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ABSTRACT

CONTROL OF FLOW STRUCTURE ON LOW SWH DELTA
WING WITH STAEDY LEADING EDGE BLOWING

Zharfa, Mohammadreza
M.S., Depatmentof Mechanical Engineering

Supevisor: Assoc. Prof. DrMehmet Metin Yavuz

January015,86 pages

Unmanned Combat Air Vehicles (UCAVsS), Unmanned Air Vehicles (UAAfs)

Micro Air Vehicles are becoming extremely popular due to introducing many
advantages to defense industry and aeronautical field. In line with this, the
aerodynamics of these vehicles, which can be represented by simplified
planforms, including delta wgs, have been of considerable interest in recent
years.This interest has stimulated investigation of the flow structure, as well as its
control, on delta wings having low and moderate values of sweep angle. In the
present study, the flow structure isachcterized on a delta wing of low sweef3 35
angle, which is subjected to steady leading edge blowing. The techniques of laser
illuminated smoke visualization, laser Doppler anemometry (LDA), and surface
pressure measurements are employed to investigatestdady and unsteady
nature of the flow structure on delta wing, in relationmiog attack angle and

Reynolds numberUsing statistics and spectral analysis, unsteadiness of the flow
v



structure is studied in detaltomputer controlled air injection systes designed
and applied tothe delta wingused inflow characteriation. Effect of steady
blowing throughthe leading edge of the wingon flow structureis studiedto
delay or to preventhreedimensional surface separatiand possibly to reduce
the budfeting on the wing surfaceEffective blowing coefficientrangesfor flow

control are determined.

Keywords. Delta wing, Low sweep, Leading edge vortex, Vortex breakdown,
Steady Leading Edge Blowing
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CHAPTER 1

INTRODUCTION

1.1. Motivation

Due to ecent increasing interest ldnmanned Combat Air Vehicle®icro air
vehicles (MAV) and unmanned air vehicles (UAY)any researdrs focused on
the enhancement of flow structure oviexaw swept (non slenderjlelta wings
which are simplified planforms of some ofthese airvehicles.These vehicles
usually do not have regular aerodynamic control surfeamed,thusthey suffer
from flow instability and flight control problem3he flow structure over a low
swept delta winghaving sweepraglesless thar0°, significantlydiffers from the
flow structures ovehigh swep angle (slender) delta wing&or slender delta
wings, the literature was extensively built whiahcludesthe flow structuresand
their controlin detail. In contrastto the slender wings, therare quitea few
studies which cover theerodynamicsflow structure, and their control fovings
having relatively low sweep angleBor these wingsthe main recentresearch
interestscan belisted as: Interaction between leading edge vortices and boundary
layer, leading edge vortex breakdown, surface flow separdiie effects of these

structureson wing surface vibratigrand flow contral

Flow structureon low sweep angle delta wings is expectethaveuniqueflow
patterns ofleading edge vorticesiortex breakdown and stalVery few studies

have addressed theffects of Reynolds number and attack angles on flow
1



structure in detail.Thus, systematic studs for the characterization of flow
structue on low swept wingareneeded fobroad range of Reynolds number and
attack angles in terms of qualitative and quantitative representation of surface and
cross flow structuresThis would ultimately help toidentify theregions ofvortex
breakdown andhreedimensional separatiorin addition, practicaland efficient

flow control techniques carbe sought to eliminate threedimensional surface
separation and to delay vortex breakdown very few studies investigated
alternative flow control techniques wh are applied to the flow control for low

swept delta wings.

1.2. Aim of the Study

Thepurposeof this studyis to characterize and twontroltheflow structureover a

35° swept delta windy means of qualitative and quantitative flow measurement
techniqus. For the qualitative flow measurements, the laser illuminated smoke
visualization is used, for the quantitative flow measurements, Laser Doppler
Anemometryand surface pressure measurements are utilized. First the flow
structure of a low swept wing is investigated in detail to figure out the critical
attack angledor pre and post stall regimes along with the effect of Reynolds
number on flow structure. Thersteady leading edge blowing is applied at
different dimensionless momentum coefficients to understand the ultimate effect
of blowing on flow structure particularly on three dimensional separation and

vortex breakdown.

1.3. Literature Review

In literature the most of theesearclefforts are devoted to high sweep angle delta
wings whereas the knowledge flow structures and their control for low swept

wings are very limited. In this chapter, although the flow structure of high and low



sweep angle wing arsummarized and compared, the main attention was given to

the flow structure and its control for low swept planforms.

1.3.1. Flow structure over delta wings

Flow structure over delta wing is concerned with separated flow from leading
edge and the formation dfee shear layer [1]. There is apparent difference
between flow physics of slender and rslender delta wings. These
dissimilarities must be considered before any evaluation of probable matters in

flow control.

The flow over slender delta wings is ideigd by two counterotating leading

edge vortices [2]. The formation of these vortices is because of revolving vortex
sheets as shown in FigurellThe separated flow arriving from leading edge of
the wing makes the curved free shear layer. This flow tiveis into the vortex

core. Since there are very low pressures at vortex core, the values of axial
velocities are very high. This results in reproduction of extra suction called Vortex
lift force. By increasing sweep angle of the wing the vortex liftticoates more

[3]. Figure 12 schematically shows the effect of attack angle on the location of
the vortex core. The vortex is placed just at the back of wing. By increasing the
angle of attack, the location of the vortex moves toward the apex and theofhol
the wing is covered by it [5]. Further increasing of attack angle leads to more
strength vortex. Also, the vortex moves from the surface toward the wing
centerline. At high angles of attack, vortex brelmkvn occurs. Vortex break
down is the result oftagnation of jet like axial flow in the vortex core which
expands very quickly [4]. Adverse pressure gradient is the reason of this
stagnation. This abrupt expansion raise the levels of turbulence on the wing
surface. At very high angles of attack, tbedtion of vortex breaklown is closer

to the apex. As the breadown location reaches the apex the wing is called fully
stalled [5]. Performed experimental and theoretical studies on vortex breakdown

behavior [6] confirm that there are two dominant fastmfluencing on vortex

3



breakdown and its movement: swirl level and pressure gradient. The general
difference between cross flow patterns of slender aneslemder delta wings is
shownin Figure %3(a). For small angles of attack, the line at which prymar
reattachment occurs, is located near the midline of the leadigg vortex. This

point moves toward wing centerline as the angle of attack increases. At a specific
incident, the flow reattaches at wing centerline [2]. For higher angles of attack, the

flow does not reattach to the wing surface.

On the other hand, the shear layer separated from the leading edge of the wing,
reattaches to the wing surface [6]. Low and moderate sweep angle delta wings are
potentially considred more for controlling flowdue to this shear layer
reattachment. By increasing the angle of attack the reattachment place move
toward wing centerline. High levels of buffeting are identified as reattachment
point meets wing centerline [7]. Like slender delta wings, the location oéxort
breakdown reaches the apex of the wing as value of incident increases [9]. For
nonslender delta wings Vortex brealwn is not the main reason of buffeting as

it is in slender delta wings [7]. Vortex bredkwn does not limit the formation of

lift force for nomslender delta wings [2]. It is possible that the shear layer

reattaches even the bredéawn has approached the wing apex [2].

Dual vortex structure is an observable aspect ofste@nder delta wings at low
Reynolds numbers and very low incidefd]. For a wing with 50sweep angle,

dual vortex structure has been noticed numerically [8] and experimentally [9, 10].
At low attack angles, the primary vortex is divided in to two parts by secondary
vortex that makes apparent dual vortex structure.thes Reynolds number
increases, the outer vortex undergoes brgakn so much sooner than the inner
vortex and this dual structure changes to single, lesgale vortex. Dual vortex
structure was not recognized on a3&7weep angl e at ebhd= 7A by
Rockwell [11]. But, they distinguigdtwo clearly different areas of high vortices
downstream of breakdown [11]. Dissimilar to slender delta wings;steorder

delta wings are susceptible to change of Reynolds number at low angles of attack.

Taylor and Gursul [7] found that effect of Reynolds number on flow structure

4



decreases for Reynolds higher than Re = 3% Higure 14 presented by Taylor
and Gursul [7], illustrates the comparison of some research results on span wise

location of vortex coredr different angles of attack and Reynolds numbers.

The unsteadiness of flow structure can arise from different types of physical
mechanisms, including helical mode instabilities of vortex breakdown [11], which
is characterized by Garg and Leibovich [1@] &n internal flow. Gursul [13] also

investigated for a flow over a highly swept delta wing. Other mechanisms were
classified by Menke et al [14]. Study performed by Gordnier and Visbal [15] has
yielded that periodic wandering of the vortex core can @deenoticeable

unsteadiness. This vortex wandering is result of interaction of vortices from

leading edge and leeward wing surface [11].

There are very few research studies in literature, which involve force
measurement for low sweep angle delta wings.[DMdn-slender delta wings have
lower maximum lift coefficient and also lower stall angle compared to slender

delta wings [17].

1.3.2. Shear layer instabilities

In this section the significant features of unsteady flow upstream of vortex break
down are consided. The mean vortical flow structure is because of unsteady
vortical flow which its structure gets evenly more complicated as the angle of
attack increases. FigureSlillustrates the unsteady vortex structure or 15°.

At the upstream, there are sompparent substructures resembling a vortex
outside of the shear layer generates the primary vortex. These vortices form in the
arriving shear layer from leading edge of the wing and they are shed and convect
downstream near primary vortex [16]. These shegar features are wrapped by
obvious vortex core detected the inside of the shear layer at upstream of the flow
[15].



Contours of axial vorticity are shown in figures1Vortical structure generated in

the leading edge shear layer can be identifiechénfigure 16 (a). An unsteady
secondary flow with a reverse vorticity expelled from the wing surface appears
along with shear layer instability. This sudden reaction of secondary flow
originates from the interaction between the leading edge vortex arslitfaee
boundary layer flow [15]. Unsteady shear layer and the secondary flow mentioned
above are the reasons of the vortex core to wander significantly. The location of
the vortex core change in an elliptical way with the same rotation direction of the
vortex swirl. This unsteady behavior of the vortex core generates high values of
fluctuating kinetic energy, k, in the vortex core before the occurrence of vortex
breakdown [16], Figure-6 (b).

For delta wings with sweep angle of°4&nd 60, Gradel-Hak and Black Welder
[18] observed that for low Reynolds numbers, vortex sheet originating from
leading edge rolls up periodically into distinct sub structures containing vortices.

They linked this behavior to inviscid Kelvidelmholtz type of the shear layer

i nstability. Another more recent experi ment
by Yavuz et al [ 19]. They presented that 0fr
existence of acoot ati ng pattern of smal | scale vo

measurementperformed by Yaniktepe and Rockwell [15] for a delta wing with
sweep angle of 38.7° yielded that dominant spectral peak increases by moving

toward leading edge of the wing.

1.3.3. Vortex breakdown

A useful method of studying vortex breakdown over delta wingssisalization

of streakline by means of releasing smoke or dye in the vortex prior to vortex
breakdown location. This technique has been succeeded in exhibiting the special
specifics of the vortex breakdown over slender delta wings [20]. Indeed, for non
dender delta wings extra efforts are needed to understand streakline visualizations

because of different behavior vortex breakdown over these wings.
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Spiral type vortex breakdown usually occurs over slender delta wings [6],
therefore, the location of breatan is recognized by the vortex core sparling in

the reverse direction of the vortex rotation. Studies aboustener delta wings

[7, 11], in contrast to slender delta wings, present that the shape of vortex
breakdown is conical. The jet like axial flogvadually becomes wake like flow

after vortex breaking down. Due to spiral behavior of vortex breakdown over
slender delta wings, distinct spectral peaks are recognized in velocity fluctuations
[4]. On the other hand, neslender delta wings have tendenoy broader
frequency spectrum because of gradual behavior of vortex breakdown over these

wings.

Figure 17 illustrates thecomparisonsof visualized streaklines for experimental
observation [11] atV= 7°, = 3% and numerical visualization [17] &t= 15°,

= 5. Apparent differences are obviobstweenthese straklines and the slender
delta wings vortex breakdown structures. Yaniktepe and Rockwell [11]
recognized three wetlefined zones in the occurrence of vortex breakdown. A
wavy small scale motion of vortex core is clearly identical in the region I.
Gordnier ad Visbal [15] attributed this helix motion to the shear layer
instabilities. At region Il, small scale bubble is noticed or the vortex core becomes
thicker. At pith off area the vortex again thins. At region lll, sudden expansion of
vortex called vortex teakdown takes place. As a result, diffused particles spread
out over a vast arearapping half of the wing. Both Ol and Gharib [21] and
Taylor et al [22] presented that the location of breakdown demonstrates dominant
fluctuations. Contrary to more slendgelta wings, high amount of fluctuations
were detected [23]. Visualizing the vortex structure on a vertical plane through
vortex core can be more helpful in spotting the locationom$et of vortex
breakdown [16].



1.3.4. Flow Control

Different types of techniges have been conducted to control flow separation,
vortex formation, flow reattachment, vortex breakdown and vortex instabilities
[2]. This section is not a thorough review, but it provides insight in to the aspects
of approaching the phenomena mentioabdve. Vortex control using different
methods lead to identifiable changes in aerodynamic characteristics of delta wings

specially lift and drag coefficients [25].

Polhamus [26] found that as the sweep angle decreases, the portion of vortex lift
to the toal lift reduces. For noslender delta wings, vortex breakdown occurs
even at low angles of attack. There is not any clear connection between vortex
breakdown existence and the change in the value of lift force coefficient.
Therefore, vortex breakdown mawpt be an obstacle phenomenon for lift force
being generated over na@tender delta wings. By contrast, in any flow control
approach, flow reattachment is of considerable importance. Figrehbws the
reattachment line based on flow visualization obsigon [7] and also stall angles
from refs. [27, 16]. Since no theoretical or computational predictions exist for
angle reattachment, estimation of this angle is shown from performed
experiments. Differences of flow behavior over slender andstemder deh

wings determine the effectiveness of each flow control technique.

Different types of control surfaces [38] have been used to control the |esitijeg
vortices. One type of these devices called leading edge flap, is shown in figure 1
[2]. Leading edgdlaps have been found of use to influence the strength and
structure of leading edge vortices. Downward deflected leading edge flaps
improve the liftto-drag ratio and decrease drag [29], whereas, upward deflected
flaps increase lift as well as drag. Thisethod can be used for landing or
aerodynamic maneuvers. Spedding et al [30] found that upward deflected flaps
can generate higher vortex lift for low angles of attack. However, flaps may cause
moving of vortex breakdown location toward upstream and clostére wing tip

[31]. Yang and Gursul [32] used a variable sweep angle delta wing shown in

Figure %10, to control leading edge vortices and vortex breakdown. Since the
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relation between breakdown and sweep angle is monotonic, this method is proper
for feedback control purposes.

Blowing and suction applied from different locations of a delta wing are common
methods of controlling the leading edge vortices and vortex breakdown. Most
common used techniques include: a) leading edge suction or blowing. bnBlowi

from small aspect ratio jets along the vortex core or parallel to leading edge. c)
Trailing edge blowing. Leading edge vortices arise from the line along separation
from leading edge of the delta wing. Consequently, control of shear layer has

influenceon behavior of vortices and location of vortex breakdown.

Celik and Roberts [33] applied blowing in outward direction. In this type of
blowing, the flow structure is similar to an inclined jet in crflews. Jet vortices
may combine with leading edge vasds [33]. Margaris and Gursul [34] applied
tip blowing on high ratio wing. Similar flow patterns were observed because of

complex interaction of jet and wing vortices.

Generally, blowing increases the level of circulation. In a similar way, for a delta
wing with sweep angle of 8(Q35], leading edge vortex becomes stronger with the
flux of jet momentum. The raise in level of vortex strength leads to lift
enhancement at low angles of attack. However, at moderate angles of attack, it
causes vortex breakdowrhigh results in lift reduction [33]. Wood and Roberts
[36] performed tangential leading edge blowing on aseep angle delta wing.
They indicated that controlling primary separation give rise to major influences on
the vortex flow up to angles of attack60°.

Greenwel | and Wood [ 37] applied ACoanda
shown in figure 111. At low incidences, completely attached flow was observed

in the absence of leading edge vortices. Effect of blowing on strength of vortex is

not clear at moderate incidences. However, it can be said that interaction of
phenomena such as vortex strength, distance of vortex from wing surface and
vortex from wing surface and vortex breakdown location can form significant

rolling moment. The effect of blang on normal force coefficient at low and
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moderate incidences is not considerable. Lift enhancement is noticed-stalbst
region. This is because of the fact that the separated shear layer is energized by

the leading edge blowing.

Gu et al. [39] stuigd on effects of suction, blowing and alternate suehilomving
applied on a rounded leading edge delta wing. The direction of suction and
blowing was tangent to leading edge of the wing. They investigated the change in
the structure of vortex break dowand stall. They found that the location of
vortex break down can be changed suddenly by alternate sb&emg with
period of alteration which is about convective time scale (che)dM™o change

in the value of lift and drag were observed. But, theypamed that there would be

rise in lift to drag ratio due to the change in vortex break down location.

Williams et al. [1] investigated effects of unsteady blowing at the leading edge of
a 50 swept angle delta wing by utilization of pressure measureraadtparticle

image velocimetry measurements. Considerable delay in stall was observed. Also,
increase in the upper surface suction force was detected. They discovered an
optimal momentum coefficient for each angle of attack. Applying higher
momentum coeftiients than optimal one had negligible effect. For the post stall
region, the optimal momentum coefficient was increased by increasing the angle
of attack. Velocity measurements showed that flow reattachment is developed by
the effect of leading edge blowg. Figure 112 shows the time averaged near
surface streamlines fdd = 3C°. In the absence flow control, a large region of
reversed flow is apparent. By conducting blowing excitation, flow reattaches near
wing center line. This surface flow patterns rabées the pattern for lower angle

of attack before stall presented by Taylor et al. [7]. A novel technique of blowing
cal redesised angl ed sp@farmedibysleharbet ab. {K0].Migey w a
presented that blowing from the ports downstream raf-eontrol vortex breakdown,
delayed the vortex breakdown, whereas blowing from upstream prompted the break

down.

Suction eliminates vorticity shed from the leading edge. For this reason, strength and

swirl level is reduced by suction. McCormick and Guijgd] observed alteration in
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location of shear layer and vortex by implementation of suction. Detailed
measurements [40] also yielded that suction reduced maximum swirl angle and
vorticity in the core. This reduction results in moving of location of vateakdown
toward downstreanOf particular importance is that thick rounded leading sdge
are not needed in suction technique, therefore without use of Coanda effect

control of vortices is achievable.

Figure 213 presented by Gursul et al. [2] shows tiffectiveness of different
blowing suction techniques from various studies published in the literature. The
vertical axis represents the effectiveness witpag is change in the location of
vortex breakdown, c is the length of windpocd and G is the momatum
coefficient. It is evident that blowing along the vortex core is the most dominant
technique to postpone vortex breakdown. It can be concluded that effect of

pressure gradient on vortex core is significant.

Many studies have been devoted to invetibgeof effect of trailing edge blowing

on the structure of flow over delta wings. Trailing edge blowing refines the
external pressure gradient and postpones vortex breakdown. Figide 1
illustrates conductive consequence of a trailige jet [46]. Theffectiveness of
trailing edge technique relies on the sweep angle of delta wing [47]. Delaying
vortex break down is more difficult by decreasing wing sweep angle. Vortex
breakdown exists for low sweep angle delta wings even at low incidences. The
breakdom method is less efficient for nestender delta wings because of
unfavorable external pressure gradient over these wings. The result of trailing
edge blowing is considerable despite the fact that it is difficult to delay vortex
breakdown over neslenderdelta wings. Velocity and near surface streamlines of

a wing with = 50 at U= 2¢° are shown irFigure 115 [47]. The flow pattern

with reattachment near wing centerline has been changed with blowing. Two
distinct reattachment lines are observable. Buexperiments largest change of

lift force is noticed around the stall angle [47]. Yavuz and Rockwell [24]
investigated trailingedge controlled flow structure on delta wing with= 35°.

They presented that Afeven thoitlpgha t he
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remarkable, global influence on the surface patterns located well up stream; at
high angle of attack, it leads to eradication of lesgele, three dimensional

separation in the vicinity of the apex. o
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Figurel-2 Effect of increasing angle of attack on location of vortex core over slender
delta wing[4]
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Figurel-14 Flow visualization without (up) and with (bottom) blowing aliling edge
[46]

19



0
02 F
g 04 g—
06
08
—l
-0.8 -0.6 04 0.2 0 0.2 0.4 0.6 0.8
ylc
0
- 1.4
02 F
L 04 0.84
J -
= =
e 0.56
0.6 [~
= 0.28
(). -
% & 0
"; TR T A 5l
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
ylc
y] 5
B 1.4
0.2
B 1.12
o -0.4 — 0.84
3 -
z 0.56
0.6
& 0.28
08 -
& _ Fs 0
a1 (ST ST YOO P LK T T WS o O N 4 WY T S e A 1 |
-0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8
ylc

Figurel1-15 Effect of trailing edge jet on flow structure near the wing surface [47]

20



CHAPTER 2

EXPERIMENTAL SETUP AND TECHNIQUES

2.1. Wind tunnel

Experimens were conductedn alow speed, suction typand open circuitvind
tunnel located in Fluids Mechanics Laboratory of Mechanical Engineering
Department at Midle East Technical Universityhis type ofa wind tunnel is
composed of five main parts including; settling chambemfraction, test section,
diffuser anddrive section (fan), whicls schematically illustrated iRigure 21.

Air enters to the tunnel through two inlet seciomhe total length of entrance
section is 2700 mmA honeycomb and three firgrids are utilizzd in this section
in order to obtain anore uniform flow fieldand to reduce thirbulence intensity

in the test section.

Contractionpart, which islocated betweenthe settling chamber anthe test
section,causes significant area reduction, whichumtresults significant increase
in free stream velocitpefae entering to the test section. The contraction part is

2000 mm long and has a contraction ratio of 8:1.

Due to optical transparenagquirement in laser illuminated flowisualization
techniqueafully transparentPlexiglas test sectiorhas been constructed withe

dimensions o750 x 510 x 2000 mnThe test section has access through the side,
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bottom, and topvalls, whichallows eag working environment for setting up the

experiments.

Diffuser is a part of wind tunnéh which relatively high speed air leaving test
sectiongradually expands The reduction in the pressure of flow field leads to
reductionof the power required to drive the tunnel facilithe total length of the
diffuser is B0O0 mm and the cone angle is 2°.frequency controllecgxial fan
assembled at the exit part of the wind tunnel was used via a remote control unit to

obtain desiredree stream velocitin the test sectian

The desiredReynolds numbers based on chord af thing correspond to free
streamvelocites rangefrom 1 m/s to15 m/s Equation 21 is used to calculate
Reynolds numbers.

YQ — (2-1)

Where Up is free stream velocityC is the wing chord and is Kinematic

viscosity.

The maximumfree stream velocity cape obtained in the test section3@ m/s.
The experiments of the study were perfethat different angles of attack and
wide range of Reyrids numbers. Thexgerimental matrix is shown inigure 2

2.

2.1.1. Wind tunnelcharacterization

The velocity measurements in the test section were performed at different fan
powersdirectly by Laser Dopler Anemometry (LDA) and by Pitedtatic tube
pressire measurements using both inclined manometer and pressure scanner to
calibrate the wind tunnel before doing any experimé&uot. the calculation of
velocities from the dynamic pressurdstained from Pitostatic tubethe ambient
temperaturehumidity, and thegeographicelevation of the lalwere takeninto

account.In addition,LDA technique vas used to determine the velocities in the
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wind tunne] which showed 3 % variation in measured velocities compared to
pitot tube measurementsherefore,averagingof velocity values obtained from
LDA and pressure measurementstfocorresponding fan powevgas performed

to determinghevelocity values in théest sectionConsidering the fan power and
the corresponding velocities in the test sectiba,dalibration curvevasfound to

be linear for almosthe wholevelocity range. Average vetdy vs. fan power is
shown in kgure 23. In addition, LDA measurements provided turbulence
intensityvalues whichare also illustrated ifigure 23. As seen in this figure, the
turbulence intensity of the e sectionhardly exceeds 1 %. Therefore, it can be
said that turbulence intensity in the test section of the wind tunnel is less%an 1

particularlywithin thevelocity ranges, which theexperimentsareperformed.

To complete the characterization of the wind tunnel, the uniformity of the free
stream velocityin test sectiorwas also checkedThe test section was traced at
different free streamvelocity conditions along the vertical and horizorst
centerlinesof the crosssection A sampleresult of this measurement is shown in
Figure 24. The maximum difference in velocity at the points indicated in the
figure does not excee5.7 % at th lowest free streamvelocity where the

maximumpercentdeuations are obtained

2.2. Wing model

A delta wing with sweep angle f =35° has been investigated@he wing has a
chord of 105 mm and span of 300 mhme thickness of the wing is 15 mm. The
material used in manufacturing the wing is fine polyamide PA2Z6@. bevel
angle of the leading edge of the wing is’4bigure 25 illustrates the sketcbf
the wing from three differentziews The blockage ratidvas been considered in
determining thedimensions of the wing. The maximum blockage ratiatishe
highestattack angle of U= 10° and does not exceddl7 %. The quantity and
locations of pressure tabs are determineddoieve high resolutiom pressure

measuremest The dameter of the pressure taétthe surface of the wirig 0.5
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mm, whichis the minimum value that can be obtainédring manufacturing
process of the wing without any issudéith preliminary test,tiis alsoconfirmed

that the size of diameteof the pressure tatboes not causeotabledisturbance in
the flow structure over the wing surfaifat is in the range of 0.5 mm to 1 mm
The designed wing has 40 pressure tabs waretsymmetrically distributed to
three spanwise statis located at chordwise distances € = 0.32, 0.55 and

0.77as seen inigure 25.

The process oflow visualization using smoke demands injection holes on the
wing surface to introduce the smokEhe purpose of these holes is to create
streaklines taletect leading edge vortices and visualize flow structures over the

wing.

Dueto complicated structure of the designed wing as shoviigure 26, it was
not possible to manufacture it by traditional materials aadhniques 3-D
printing (Rapid prototyimg) seemedo be theproper method for manufacturing of
the wing.Quite successful wings were fabricated usiAQ Brinting considering
the quality ofthe surfacs the dimensional tolerances, astiuctural integrity.

Thepicture of thewing usedin the experiments shown in kgure 27.

Rapid prototypingcan be describedsgroupof techniqus usedin fabrication of

scale model of a part or assembly using three dimensional computer aided design
(CAD) datain a very shortperiod of time. Rapid pototyping has also been
mentioned as solid free surface form manufacturiogmputer automated
manufacturing and layered manufacturing. RP models can be used for testing like
an airfoil shaped body put in to a wind tunnBlapid prototyping technique
decreases costly mistakes and development time by allowing corrections to a
product to be made early in the procesisthis method the part is divided in to
small divisions, which aréabricated layer by layeihere are different available

RP techniques suchs Stereolithography, LaseBintering, Fused Deposition
Modeling and Solid Ground Curing. The investigated model in this sisidy
fabricated by Laser Sintering based Rapid Prototyping machine branded EOSINT

P380.
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A mount mechanism was designed and manufadto maintain stability of the
wing in the test sectiowithout disturbingthe upstreanilow. With the designed
wing mount, equired angle of attack, yaw and roll angles easilybe applied.

The wing, mount and test section assembly is shown in Fig8re 2

2.3. Laser illuminated smoke flow visualization

Flow visualization igelatively simple and inexpensive method, to obtain general
flow structure For flow visualization it is essentiato feed traceablematerials
including but not limited to &por, bubble,oil, smoke and dyeTropea et al. [48]
stated thathosesubstanceare not buoyant tracers because of significant density
difference with air, but the buoyancy effect can be neglesigte the particles

arein the order oflL umin diameter.

Using vaporized oils is common approacim laboratory experiments andost
commercial smoke generatarse this concepfhe smoke generator used in this
study is based on the vaporizing of kerosene (paraffin) mist. It is madeaip of
heating element anddevice that mixes the mistithr pressurized carbon dioxide.
The flow rate of smoke can be set by changing the presgsgbon dioxide gas

enters to the smoke generator.

A great amount of light is needed loighten the smoke introduced the flow

field. An illuminated plane sheet should be used to visualize particular flow
structures like wakes, vortices and separatioml this can be performed by a laser
light sheet generated by a laser source and o@tiddiode-pumped soliestate
(DPSS) green laser with 532 nm wavelength andmM@Dpower outpuivasused.

The laser bearwasconverted to laser sheet by means of andyical lens.Two
different flow visualizations, cross flow and surface flow, were performed, where
the light sheet plane aglocatedperpendicular to the test sectiahx/C = 0.32,

0.55 and 0.77 and parallel to leading edge vorticespectively. C repsentshe
chord of the wingThe images were captured by DSLR camé&a. cross flow

visualization, amirror was locatedurther downstream of the wing with an angle
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of 45° to free stream to take cross flgicturesby the camera locatemlitside of
thetest sectionPreliminary tests were performed to ensure thatocated mirror
has no influenceupstreamin the flow over the wing. For surfaceflow
visualization he camera was located under the test seciitve. sketches of
experimental setip for cress flow and surface flowisualizationsare shown in

Figure 29.

2.4. Pressure measurements

Pressure measurements were carried out by usingchatthel pressure scanner
which is Netscanner 9116 Intelligerdnd integrates 16 silicon piezoresistive
pressue sensors with a range of @.5kPa.The device is factory calibrated over
the identical pressure and temperature spans and is ready to use. The calibration
data is stored in theEEPROM (ElectricallyErasabldProgrammabl&ead

Only Memory) of each tranducer. Microprocessorof the device compensates
transducer outputs for offset, nonlinearity, sensitivity and thermal effects before
transferringdata to the computefhe compensation is conducted by utilizing the
calibration data and the temperature datmuired from temperature sensors
incorporate with pressure sensofbe manufacturer of this device guarantdes
measurement resolution @f0.003% FS (full scale)+ 0.15 % FS accuracy for
values that ardess than 17 kPa including the combined errduge to non

linearity, hysteresis and nampeatability.

As stated earlier there were 40 pressure talsm the wing surface The
measuremestwere applied in 3 sets to cover all pressure tédbsouple of
experiments were conducted using all the pressabs wherea complete
symmetrical pattern wasbserved Once a complete symmetrical pattern was
ensuredthe rest of the measurementere performedusing the pressure tabs
located only one side of the winghere twosetsof measurementsere enougho

aqquire dah from those pressure tabBhe samples were obtainatl 500 Hzand
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the data was acquired f@® secondsThe pressure scanner and the connections to
the wingareshown in Figure 20.

Dimensionless pressure coefficien®, using Equation2-2 are calculated from
pressure data of each pressure tab in order to display the relative pressure
distribution on the surface of the wing at three different spanwise loca@gns.
values were plotted asC; distribution on the surface of the wingthaé llowing

results sectiom The calculations of aot mean square (RMSfor pressure
fluctuations and correspondi@y fluctuations are shown incation 23 and 24,

which provide information abouinsteady variation of pressudistribution on the

wing suface.
5 Y 2-2)
- 8 8
p : measured pressure
Pp : static pressure of the flow
Pdyn.: Dynamic pressure of the flow
} : density of the fluid
up : free stream velocity
Nes b (2-3)

N : number of samples in the measurement
p : measured pressure at an instant

Nl Averageof themeasured pressure values

5 ho oo 5 =25 ——— (4
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2.5.Velocity measurements

Laser Doppler anemometry (LDA) is a nonrusive, pointwise velocity
measurement techniqu&at has extensive applicatiomscluding laminar and
turbulent flows, subsonic and supersonic floasd combustion The technique
getsits name from Doppler effe&known as the change in the frequency of a wave
while there is a relative velocity between abserverand the sourceThis
techniquerequiresseeding particles that scatter lighich is collected by photo
detector for processing to obtain thkelocity measurementising the Doppler
effect There is no needor calibration and it provides absolute velocity

measuremeni he basic configuration ohaLDA system is composed of:

A continuous wave laser.
Transferring optics including beam splitter and focgdenses.

1 Receiving lenses consist of focusing lenses, interface filter and a photo
detector.

1 A signal conditioner and a signal processé8][

Basic working principle of an ordinary LDA system and its optical parts are
illustrated in Figure 211 and 212

An argonion laser with the power of 750 mW was used to generate continuous
laser beamA beam splitter considered as an optical tag the ability to split the
laser beam into three different wavelengths and creates two lases &eaach
wavelength One pair of fiber manipulators installed for each pair of laser
beams. These manipulators transmit the laser light from optical unit to the laser
probe through fiber cable#. pair of manipulators and so laser beams is required
for each velocity compants.The LDA system used in this study has one [mdir
fiber manipulators, thus it was possible to measure only one component of
velocity at a timeThe second component of velocitias obtainedby rotating the
laser probeand so laser bean®6°. In additon, the system has a Bragg oshich
applies40 MHz frequency shift to wavelength of one of the laser beam to prevent
directional ambiguity on measured velocity.
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A commercial fog generator supplied seeding particles in to the flow during
experiments. Glgerin based smoke liquids were used to generate required seeding
fog. Different types of liquids, mdium and high densityvere usediepending on

the requireddata acquisition rate¥Vhen higher sampling rates are requitadh-
densityliquid was used fosmoke generation since seeding particles from this
liquid providesbetterreflection

The LDA systemusedin this study, is equipped with a Dantec F60 signal
processor.The optics and the laser of the LDA system are connected to the
processor. Aworkstation computer which has BSA flow softwares also
connected to the signal processbhe processor analyses the signal that comes
from photo detector for corresponding light scatters from seeding papadesg

through thaneasurementolume.

BSA Flow Softwareis the interface used tacquireand post process the velocity
data. The dataate depends on the burst detection and the output is velocity data
with unequally spaced timed intervalBhe software can calculate mean value,
root mean squardRMS) of the velocity components and their equivalent

turbulence intensityJncertainty on reference velocity is state.04%.

Due to the working principle of LDA, the data collection is random and the time

intervals between consecutive velocity measents are not equaRower

Spectral Densities dhevelocity data obtained from the LDA measurementse

calculated by running LomBcargle Normalized cod¢50] on MATLAB

program Since the velocity datdo not havee q u a | ti me steps, usir
built in FFT function was not applicable. For pressure data the same analysis was

also appliedln addition, a MATLAB code was written teesample the unequal

LDA data and to generate equally spaced data, in ordéetable to apply

MATLAB built in function to the velocity measurementower spectral densities

from both methods were also compared
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2.6. Flow controlsetup

The schematic overview of flow control setup is showRigure 213. An ED02
pressure regulator was used to control the flow rateeofir blown from leading
edge of the wing modeED stands foilElectropneumatic pressuregulator that

can be directly controlledThe EDO2 pressure regulator is a pneumatic device
with integrated electronics that is designed to regulate pneumatiaigr€sise
pressure regulator mainly consisf a solenoid valve, inlet and outlet connection,
and exhaust air connection with silencdhe EDO2 pressure regulator can be
continuouslyadjusted once the electrical and pneumsuigplies areonnected on

it. To do this, the EDO2 pressure regulator is controlled via a controller or
potentiometer using a set poifithe electronics compare the set point with the
outlet pressure, which is measured by a pressure sensor, and generate a control
variable that is usetb control both of the 2/#vay valves with U/l convertors and
proportional magnetsLhis sets the stipulated pressubependingon the model,

the set point can be controlled by the current, voltage, or a potentiofieter.
characteristic curves depictetHinear interrelation between voltage and outlet
pressureThecurveis presented in Figur214. The device must be fed by supply
voltage of 24 V DC £20%). Maximum 8 bar supply pressure also is needed. The

outlet pressure changes from 0 to 6 bactgnging the set point voltage.

In this study an analogue output moduMd 9263 made by National Instruments
Corp. was usedThe analogue outpuvariesfrom -10 V to +10 V.It has a 10
terminal, detachable scre@rminal connector that provides connecsidior 4
analog output channel&ach channel of the NI 9263 has an AO terminal and a
common terminal, COM, and there is an additional COM terminal at the bottom
of the connector. All of the COM terminals are internally connected to the isolated
ground refeence of the moduleEach channel also has a digitalanalogue
converter (DACXhatproduces a voltage signal. When the module powers on, the
channels output the startup voltagegure 215 shows theised pressunegulator

(a) andits controllinganala module (b).
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A codeand a user interfacgerebuilt in Labview prograno be able t@djust the
output voltage of the NI 9263 to control the flow rate of the leading edge blowing.
Three differentdimensionlesblowing coefficients,C, = 0.0001,0.001 and 0.01
were applied in the experiment§he momentum coefficient was calculated as

follows:

5 — (2-5)

in which'V; is the mean velocity of blowing at leading edggis the total area of
blowing holes,As is the surface area of the planform, dnds the free stream
velocity.

Figure 216 shows tharawing of the wing to clarify the blowing holes and the
access of théoles from the trailing edge of the winghe air is bdwn from 6
holeswith 2 mm diameter which atecated near leading edge of the wing model.
The distance between tleenter of injectiorholes and the leading edgé the
wing is 1 mm. The holes areat three sections,x/C = 0.16, 0.44 and 0.66
corresponding to the distancefs17 mm, 46 mm an@0 mmfrom the wing apex.
Figure 216 alsodemonstrateghe blowing direction, whichis normal to the

leading edge line and parallel to the bevel surface of the wing.

2.7. Analysis of experimental uncertainty

Experimental data are often considered as a supplementary component that
improves engineering analysiBhe experimental data sHdube validated before
using the test results for analysis and dedifjicertainty analysis is the procedure

used to beck this validity ad accuracy.
When we report measured value of some paramtéris written as

AR ) (2-6)
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whereXpestrepresents the best estimate of the measured parametep &the
absolute uncertainty associated with experimeiitse ratio of the absolute
uncertainty to the best estimateq X Xoes) is referred to ashe fractional or

relativeuncertainty

Error always exists while performing experimental measurements. Experimental
error may comprise two types: Fixed (or systematerror and Random error
(nonrepeatability). Fixed error can be removed by proper calibration and
correction, however, random error cannot be remoVkd.purpose of uncertainty

analysis is teestimate potential random eriartheresults of theexperinments

Uncertainty estimation of random errors has three steps [51], inclubtiang
estimation of the uncertainty interval for each quantity, defirtirggconfidence

limit and analyzing the propagation of uncertainty in calculatioBsce
engineering worksre mostly single sample experiment, uncertainty interval due
to random error is usually plus or minus half the measuring resolution (the least
count) of the device5R]. The confidence limit is based on the standard deviation
for a normal distributionApplying error propagation for thEquation(2-2) give

the followingEquation

® L Gy ® (2-7)

whereay , @ ,andw are therelative uncertaintiesf corresponding variables

caused byncertainties ofndependently measured quantitiisshould be noted
that

The calculated relative uncertainty is presentedTable 2-1 for different

Reynolds numbers.
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Table2-1 Relative uncertainty at differeReynoldsnumbers

Reynolds number oy °x.; L4 Fm
10000 0.084 0.141 0.164
14000 0.052 0.084 0.098
20000 0.024 0.060 0.064
35000 0.0064 0.015 0.0162
50000 0.0a8 0.007 0.0076
75000 0.00128 0.0(882 0.0(B4
100000 0.000r 0.0014 0.00L56

There are also other noise generating cafreas the electrical componenits the
experimental system that leads to high uncertainReat 1d. For this reason, the

pressure regts for thisReynolds number amot presented here.
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Smoke injection holes

Figure2-5 Plan viewand back vievof the wing model showing pressure taps at three
chordwise stations

Figure2-6 CAD drawing of the fabricated wing model
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Figure2-7 Photograph of the fabricated wing model

Figure2-8 Schematic view of the wing, mount and test section assembly with direction of
velocity components
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Figure2-10 The 16channel pressure scanner and the cables connections

Transmitting/
receiving optics

Flow with
seeding particles

§e
7:“" Measurement

. volume

Light
intensity

T 2sinm2)
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Figure2-15 Pressure regulator (a) and its controlling analog module (b)
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Figure2-16 The inside wing path of injected a&tx/C= 0.16, 0.44 and 0.6@&p) and
blowing direction (bottom)
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CHAPTER 3

RESULTS AND DISCUSSION

The resultsof the experiments angresented andiscusgd in this chapterThis
section is mainly composed of twgubsections corresponding the results of
flow structure on low swept wing in absenead presenceof flow control

techniquerespectively

3.1. Results in absence of flow control

3.1.1.Surface flow visualizations

Theresults offlow visualizationson a plane at vortex axé&epresented ifrigure
3-1, Figure 32, Figure 33, Figure 34, and Figure 35, at different Reynolds
numbers foattack angle$)= 3°, 4°, 6°, 8 and10°, respectively. For each figure

layout, Reynolds number varies from 10000 to 50000 from top to bottom.

The effect of Reynolds numbeat U= 3° on the flowstructureon a plane parallel
to leading edge vortices illustratedin Figure 31. At Re = 1@, shown in the top
image of the figure, pair of leading edge vorticesgith clear indication of vortex
breakdownlocationis apparentDownstream of the vortex breakdown location
the flow spreads over the wing and covers the wide area BY increasinghe
Reynolds number td.4 x 10, the location of the vortex breakdown mseve

43



upstream With further increase in Reynolds number the vortex breakdown
locationreaches to proximity ahe wingapex At Re = 3.5 x10* the breakdown
occurs almost at thapex @ the wing, and no noticeable change is witnessed with

further increase in Reynolds number

Figure 32 represents thibow visualization result$or 4° angle of attackAt Re =

10%, upstream of vortex breakdown, there is an indication of dispersismoke

which can be explained aeterioration othe leadingedgevortices In addition,

the typeof vortex breakdown iquite different compared tthe case at angle of
attack 3° shownin Figure 31. At Re = 1.4 x 1€} the flow structureshows
substantialchanges There is no clear indication of traditional form efatling

edge voréx andits breakdow, insteadaforementioned deterioratian leading

edge vortices spatially expands and covers the region close to the apex of the
wing. As seen aRe = 2 x10* and3.5 x 10, this pattern moves toward apaxthe
Reynolds numbeincreasesOnce this pattern reaches to the apex, no significant

change in flow structure is witnessed with further increase in Reynolds number

Reynolds number effect on flow struce at 8 angle of attacks shown inFigure
3-3. AtRe = 10, a welldefined swirl pattern is evideand there is no indication
of leading edge vortex and its breakdowrhich is primarily due tahe three
dimensionalseparabn from the wing surfaceThe swirling structurebecomes
smaller by increasing thReynolds numbeand movesipstreamAt Re = 3.5 x
104 the patterrreaches to the proximity of the apaxdcovers a small area of the

wing tip. No changes ar@itnessedvith further increase iReynolds number.

Similar flow structureand its trendesponse to the change in Reynolds number
canalsobe seen afttack angles o8° and 10, which are shown ifrigures 3-4

and 35, respectivelyAs shown inFigure 34 for the case of“8attack angle,he
swirl pattern haselativelylargerin spatialextentcompared to the flow structure
of 6° attack angle shown ikigure 33. The swirl pattern reduces in size and
moves toward apex as the Reynolds number increkseghe 10 attack antg
shown inFigure 35, & Re = 1d, nearly the whole wing surface éeveredoy the

swirling flow structure caused by thredimensional separated flowFor this
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attack angle, the trend in transition of flow structure as the Reynolds number
increases is alost identical with the attack angles of 6 afdiBown inFigures 3-

3 and 34, respectively. Considering all three attack angles wlhiegethree
dimensionakurfaceseparation is evident, it can be stated that, as the attack angle
increasesthe scale ofhe separated region gets larger Bedomes less sensitive

to increase in Reynolds number.

Overall, considering the surface flow smoke visualization results as a whole, i
can be stated that incresis attack angldrom 3’ to 4° yields a significant change

in leading edge vortex structure and its breakdown. For both angles, increase in
Reynolds number causes movement of breakdowationtowardthe apex of the

wing. Further increase in attack angles, caudi@®edimensional sukce
separation idargescaleswirl form covering the whole planfornThis structure
moves toward apex and gets smaller as the Reynolds number incieases.
important to note that,sathe attack angléncreases, it gets harder for flow

structure tdoe dfected by Reynolds number.

3.1.2.Cross flow visualizations and pressureneasurements

Figures 36, 37, 3-8, 39 and 310 show the cross flowisualizationsat different
Reynolds numberfor attack angles of) = 3°, 4°, 6°, 8° and 10°, respectively.
Stealy and unsteady pressure measurements are eatsbeddedon the
correspondingfigures to obtain comprehensive understandingf the flow
structure and to give orte-one comparison of pressure measurements with
smoke visualization result§ince smoke diffusn problems are encounterati
high Reynolds numbersgross flow visualization results are given for the
Reynolds numbersarying from 10* to 5 x 1¢. Pressure measurements are not
presented foRe = 1¢ dueto uncertainty issueas explained in Chapter. th
addition, Reynolds numbersl x 1@ is added for the results of pressure
measurementd-or each figure, théayouts are constructed in the same format.

Thefirst and secondolumnsrepresenthe results fochordwise distance ofC =
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0.32andx/C = 0.77, respectively Each row corresponds to a different Reynolds
number, whichare listed in increasing order from top to bottofhe pressure
measurements are embedded to figured &% and Cyrms Values where the
calculations of these parameters aesatibed in Chapter 2. The left axis of the
chart in the first column represent<, valuesandthe rightaxis of the chart in
the second column represe@isivsvalues wher¢he solid and dash lines are used
for the values of corresponding parameters, respectividiyrizontal axis

representy/s, nondimesionaspanwise distance frothewing center.

Theresuls for 3° angle of attack arghown inFigure 36. Overall comparisons of
smoke visualizations with pssure measurements indicate thanholse
visualization results are inline with pressure measuremdmis. hghest 1 Cp
values represent hight suction areas whereas lowdst, values present the
places at which flow reattaches to the wing surfa¢e pointcorresponding to
the vortex corén smoke visualizatiohas higlestvalues of i C,. At Re = 1¢ and
x/C = 0.32 a welldefined leading edge vortex pattern can be .s&er/C = 0.77,
absence of artical structure isvidentwhich indicates that vatex breakdowrhas
alreadytaken place upstream ofhis chordwise distancedt Re = 1.4 x 16
although the spanwise location of the vortex core is remained unchanged, the
vortex seemswveaker due to more dispersiohthe smokeFlow reattachment is
obvious atx/C = 0.77 at spanwise distance d.3 Considering the pressure
fluctuations, & x/C =0.32 the maximum value ofCyrvs iS at same spanwise
location as the vortex corédt Re = 2 x 16, highest value of C, is increasedo
0.9 atx/C = 0.32 also, highes surface pressure fluctuations occuryat = 0.3
which is between vortex core and reattachment locatfiba.pressure distribution
at x/C = 0.77remains unchangeahd amount of pressure fluctuations have been
increased Increasing Reynolds number 85 x 10* leads to a more distributed
vortex to flow field atx/C = 0.32 Pressure distributiopatternis similar to the
lower Reynolds number. AY/C = 0.77 the flow fidd has been moved toward
wing leading edgeFurther increasing Reynolds numtierRe = 5x 10 causesa
slightrise inthe highest value of Cp atx/C = 0.32 At chordwise distance of/C

= 0.77, the flow structure angbressure distribution shape is identical to the
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previous Reynolds numbeAt Re = 10, pressure distribution and pressure
fluctuation are very similato theRe = 5 x 10 exceptthe highest value df C, at

x/C = 032 that has reached 1.5 which is the maximum valué angle of attack.
Moreover, at this angle of attack and for the Reynolds numbers that leading edge
vortices exists and breakdown occurs, maximum valuesCgind S happens
between reattachment point and vortex cdre.addition, atx/C = 0.32, as

Reynolds number increasesrtex moves toward leading edge.

Figure 3-7 provides effect Reynolds number ¢me crossflow structure and
pressure distribution at°4angle of attack. Since the flow structureontains
leading edge vortex and breakdowafiprementioned discussions for the results of
3° angleof attack shownn Figure 36 are also validAn apparent leadingdge
vortex structure can be searRe= 10* andx/C = 0.32 Non-vortical structure of
the flow atx/C = 0.77is a clearindicationof theoccurrence of vortex breakdown
upstream of this chordwise distantecreasing the Reynolds numberit@ x 16
resuts in weakervortex core whictdisperses and covers wider flow regetrx/C

= 0.32 The Flow atx/C =0.77has an expected structure downstream of a vortex
breakdown At Re = 2 x 10 andx/C =0.32 the location of the highest value of
pressure fluctuation is between the minimum and maximtessurevalues.At

x/C = 0.77 obvious change in pressure distribution dlmv structure is not
recognized Further increase of Reynolds number3id x 10 leads to a slight
increase in highest value DifC, atx/C = 0.32 Also, the flow reattachment causes
zero value ofi Cp at y/s = 0.3 On the other handthe flow structure is still
unchanged at/C = 0.77 BeyondRe = 3.5 x 1jincreasing of Reynolds number
does not affect the flow behavior considerably.

Effect of Reynolds number on flow structure atagle of attacks illustrated in
Figure 38. At Re = 10 andx/C = 0.32 the reattachment location of the flow is
almost the same as the wing centerliex/C = 0.77, the flow field has covered
the whole wing.A slight increase in Reynolds number moves itaatachment
location outboard at/C = 0.32 Due to lack of leading edge vorticesyriations in
C, distributions ardess. At x/C = 0.77, the flow feld has moved outboardt Re
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= 2 x 10, the pressure distributiois still flat but the value ofi Cp,6 Bave been
increased to 0.9 ak/C = 0.32. Also, a considerable increase pressure
fluctuations is apparenEurther increasing Reynolds number and reacRag=
3.5 x 10 gives rise to a significantly differergressure distributiomver wing
surface atx/C = 0.32 This kind of pressure distribution which is similar to a
vortical type pressure distributiomay be because of the fact that high speed
separated flow from the leading edge of the wing triegeoeratevortices in
interaction with threelimensional separatefow from the wing surfaceThe
reattachment point at both chordwise distances has been motexdhrd Highest
value of pressure distributios located between maximum and minimum value of
i Cp. At Re = 5 x 16, reattachment point move further from the waemterline.

It can be said thatof Reynolds numbers beyorgl5 x 1@, pressure and its

fluctuation digribution over the wing surfacae entirelyidentical

Figure 39 shows theflow behavior over the wing with angle attack of &
different Reynolds number$he trend of change in flow structure is similar & 6
inciderce However,the reattachment location of the flow remaisameand is
around the wing centerlinéncreasing Reynolds number frah¥ x 16 to 2 x 1¢
leads to a rise iin Cp value from 0.6 to 0.9. In addition, it causes a considerable
rise in the amount of pressure fluctuatiaits</C = 0.32 At Re = 3.5 x 1 a
transmission from even to vortical pattern is evident in pressure distrilaitié@

= 0.32 It could be said thapressure distribution and flow structure does not

change athe Reynolds numberexceeding x 10.

Figure 310 shows the Reynolds number effect on flow structutg=atl0°. The

flat pattern of pressure distribution does not change even at high Reynolds
numbers.The rotaing structure remain unchanged in interaction with separated
flow from wing leading edge even at high Reynolds numb@isange in
Reynolds number fror.4 x 1@ to 2 x 1¢ leads to an increase from 0.6 to 0.9 in

i Cpvalues ai/C = 0.32 No evident change in pressure distribution is observed
atx/C =0.77
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3.1.3. Spectral Analysis of velocity measurements

Power spectral densities of the velocities measured at the core of leading edge
vorticesat 3 of attack angle are presentedHigure 3-11 andFigure 312 for
Reynolds numbers dke = 1¢ andRe = 2 x 16, respectivelyThe intersection
points of the dashed lines represent the measendocations at three chordwise
distances ofx/C = 0.32, 0.55and 0.77. For each figure, theeft columns are
assigned to streamwise (u) componenisereasthe ight columns are for
transversg¢w) component®f velocities measured by LDA technique. The figures
demonstrates thevelocity spectrum density over dimensionless frequency
StrouhalnumberSt= fc/Up.

Figure 311 showsu and w components of spectrum density of LDA velocity
measurement®r Re = 1¢ atattack angle of 3. Two grongfrequencypeaks can

be seen upstream of vortex breakdpatx/C = 0.32 at bothu andw components
which arebetweenSt = 0andSt = 1 For the corresponding peaks, comparing the
spectrums of u and w component velocities, although the amplitudes show
variations, identical frequencies are deteckdving downstreamesults in broad
spectrum distribution Weakerpeaks at variou$t values can be seen ®iC =
0.55.We can attribute this broad spectrum to the fact that fluctuations happen at
various frequencies and amplitude without any distinctive peaks downstream of
vortex breakdown. Atx/C = 0.77 which correspods to a region further
downstream of/ortex breakdown location, an even spectrum unaccompanied by
any considerable peak can be seEhe amplitude of peaks in both and w
components significantly decreases by moving from apex toward trailing edge of
the wing.

Velocity spectrums foRe = 2 x 10 at attack angle of Bis presented ifrigure 3
12.Dominant peaks cannot be identified, apddrum patterns in component of
velocity atx/C = 0.55and0.77are nearly similar tthe spectrunpatternupstream
at x/C = 0.32 Unlike u component spectrum densities imw componentat
downstream chordwise distances differ from désiat x/C = 0.32 Wide

spectrum with very low amplitudes is observed.
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Figures 313, 314, 315 and 316 show the spectrum of velocity s measured

on wing surface at Reynolds numbersRe = 13 andRe = 3.5 x 16for attack
angles ofU= 3° andU= 6°. The LDA velocity measurements were performed at

a normal distance o mm from the wing surface in streamwise and vertical
componentsSurface flow visualizations along with spectral density charts are
demonstrated. The figures are constructed with the following approach. At the
center of figure layouts, the surface flow visualization results for two different
Reynolds number case argpsygposed where one half of the wing represBets

10* andthe other half represen®e = 3.5 x 10case.

Figure 313 illustrates th& component of velocity spectrums at anglettack 3

. Themeasuremenpoints which are located at spanwise distarfcg/o= 0.50f

three chordwise distances. Corresponding spectram®e = 1 case are
demonstratedn theleft hand sideof the figurewhereas theight handsideof the

figure correspond® Re = 3.5 x 160case At Re = 1¢ andx/C = 0.32 a dominant
frequency peak atSt = 2 can be seen. Ax/C = 0.55 not distinct but low
amplitude weakpeaksare widely distributedover the broad range of St number
varying from 0 to 3 At x/C = 0.77 broad spectrum with comparatively lower
peak amplitudes can be seen.Rg¢ = 3.5 x 10 (right hand side), all spectrum
corresponding to the three chordwise distances have broad spectrum with density

amplitudeclearlyless than the spectrum densitieRat= 1d.

Figure 314 shows thav component of velocity spectrums &t @ngle of attack.

At Re = 1¢ andx/C = 0.32 distinctive peaks which are spread aro®td= 0.5
andSt = 2can be noticed. At/C = 0.55 a dominant peak occurs@t= 2 Some
lower anplitude peaks can also be seersat 1and St = 3 Likewise velocity
spectrums iru component aRe = 3.5 x 1€ the spectrum imv direction lack any
significant peaks at the all of the three chordwise distances. Furthermore,
amplitudes of the fluctuaton are lower compared to the corresponding Reynolds

number inw direction.

Near surface elocity spectrums for%angle of attack aRe = 1¢ andRe = 3.5 x
10* are presented ifigures 315 and 316, respectively Figure 315 showsthe
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spectrum charts farelocity atu componentThe white points dividing span of the
wing into three equal parts are measurement locations at three chordwise
distances. At the points correspondindR® = 1d, all of the spectrums are broad.

At the point adjacent tahe center of threalimensional separated pattern,
relatively noticeablepeaks are aroun8t = 0.5 It can be said that by moving
further downstream othe swirl pattern the spectrum densities decrease and the
spectrumsget broader. This trend can also be rseat Re = 3.5 x 1 In
comparisonto u component velocitiesthe spectrum densities are lowler w

component

Figure 316 illustrates velocity spectrums of6angle of attaclatw componentat

Re = 10 andRe = 3.5 x 16 At Re =10, most dominant peakarecognized at

the point near the swirling structure of the thdemensional separated flow. The
same trend of decreasing in the magnitude of fluctuations is also apparent here by
moving downstream. The spectrum densities are significantly lo#Cat 0.77.

At Re = 3.5 x 16 no significant peaks detectedat all measuremenpoints. The
fluctuations are less powerful comparedth® lower Reynolds numbecase
Furthermore, the spectrums remain broad and do not chétigenoving toward

downstream.

3.2 Results with flow control

In this section the effect of blowing from wing leading edge on flow structure and
pressure distribution is presented and is compared with flow in absence of flow
control. Three momentum coefficients including, = 0.0001, 0.00land 0.01

have been applied at different Reynolds numbers. Blowing from the wing leading
edge has been selected fordgree and 10 angles of attacks in order to
understand effect of the control technique on Huie®ensional separated surface
flow. Surface and cross flow visualization and pressure measurements were

applied.
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3.2.1. Surface flow visualization

The effect ofsteadyleadng edge blowing with momentum coefficients including
Cu = 0.0001, 0.001and 0.01 on flow structure were investigated inetipresent
study. Figures 37, 318, 319, 320, 321 and 322 illustrate the effect of, on
surfaceflow visualizationsat different Reynolds numbers and angles of attack.

The effectof leading edge blowing &e = 1¢ and attack angle ofGs shown in
Figure 317. There is not any obvious difference between the flow structure of no
control and control with the momentum coefficiesft C, = 0.0001 A slight
decrease in the size of thrdenensional separated flow can be seerCat=
0.001.Further increase in the amount of blowimgpmentumcauses formation of
leading edge vortices over the wing surfaldee leading edge vortices aerident

atC, = 0.01 However,it is important to note that the breakdowrtluése vortices

at a chordwise distan@ge veryclose the wing apex.

Figure 318 shows the trend of change in flow structure by increasing the
momentum coefficient of blowing ®&e= 2 x 10* andU = 6°. Likewise lower
Reynolds number, the blowing from the wing leading edge&limiensionless
blowing corresponding t&C, = 0.0001does not exert an influence on the flow
structure. AtC, = 0.001, the flow visualization appears to suggestt the three
dimensional separated pattern has been started to change to generate leading edge
vortices. Further increase in the flow rate to reach to the corresponding
momentum coefficient ofC, = 0.01 gives rise to formation of wetlefined
leading edge vorticecCompared toRe = 10 shown in Figure a7, transition

from threedimensional separated region to leading edge vortex happens at
smaller momentum coefficients. In addition, relatively stronigading edge
vortex is obtained &e = 2 x 10 atC, = 0.01 compared tdRe = 10.

For the flow structure aRe = 3.5 x 1HandU= 6°, which is shown irFigure 3
19, the same trend in transition from three dimensional separation to leading edge
vortex pdtern, witnessed in lower Reynolds number cases shown in Figurés 3

and3-18, is also evident. @mpared to lower Reynolds numlzarsesat Re = 3.5
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x 10%, the flow structure is more sensitive to the blowing through leading edge
which in turn shows drasti changes in flow structure at relatively lower

momentum coefficients.

The effect of leading edge blowing ldt= 10° is shown inFigure 320 for Re =

10*. Threedimensional separated flow, which covers the entire area of the wing
surface, is hardly affeetl by the blowing. Strong swirling pattern gets smaller and
shifts toward the apex of the wing with increasing momentum coefficient. There is
no indication of switching to leading edge vortex pattern. Similar trend is also
witnessed aRe = 2 x 16 andRe= 3.5 x 10 cases shown ini§ure 321 and
Figure 322, respectively. Although the significant changes in flow structure are
seenat C, = 0.01 including the decrease in the spatial extent of the swirling
pattern and the shift in the location of the core of the swirl, there is no footprint of
reoccurrence of leading edge vortex at the tested blowing coefficients.

3.2.2. Pressure measurements

The results of pressure measuremeants presentedas i Cp versus spanwise
distance y/9) plots inFigures 323 and 324. The plots are presented in three rows
and columnsThe ows represent three different Reynolds numbers incluéieg
=2 x 1¢f, Re = 35 x 10 andRe = 5 x 10 from top to bottom, respectively,
whereas, he columns are assigned to chordwise distancegf 0.32 x/C =
0.55and x/C = 0.77 from left to right, respectively.The blue, red, green and
black lines represent trdistributiors for momentum coefficients d, = 0.0, G,
=0.0001, G =0.001andC, = 0.01, respectively.

Figure 323 illustrates pressure distribution at different Reynolds numbers and
chordwise distances for attack angle &f &t Re = 2 x 16, the pressure
distribution at all chordwise distances are similar@qr= 0.0 and0.0001which
indicate that blowingat this low momentum coefficiemtoes not affecthe flow
structure over the wingstarting fromC,, = 0.001, the effect of blowing become

evident. Remarkable changein pressure distributiorare witnessedat highest
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blowing coefficient ofC, = 0.01 Particularly, & x/C = 0.32 an increase in
highest valuelang with adecrease in lowest value 0fC,0 s  c idemtifidal é\s
getting closeto the trailing edgethe flat pressure distributiare obtainedAt

Re = 3.5 x 16 the distributions are similar to the lower Reynolds number except
for the case€, = 0.0001and0.001at x/C = 0.32 At Re = 7.5 x 16 an increase

in highest value of C, can be seen afC = 0.32for C, = 0.01.Also, the highest
value ofi Cp that is believed to be the indication of the vortex core shifts toward
the leading edgeSimilarly, highest value aof C, at x/C = 0.55increases just for
the casefor C, = 0.01. The pressure distribution afC = 0.77 for all of the
Reynolds numberseems to be not affected significantly by the increase in
momentum coefficientsThe pressure distribution &, = 0.01 has the minimum
lowest value ofi C, which possibly indicates stronger reattachment of the flow

to the wing surface.

Figure 324 shows the pressure distribution of flow field otrerwing surface at

U = atittPeAdifferent Reynolds numbers. dearincrease in values 61Cp can

be seen by the increase of blowitmgfficientat Re = 2 x 16 andx/C = 0.32 At
higher Reynolds numbefsr the same chordwise distang@eessure distributions
aresimilar. For C, = 0.01, pressure distributiomariationsare more compared to
the lower momentum coefficients. Also, the valuesi 66 @t Cy = 0.01 are
considerably higher thathe values atower momentum coefficients. AUC =
0.55 pressure distributions are almost the same for different Reynolds numbers.
For all d the Reynolds numbers, maximum and minimu@p values happen at
C. = 0.01 At x/C = 0.77andRe = 2 x16, increasing the momentum coefficient
decreases théC, values near the wing centerline region. At higher Reynolds
numbers, pressure distributions ahamost identical foC, = 0, 0.0001and0.001
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Re=10000| a=3°
Re = 14000 | a=3°

Re = 20000 |

Re = 35000 | a=3°

Re = 50000 | a=3°

Figure3-1 Surface flow visualizations at different Reynolds numbers ab:&° angle
of attack
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Re=10000| a=4°

Re = 14000 I

Re = 20000 |

Re = 35000 | [a=4°

Re = 50000 |

Figure3-2 Surface flow visualizations at different Reynolds numbers ak:at® angle
of attack
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Re = 10000 |

Re=14000| a=6°

Re = 20000 | a=6°

Re = 35000 | a=6°

Re = 50000 | a=6°

Figure3-3 Surface flow visualizations at different Reynolds numbers ak:a&° angle
of attack
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Re = 10000 |

Re=14000| a=8°

Re = 20000 | a=8°

Re = 35000 | a=8°

Re = 50000 | a=8°

Figure3-4 Surface flow visualizations at different Reynolds numbers ah:a° angle
of attack
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Re=14000| |cx=10°

Re=20000| |a=10°
Re=35000| |a=10°

Re=50000| |a=10°

Figure3-5 Surface flow visualizations at different Reynolds numbers abiEat0® angle
of attack
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a=3° Smoke Visualization, - Cp and Cprus
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Figure3-6 Cross flowvisualization spanwisé C, andCprusplots onx/C = 0.32andx/C
= 0.77 chordwise distances b= 3° angle of attack and different Reynolds numbers
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a=4° Smoke Visualization, - Cp and Cprus
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Figure3-7 Cross flowvisualization spanwisé C, andCprusplots onx/C = 0.32andx/C
= 0.77 chordwise distances b= 4° angle of attack and different Reynolds numbers
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a=6"° Smoke Visualization, - Cp and Cprus
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Figure3-8 Cross flowvisualization spanwisé C, andCprusplots onx/C = 0.32andx/C
= 0.77 chordwise distances b= 6° angle of attack and different Reynolds numbers

62



a=8° Smoke Visualization, - Cp and Cprus
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Figure3-9 Cross flowvisualization spanwisé C, andCprusplots onx/C = 0.32andx/C
= 0.77 chordwise distances b= 8° angle of attack and different Reynolds numbers
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a=10° Smoke Visualization, - C, and Cprus
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Figure3-10 Cross flowvisualization spanwisé C, andCyrusplots onx/C = 0.32andx/C
= 0.77 chordwise distances b= 10° angle of attack and diffené Reynolds numbers
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Figure3-11 Spectral analysis results of velocities measured at vortex crranidz
directions at)= 3° angle of attack anBe = 10 (u-dir. on the left and vdir. on the
right).
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Figure3-12 Spectral analysis results of velocities measured at vortex crranidz
directions at)= 3° angle of attack anBe = 2 x 16(u-dir. on the left and vdir. on the

right).
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Figure3-15 Spectral analysis results of velocities measured near the surfadeeation
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Figure3-16 Spectral analysis results of velocities measured near the surfadieaation
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Figure3-17 Surface flow visualization ai= 6° angle of attackRe = 1¢ and at different
momentum coefficients
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Figure3-18 Surface flow visualization dii= 6° angle of attackRe = 2 x 16and at

different momentum coefficients
72



a=6° | Re =35000 | C,=0

a=6°| Re =35000 | |, =0.0001

a=6°| Re =35000 | | c,=0.001
'z ki ‘,. \

a=6°[Re=35000 | [ c,=0.01

Figure3-19 Surface flow visualization ai= 6° angle of attackRe =3.5 x 16and at

different momentum coefficients
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Figure3-20 Surface flow visualization di= 10° angle of attackRe = 1¢ and at
different momentum coefficients
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Figure3-21 Surface flow visualization ai= 10° angle of attackRe =2 x 16 and at
different momentum coefficients
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