes are represented in Table I8. Figure 312, the

graphical representation of uncertainty is illustrated, whBreepresents the
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velocity vector and/w represents the uncertainty value. The circular region shows

the areavhere theip of the velocity arrow could possibly exist.

Table2 Uncertainty values for the near surface flow PIV measurements for
passive bleed experiments for all planforms at the maximum and minimum

Reynolds numbers for attack angles p yandp deg

Uncertainty (%) Base [I po py Co
el e | o | o]
V= e E;?;gri(‘/”s(; 646 | 684 | 689 | 3.47
v '("fl:gfg/g()) 598 | 587 | 587 | 599
U= 1d&g 'degg?/os()) 7.82 6.86 3.17 3.51
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Figure3-1 View from wind tunnel facility (top) and test section (bottom).
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Figure3-2 Wing model, mount and test section assembly.
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Figure3-4 Data transfer routes of a 2D PIV system.
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dimensional axial vorticity contours from top to bottom respectif&3y.
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CHAPTER 4

EFFECT OF PASSIVE BLEED ON FLOW STRUCTURE OVER A
NONSLENDER DELTA WING

In this chapter, the effect of passive bleeding on flow structure of a 45deg swept
nonslender delta wing is discussed in detail. Three different bleeding
configurations, back angle valuesfof p ¢p Yand ¢ odeg, were studied to
understand whether the d¢oosl method is effective compared to base planform. A
broad range of attack angles varying frgmo | ¢ oat Reynolds numbers

YQ o® prmhx® p AT A@® p 1 were tested using surface pressure

measurement and near surface particle image velocimetry. (PIV

4.1 The Effect of Bleeding on Surface Pressure Measurements

The results oburface pressure measuremeantserms of dimensionless pressure
coefficient 0 at chordwise distancef6  ™® for all planformsat three
Reynolds number& Q o® p mhYQ x® pmandYQ p® p mare
presented in Figures¥ 42 and 43, respectively. The figures are constructed in
the same way such that each chart representsdistributions for all planforms
including Basel, p ¢gp Pand¢ adegrees at singlangle of attack. The charts
corresponding to six different angles of attack, varying from 13 degree to 23
degree, are positioned in ascending order from top left chart to bottom right chart.
Non-dimensional spanwise distancg,’Y measured from symmetiyne of the
wing corresponds to the horizontal axis, while the vertical axis substitutes for the
0 values. It is important to note thats can be seen from the Figur8,3he
highest 0 values represent the highest suction locations, while the lowest
values occur at the areas where the flow reattachment to the wing surface takes

place.
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In Figure 41, the results for the Reynolds numbBéQ o® p mare presented

The ¢ distributions of all planforms ahe attack anglegs p deg represented

in the top chart of the left column possess the characteristics of typical leading
edge vortex structure, having huslike pattern with highest and lowest points,
expressing suction and reathment locations. Fall bleeding planformshere is

a decrease in the highestd value, indicating a drop in suction, and the
corresponding locations gets closer to the wing symmetry line. A similar behavior
is also observed for the lowestd0 vaues and their locations. The highest
deviation for that angle of attack ind values from the Base wing is obtained by
planform with back angle  p dydeg, which has p 1P difference between peak
points, and the distributions of 0 values nearly similar for other bleeding
planforms { p & odeg). These observations are well in line with the
conclusions of Celik et al. [9], reporting thalhe bleeding decreases the
magnitudes of suction pressure coefficiedf), meaning that itauses a reduction

in suction performance of the wing at relatively low incidenEesthe results of

all planforms atthe attack angles p @degand]| p xdeg Base planform
starts to indicate separated flow characteristics as can be understoatefitym
flat-like O distribution. On the other hand, the wings with bleeding passages
exhibit the footprints of vortical structures and flow reattachment to the planform
surface. For  p xdeg the planforms with back angles p ydegand ¢ o

deg show the best improvement in energizing the flow to obtain vortical
structures. Considering thed distributions for| p Ydeg Base] p aeg,

and T p ydeg planforms have a flike distribution, denoting three
dimensional surface separatidmut planform with back angie ¢ daeg still has

a humplike 0 distribution, which represents the characteristics of vortical
structures and flow reattachment to the planform surface. Considering the angles
of attack p cand| ¢ odegees, none of th planforms demonstrates any
significant improvement in ¢ distribution in terms of transforming flat
distribution, indicating three dimensional surface separatimn,a distribution

representing vortical structure.
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The surface pressure distributiaofsall planformsfor YQ x& p mand 'Y'Q

p @ p mareshownin Figures 42 and 43, respectively. Considering both
figures, for all planforms and the corresponding cases, the distributions
exhibit reasonably similar trendwith that of YQ o® p 1 Particularly,
aforementioned discussions regarding the effect of bleeding and its back angle on
flat dimensionless pressure coefficients are also evident at Reynolds numbers
of YQ x® pmand YQ p® p 1 Considering the cases where the
vortical paterns dominate the flow structure, increasing Reynolds number causes
a shift in vortical structures, which includes the suction peak and reattachment
areas, through the outboard of symmetry line. In additlom highest 6 value
increases whiléhe lonest 0 value decreases with increasing Reynolds number,
denoting stronger suction and reattachment on the planform surface, which in turn
indicates increase in the strength of leading edge vdrtdxe with the results of
previous Reynolds numbemdanforms having back anglés p Jdeg and

¢ odeg exhibit an improvement at attack angle p xdeg whereas planform

with back angl¢ ¢ daeg is the only wing that can sustain its efficiency even at
attack angle p Wwdeg Thus, it can be concluded that the separated flow
structure can be eliminated with the bleeding configuration of the planforms
having back angle  p ydeg andf ¢ odeg,while it does not a significant
effect on the Base and p aleg back angled planims.

4.2 The Effect of Bleeding on Flow Structure at{ g 8

Based on the results of surface pressure measurements, two angles of attack

p YA T @A ydegrees were selected for flow field characterizations. Near surface
flow PIV results of bleedig experiments a¥ Q o® p 1Tare demonstrated in
Figures 44 and 45, for angles of attack p YA 1 @\ udegrees, respectively
The approach is similar for all figures: @ach row the timeaveraged velocity
vectors  , the timeaveraged streamline patternay , and the contours of
constantnondimensional vorticity patterns] 6] Y are representetbr the

half planformsincluding the Base and bleedimgth back angles p &p yand

¢ odeg from top to bottom, respéeely. The contours of constant non
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dimensional vorticity 1 6] Y arepresentedissolid (dark) and dashed (lig)

lines, designating positive and negative contours, respectively, where positive
orientation stands for theorticity in the direction othe outward normakFor all
cases wherehe constant contours of nalimensional vorticityin the normal
directionare demonstrated, the absolute minimum and incremental values are set
as 54 and 3, respectivelys{ 6j7Y's vtand &1 6j°Ys o0).

In Figure 44, the near surface flow PIV results for p xdeg forY Q o®

p Tt are representedAccording to the patterns dime-averaged streamline,
velocity vectors, and vorticity contoyrbleeding creates relatively complex flow
structures. In Figurel-4, consideringthe timeaveraged streamline patterns

W ,alargescale focus is observed for Base planform. In literature, this structure
has been reported as the result of different experimental studie&].66he
existence of a largscale, inwareswirling surface streamline pattern, which
eventuates in aable focus is an indicator of threémensional surface separation
[45]. For all planforms, the magnitudes of thaeeraged velocity vectors w

abruptly decrease at the downstream of the leading edge; especially, the
magnitude of the velocity vectors w is very small inside the central area of
the large swirling patterns and near the symmetry line of planform B.
Furthermore, the vorticity concentrations at previously defined minimum levels
are not apparent and the magnitude of velocity vectors neagtmmetry line of

the planform are very small for the Base planform, which are the other indications
of separated flow without any strong reattachment.

It is interesting to observe that, for the planforms with bleeding, the focus of this
large-scale swirlmove through the apex of the wing, compared to Base planform.
In addition, the spatial extend of the area governed by very small velocities
decreases while the magnitude of theo near the symmetry plane shows an
increasan planforms with bleeding withegard to the Base planform, indicating
the strength of reattachment is apparently increased. Consideringritoairs of
constant nordimensional vorticity patterns 1 6] Y , a significant negative
structure of 17 6j 7Y is present along the leadindge of all planforms, which

IS an apparent representation of the thimeensional shear layer instability. For

Base planform, the vorticity concentrations at previously defined minimum levels
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are not apparent because of the separated flow. In all plasfeitim back angles,

the vorticity patterns are much more elongated compared to Base planform,
leading a significant increase in the surface vorticity concentrations are observed.
Approximately 150 % increase in the maximum levels of the constant vorticity
contours are observed in planform with back aihgle p ydeg, whereas 100 %

and 66 % improvements is obtained for the planform with back angle o

andf  p adeg, respectively. The results demonstrate that for this attack angle
and Reynolds number, allgriforms with back angles might ensure the recovery

of vortical structure on the wing surface, which is also confirmed by the results of
surface pressure measurements.

The corresponding flow structures for the attack angle p Qdeg are
represented in Figa 45. The results are consistent with the flow patterns of
previous attack angle and surface pressure measurements. Base planform has a
largescale swirling structure, of which focus has small magnitudes of velocity
vectors. Actually, the magnitude of lgeity vectors abruptly decreases at the
downstream of the leading edge, which are also small for the area near the
symmetry line of planform B. The reattachment is shifted towards the outboard of
the symmetry line and the strength of the reattachmentiieased in all bleeding
planforms, as can be seen from the increased values of the velocity vectors close
to the wing center. According to the tirageraged streamline patternsy , a

shift in the focus of largecale swirling structure towards the apéxhe wing is
observed for all bleeding planforms. These results are supported by the constant
vorticity concentrations, which demonstrate an increase in constart non
dimensional vorticity contours] 6j 7Y  for all bleeding planforms, compared

to Base wng, having a totally deteriorated vorticity patterns. However, for this
case, the most apparent improvement is observed for the planform with back angle
I ¢ odeg, which has the highest magnitude of the velocity vectors and the
vorticity contours, meaningstronger reattachment and recovery of vortical
structures, as expected from the surface pressure measurement results.
Approximately 66 % increase in the maximum levels of the constant vorticity

contours are obtained in planform with back anhgle p yandco deg.

53



4.3The Effect of Bleeding on Flow Structure at| g 8

As explained in previous sectidor 'YQ o® p 1, the same approach was
used in figure constructions in this section. In Figw® 4he near surface flow

PIV results fot p xdeg forYQ x& p mare represented. As can be seen
from the patterns ofime-averaged streamline, velocity vectors, and vorticity
contours bleeding creates relatively complex flow structures. The flow structure
on Base planform represents the praperbf separated flow; i.e., a largeale

swirl structure with a focus located at the middle portion of the wing is observed
with very small magnitudes of velocity vectors and vorticity concentrations
throughout the planform. However, for the other plam® with bleeding, flow
structure shows the footprints of the recovery of the vortical structures because the
focus of the largecale pattern shifts through the apex of planform in all bleeding
configurations, and the reattachment becomes stronger autgotdi the
magnitudes of the velocity vectorsw at the areas near to the symmetry line.

In addition, the constant contours of the stmensional vorticity magnitudes

1 6j7Y represent an elongated layer of vorticity, and vorticity concentrations
appaently increase in all bleeding planforms. Compared to the Base planform, 25
%, 75 % and 50 % increases are achieved in maximum levels of vorticity
concentrations for the bleeding planforms with back ariglesp ¢p yand¢ o

deg, respectively. According tbe strength of reattachment and the magnitude of
the constant vorticity contours, the highest improvement is obtained for the back
anglet p yand ¢ odeg, which is consistent with surface pressure
measurements.

The corresponding flow structures for thétaek angle | p Ydeg are
represented in Figure-A The results are consistent with the flow patterns of
previous attack angle and Reynolds number. The -tmeeaged streamline
patterns w , shifting in the focus of largscale swirling structure towardse

apex of the wing is observed, herein a stronger suction and reattachment are also
present according tdhe timeaveraged velocity vectors @ . The most
important point to highlight is the bleeding planform with back ahgle¢ adeg

represents the finest increase of the contours of constant-diorensional
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vorticity patterns 7 6] Y compared to Base planform. Approximately 100 %
percent increase in maximum level of constant contours ofdimoensional
vorticity is obtained, as expected from thesukés of surface pressure
measurement. The results support the idea that vortical structure might be
recovered with proper bleeding configuration at tkdeeensional surface
separation/stall regime.

In the current study, the effects of passive bleediity back angles p &p W

and ¢ adeg have been exploreHor this object, surface pressure measurements
and Particle Image Velocimetry techniques were utilized in a low speed wind
tunnel for Reynolds numbef¥Q o® pmhx® pmAT A® p m at
attack anglep o | ¢ ousing four 45 deg sweep delta wings, with one Base
and three bleeding planform#ccording to the results of these studies, it
observed that bleeding alters the overall flow field over astender delta wing.

At sufficiently high incidences, where threkmensional separation takes place,
proper implementation of bleeding might recover the vortical structures, whereas
at relatively low angle of attack values, bleedtayses a reduction in suction
performance of the winglt might be concluded that with the proper bleeding
configuration, threelimensional surface separation from the surface can be

eliminated and flow field over the 45 deg sweep delta wings can be improved.
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Figure4-4 Patterns of imaveraged velocity vectofexy streamlineguOand
constant contours of nesimensional vor'gicity@ &”\O@t angle of attack
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