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ABSTRACT

EXPERIMENTAL ANALYSIS OF FLOW STRUCTURE
ON MODERATE SWEEP DELTA WING

¥zt ¢er k, Kl han
M.Sc.,Depatmentof MechanicaEngineering

Supevisor: Assoc Prof.Dr. Mehmet Metin Yavuz

January2014, 182yages

Experi mental investigation of fl ow over
using laser illuminated smoke visualization, surface pressure measurements, and Laser
Doppler Anemometry (LDA) techniques in lespeed wind tunnel. The formation of
leadirg-edge vortices and their breakdown, and ttieeensional separation from the
surface of the wing are studiedbbadrange of attack angles and Reynolds numbers.
Smoke visualizations are performed at three different cross flow planes along with
vortex xis plane. The footprint of flow regimes on the surface of the planform is
captured by the surface pressure measurementstfi@pressure taplocated at th
corresponding threstations along the wing cord in spanwise directionaddition,
velocity meaurements at vortex core and locations close to the surface of the planform
are utilized. Using statistics and spectiahsityanalysis, the unsteadisg of flow is

studied in detail andhe amplitude and the frequency of the pressure and velocity
fluctuations at different locations are compared. The results of the study indicate that
the surface pressure measuremangsquite in line with the flowisualization results

where the vortex aes correspond to the largest suction pressures at the surface of the
planform. The vortex breakdown and thdimensional surface separation cause

significant loss in suction pressure of the vortex core and reattachment pressure at the

-

C



wing surface.Consiering the attack angles of 1 Bx Jandp 1 Xhe highest
velocity fluctuations take place at the regions around the vortex core axis. However,
the highest velocity fluctuations occur at locations close to the reattachment region at

13-degree angle of @tck and high Reynolds numbers, when the vortex breakdown

location reached to the apex of the wing.

Keywords. Moderate sweepglelta wing Leading edge vortex, Vortex breakdown,
Laser illuminatedlow visualization,Laser Doppler Anemometi.DA)
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45 derecel i ka-crltéa bsangapdi@tmmeted r kfaéndea ol uKk
aydénlakéwml|l eg°r ¢nt bhlasmergmleriy iezleager Doppler

Anemometre y°ntemi k url ¢l zagn€enled ri ankd ed ¢dkeinke y s &
incelenmi ktir. Kanat ucrmmé gve dedeattny ot ey

boyutl u akecx ayr el maseé geni K bir h¢cum

- al e Kk Alkrmakrteéénrt.; 1 eme deneyl er i akéka di k ¢
girdabé ekseni czerinde al enfamr mhi gz er¢éizn dea
akék rejimlerinin izleri, kanat y¢zeyind
veter. boyunca ¢- farkl é i stasyoaldéanasrer al

yézey basén-e Cell-déemleedrii? Ime ¢ mleise gredap markezk , h é z
ve planform y¢zeyine yakén konuml ar kul |l
y°nteml er kull anél ar ak akéexkeén d¢zensi z
noktal ar daki basén- ve héz - alkkamtéd |nmeérké né
Yapeéel an ,graddpeerkeddrimkonuml|l ar §ggegeykadaki en
emme basén-| ayernléeng Qb gildrpnglizegs baden- ©°
sonu-lak@Rri¢gnet ¢l eme sonu-1ar éneéen birbiri

ortaya -ékarméextér. Girdap kérénéemé ve Kk:
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kanat yézeyl czerinde girdap merkezinin emmi
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gor ¢l megkt gr .
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NOMENCLATURE

¥ = sweep angle
= chord length
S = semispan
7] = local semispan at pressure stations

| = angle of attack

YQ = Reynolds numbdvased on chord length
= freestream velocity

0 = streamwise velocity

1 = vertical velocity

X = chordwise distance from wing apex

y = spanwise distance from wing root

f = frequency

St = dimensionless frequency

n = static pressure

nr = average of the static pressure

n = static pressure of thfeow

n = dynamic pressure of the flow

N sas = rms value of the static pressure

0 = pressure coefficient

0 gas =rmsvalue of pressure coefficient
” = density of the fluid

N = number of samples in a measurement
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CHAPTER 1

INTRODUCTION

Micro Air Vehicles (MAVs) and Unmanned Combat Air Vehicles (UCAVS) have
drawn a considerable interest in recent years due to their increasedoash civilian

and military tasks. Notraditional wing planforms, such as deltangs having low to
moderate sweefo LU L U) have been used extensively on these types of vehicles in
cases where high levels of lift are essential to ensure high mangilityeoxer a wide
range of angles of attack. Figurel lllustrates some conceptual UCAV designs
having blended delta wirgody configurations and some MAV configuratiomisich

use low sweep angle delta wings. Gursul [1] stated that vddexnated flavs exhibit

on all these configurations. It iscognized at th&Vorkshop on Aerodynamic Issues

of Unmanned Air Vehiclef?] that serious aerodynamic, stability and control issues
may exist for these aforementioned configurations. Lanrinagasitional flows are
mostly dominant and flow structures such as separation, transition and vertical flow

have a significant role onélke delta wing planforms.

Delta wings are generally classified into two groups such as slender asidnutam
wings. Gursul et al. [34] defined the nonslender wings as one with a leadadge
sweep equal to or less tharv, &nd slender wings, which haadeading edgesweep

more th@v v. J

When a flow pasts @elta wing at an angle of attack, two counter rotating leaedug
vortices (LEV)form as the flow separates into a pair of curved free shear layers along
the leading edgess it is stated by Yavys] and Yayla p | . These LEVOs
the flow on slender wings at considerably high angles of attack [4]. Figure 1.2 shows
the sketch of vortical flow around a delta wing taken from Taylor and Gursul [4].
Gursul [3] stated that a boundary layer sepanatiaused by the interaction of the

1
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primary vortex with the boundary layer developing on the wing surface forms a
secondary vortex of opposite sign vorticity compared to the primary vortex. This

vortex type has been shown by many investigatoctuding Doligalski et al[7] and

Andreopoulos et al[8]. Ol and Gharib [9] stated thabrf nonslender delta wisg

LEV6s have a similar f or a@ dlthough atdheselam gl es of
angles the flowfield behaves as wakie flow. The size othese vortices increases

as they are convected downstream by the streamwise velocity of the outer flow [8].

One of the advantages of these organized structures is stabilizing the flow on the wing

and generating additional lift force, which is an importeniterion for design of an

unmanned combat air vehicle [5]. Yayla [6] stated that as much as 40% of the total lift

of a delta wing is attributed by these LEVOS
remains stationary on the wing surface becausevdhicity originating from the

leading edge is transported along the cores of the separation vortices. Earnshaw and
Lawford [10] stated that the lift coefficient of a delta wing decreases as the sweep

angle decreases. Figure 1.3 shows the variationtatdéfficient with wing sweep,

adapted from Earnshaw and Lawfordlata. Stall angles and the maximum lift

coefficients of nonslender wings are lower than more slender plané&srihss stated

by Earnshaw and Lawfofd0].

LEVO6s ar e de sasfoedeltawihgsiwce theyhave sorneradvantages as
mentioned above. However, these structgsmotbe maintained above the wing at

all angles of attack. At sufficiently high angles of attack, the flow along the vortex core
stagnates and the vortices go a sudden expansion, which is called as vortex breakdown,
(also referred as vortex bursting in somedgs) first withnessed by Werle in a water
tunnel facility [11]. Main drawback of this behavior is a dramatic drop both in lift and
moments. HoweverWilliams [12] stated thaunlike slender delta wings, vortex
breakdown is not a limiting factor in thetlgeneration for nonslender delta wings
Yavuz [5] stated that this behavior also causes large amplitude unsteady loading
(buffeting) of the surface of the wing, which may lead to structural damage of the
wing, as well as loss in control and stability. TWatex breakdown observed in
nonslender wings is much less abrupt than the breakdown over slender wings, which
makes the precise determination of the breakdown location more challengiAg [3].
example illustrating leading edge vortices and vortex breakdtaken from Delery

[13] is shown in Figure 1.4. Also, another example depicting main delta wing flow and



vortex breakdown characteristics, taken from Breitsamter [14] is given in Figure 1.5.

One of the distinct features of the flows over nonslendegsvis the dual vortex
structure that exists over the wing at low incidence. This vortex structure was first
calculated numerically by Gordnier and Visbal in 2003 [15]. This structure arises from
the interaction between the surface boundary layer andréxémpty of the vortex
formation to the wing surface, and has been demonstrated both experimentally and
computationally at recent studies. An illustration showing the dual vortex structure
and the vortex breakdown orva v mirdoderateswept delta wing, tadn from Taylor

and Gursul [4], is given in Figure 1.6. The formation of dual vortex structure, taken
from Wang and Zhan[i.6] is shown in Figure 1.7.

Another important difference between slender and nonslender wings is the
reattachment of the flow to theng surface on nonslender wings, whereas for slender
wings the shear layer rolls up into a diserebrtex [12]. Gursul et al. [18tated that
reattachment is possible for nonslender wings even after vortex breakdown reaches the
apex of the wingHoweve, there is no clear reattachment of the flow when the stall is

witnessed.

1.1 Motivation of the Study

A great deal of effort has been spent on the studies of high sweep delta wing. It is
possible to say the flow structure over these kinds of wings isumderstood.
However the researches in the field of low and moderate sweep angle delta wings are
quite limited compared to high sweep wsrand further studies are a requiredrder

to understand the flow structure and aerodynamics of these wing&ih dew and
moderate sweep delta wing#ich are generic planforms BfAVs and UCAVS, have
serious control and stability problems due to not having conventional aerodynamic

control surfaces.
For theseawvings,

A interaction between leading edge vortex hodndary layer,



A leading edge vortex and its breakdown,
A localized surface flow separation,
A the effects of these on surface vibration and buffeting, and flow

are among the fundamental research topics. fossible to find a solution tthe
control and stability problems by making further investigations on these topics and

understanding the phenomena better.

1.2 Aim of the Study

In this thesis mject, the flow structure on 4degree swepdelta wingis investigated

in detail. Sgcifically, the following arestudied:
A Meanand unsteady surface pressure measurements
Analyzing the formation of leading edgortex by smoke visualization
Mean and asteady velocity measurements
The effects of attack angle and Reynolds number on finwtsire

Spectraanalysisof unsteady pressure and velocity measurements

I

Dominant fequencies in the flow and theiragbns with flow instabilities



Figure 1.1 Current and future unmanned combat air vehicles and micro airvehicles [2]
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Figure 1.2 Sketch of vertical flows around a delta wing [4]
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Figure 1.3 Variation of lift coefficient with angle of attack, adapted from [10]

Figure 1.4 Leading-edge vortices and vortex breakdown over Jsweep wing [13]
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Figure 1.6 Dye flow visualization for vortex flow for » JatRe= 8 e inwater tunnel
experiments [4]
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Figure 1.7 Sketch of the dud-vortex structure formation [16]



CHAPTER 2

PREVIOUS STUDIES

2.1 Flow Structure on High Sweep Delta Wings

The number of studies have been conducted on delta wings are numerous since it is a
hot topic for researchers for a long time. Much of these studies have been carried out
on slender delta wings and brought substantial knowledge about the flow structure on
these types of wings. Several researchers including Earnshaw and Lawford [10],
Wentz and Kohlman [18], Erickson [19], Barlett and Vidal [20], Benjamin [21,22],
Sarpkaya [23,24,25], Leibovich [26,27], Wedemeyer [28], Polhamus [29], Escudier
[30], Lee andHo [31], Brown and [32] and Delery [33] focused on the aerodynamic
characteristics of delta wings, vortices and vortex breakdown in their studies while
some of them including Rockwell [34], Gordnier and Visbal [35], Menke, Yang and
Gursul [36], Ashley, K&, Jarrah and Vaneck [37], Gursul [38, 39, 4@json [41]

and Redinoitis, Stapountzis and Telionis [#&Jrked on the unsteady phenomena of
these flows. It is found in these studies that there are some unsteady flow phenomena
exist in high sweep delta@ings, such as oscillations of vortex breakdown location [41],
vortex shedding [42], vortex wandering [43], helical mode instability [40,44] and shear
layer instabilities [35]. The importance of these instabilities arises from their impact
on buffeting ataircraft structures such as wings and fins and aircraft stability, which
has been well documented by the aforementioned authors. Although the unsteady flow
structure over high sweep wings are well understood, there is still lack of knowledge
about these @momena over low and moderate sweep wings which require further
studies on these planforms [3]. lllustration of some of these unsteady phenomena as a

function of dimensionless reduced frequency is documented by Menke et al. [36],



which is given in Figure 2. It can be seen from the figure that all the unsteady
phenomena shown in the plot has a unique frequency band compared to each other.

2.1.1 Oscillations of vortex breakdown location

Unsteadiness of the vortex breakdown location over delta wings aitidtmsts of

these locations along the axis of the vortex were observed in the experiments which
were conducted by Lowson [41] and Fisher et al. [45]. A low frequency peak has been
indicated by the pressure and velocity spectra of the wake of vortex bvagkahich

is related with the fluctuations of vortex breakdown location throughout the wing in
streamwi se direction. Ayoub and McLachanos
oscillations of breakdown location have an antisymmetric motion for left and right
leading edge vortices. It is shown in Fig. 2.1 that when these oscillations compared to
the other instabilities such as the helical mode and K#leiimholtz instabilities, they

have very low dominant frequencies. It was also stated by Ayoub and McLaéhan [4
Menke and Gursul [47], Gursul and Yang [48], Menke, Yang and Gursul [36], and
Portnoy [49] that oscillations of vortex breakdown location are epssodic.
Moreover, it was found that an increase in the angle of attack or sweep angle causes a
decreas between the timaveraged breakdown locations which results in larger and

more coherent oscillations.

It was stated by Yavuz [5] and Gursul [39] that these oscillations cause unsteady
loading which may cause substantial consequences for wing andffatingy and

might play an important role on the control and stability of highly maneuverable
aircraft. Menke and Gursul [50] investigated the spectra of difference and average of
breakdown locations of a slender wing at high incidences and they haveedesta
dominant peak which corresponds to the gpasiodic antisymmetric oscillations of
breakdown location. Same studies were conducted by several researchers in water
tunnels and low speed wind tunnels at low and high Reynolds numbers, and they all
observed a similar range of dominant frequencies of guasodic oscillations of

vortex breakdown location which indicatbatthis phenomenon exist at both low and

high Reynolds numbers.[39].
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2.1.2 Vortex shedding

Two point velocity measurement expeents in the wake of a delta wing was
conducted by Rediniotis, Stapountzis and Telionis [42, 51] and it was shown that
vortex shedding exists at high incidences. They found that both symmetric and
antisymmetric modes of vortex shedding existed (Fig. Z&gurrence of this quasi
periodic phenomenon was found to be over wide range of angles of attack without any
substantial effect of Reynolds number. They stated that for a delta wisxgeeip
angley x ¢hdnly symmetric mode of vortex shedding oceyr to| X Tdeg.

angle of attack. At larger angles of attack, both symmetric and antisymmetric modes
of vortex shedding exist simultaneously despite the fact that the symmetric mode is
more dominant. Gursul and Xie [44] worked on the transition between vortaisge

and helical mode instability. They observed the disappearance of the helical mode
instability of swirling flow after the vortex breakdown reaches the apex of the wing,
and the appearance of the dominant frequency of vortex shedding in the spe&stra. Th
encountered with a rapid transition from helical mode instability to vortex shedding
which was occurred at the angle of attack that vortex breakdown reached the apex (Fig
2.3). It was also stated that the frequency of vortex shedding is nearly comskamnt

near wake.

2.1.3 Vortex wandering

Vortex wandering is an unsteady phenomenon which can be defined as the random
displacement of the vortex core [52]. A great deal of effort has been spent on the study
of vortices by many researchers, including f8abker et al. [53], Degani et al. [54],
Gursul et al. [52], Kommallein et al. [55], Cornelius [56] and Menke et. al [43], who
have revealed the existence of large velocity fluctuations in the vortex core. These
fluctuations, which arbecause ofthe randondisplacements of the vortex cotake
placeover delta wingsitupstream of vortex breakdovas well as in the cases without

a breakdown regardless of the Reynolds number and wing geometry. Free stream
turbulence was stated as one of the potential ssut vortex wondering, however

Menke et al. [43] showed that the vortex core displacements caused by free stream
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turbulence were much smaller than the considered displacements. The other
possibilities that may play a noteworthy role in the occurrencaisfpghenomenon

were stated as the nonlinear interactions between the small scale vortices, mainly due
to the KelvirHelmholtz instability of the separated shear layer, unsteady turbulent

flow in the wake of the wing, and the leading edge vortex over thg. wi

2.1.4 Helical mode instability

It is well-accepted that helical mode instability is a wklcumented instability which

exists downstream of vortex breakdown. Several researchers, including Cassidy et. al
[57], Mabey et al. [58], Gursul et. al, [4Qke et al., [58], and Klute et al.[59] observed
these periodic oscillations after breakdown in various swirling flows. The association
between downstream convection of wave pattern with vortex breakdown was found in
the unsteady pressure measurement @xeeats conducted on delta wings and fins.
The periodic pressure/velocity oscillations thetre observed in the experiments
correspond to the most unstable modes of the-émeeaged velocity profiles of the
vortex, which is determined from linearized, iswid stability analysis. It is stated that

3 ., where™Qis the number of the

these instabilities can be representeas
wave propagating in axial direction, gandhe rotation frequency of the structure. First

and second helical mode instability was corresponded by integers n=1 and n=2,
respectively. When the first helical mode (n=1) at constant phase surfaces at a given
instant is considered, sense of the helimpposite to the direction of rotation of the
vortex, although the rotation direction of the whole structure is same as the vortex. It
was also stad that the frequency of thHeelical mode instability decreases in the
streamwise direction, which impliesat the wavelength of the helix increases in the

streamwise direction.

Knowledge of the dominant frequency of helical mode instability can be useful on
buffeting problems. The information in the literature on the dominant frequency of
helical mode instalitly for vortex breakdown naturally occurring over slender delta
wings is quite sufficient, and can be used by researchers for rapid calculations.
However, these data are not valid for vortex breakdown types induced by other

structures of the wing, such &gs, at smaller angles of attack, and there are no
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available data related to this type of premature breakdown. Variation of the
dimensionless frequent@®Y as a function of angle of attack for delta wings having

different sweep angles is given in &ig 2.4 [40].

2.1.5 Shear layer instabilities

The shear layers separated from leading edge roll up periodically into discrete vertical
substructures that form leading edge vortices. This instability type occurs on both
slender and nonslender wings amals first reported by Gael-Hak and Blackwelder
[60]. They also stated that two different wings having sweep angles of v J
andy ¢ 1 had the same frequency at which vortices developed in the shear layer.
Cross sectional view of this type instabilitygsen in Figure 2.5 (taken from Riley
and Lowson [61]). Instantaneous flow structure of a delta showing the shear layer
instabilities is illustrated in Figure

numerical study.

Both experimental and numeal studies were conducted by several researchers to
enlighten how this instability originates, but still there is no universally accepted
definition, yet. Researchers have two main arguments on this issue; some of them,
including Gadel-Hak et al. [60],Payne et al. [62], Lowson [63] and Gordnier [64]
attributed this instability to two dimensional Kelitelmholtz type instability,
whereas Reynolds et al. [65], Ng et al. [66] and Visbal et al. [67, 68] suggested another
hypothesis that the interaction Wween secondary vortex from the wing surface and
the shear layer emanating from the windward side of the wing predominantly induce
the transverse perturbation of these substructures along the leading edge of the wing.
Moreover, Gaeel-Hak et al. [60], Reynds et al. [65], and Gordnier [64] observed
temporal substructures, regarding the vertical substructures of the shear layer, rotating
around the leading edge vortex, whereas Squire [69], Payne et al. [62], Lowson [63],
Verhagen et al. [70], Washburn et[&1], Ng et al. [66], Riley et al. [61], Mitchell et

al. [72], Morton [73], and Newsome [74] revealed the existence of spatially stationary
substructures around the leading edge vortex. In the view of such information, Visbal
and Gordnier claimed that the temporal and stationary substructures are not

necessarily two distinctly different phenomena, rather representation of the same
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transition process in different manners. The shear layer and the transition process need
to be investigated further. Howevprpviding a complete unsteady data set of the flow
field is not feasible due to the spatial and temporal limitations of PIV and Global
Doppler techniques, whilst LDA and Hot Wire Anemometry techniques do not provide
whole flow field data instantaneouslyg]. Therefore, further studies in numerical

simulations seem essential in order to characterize this instability.

2.2 Flow Structure on Low and Moderate Sweep Delta Wings

The worldwide need for highly maneuverable and flexible next generation air vehicles
is increased the interest to the nonslender delta wings, which are generic planforms of
MAVs and UCAVs, and made them a hot topic for the researchers in recent years.
Nonslender delta wings have substantially different types of flow patterns when they
compared to the slender ones [3]. When it is compared to the extensive studies about
the flow structure of slender wings, the knowledge in the literature about this
distinctive flow patterns is relatively limited due to the recent interest of this type of

wings.

Taylor and Gursul [4] and Ol and Gharib [9] conducted experimental studies to seek
the existence of leading edge vortices at low angles of attack. Taylor and Gacul u
surface oil flow visualization technique orra v Ttwing, whereas Ol and Gharib
used flow visualization via dye injection and stereoscopic Pl onu mtandy

@ vwings. They both revealed the existence of coherent leading edge vortex structure
on thesewing at angles of attack aslowe® J A pl ot fr om Ol and
showing the spanwise locations of leading edge vortex cores at low angles of attack is
given at Figure 2.7. It is stated in the experimental studies of Ol et al. [9], Taylor et al
[4], Yaniktepe et al. [76] and Canpolat [77], and numerical simulation of Gornier et al.
[15] that an elongated separated flow region exists at low angles of attack, and very
close to surface of the wing. Numerical calculations of Gornier et al. [1b]jgalse
detailed information about the characteristics of averaged and instantaneous flow
structure. The Experimental studies of Ol [78], and Ol et al. [79] shows alikake

velocity profile at |l ow angles of attack,

numerical computations [15] that indicates wdike velocity profile. It was
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concluded that even at conditions without any discernable vortex breakdowm, 1t J
wing fails to show a significant axial velocity peak, whereas slender wings exhibit a
jet-like velocity profile with increasing angle of attack. However, it is found that at
higher angles of attack and more typical Reynolds numberliagetelocity profile

can be recovered.

Taylor, Schnorbus and Gursul [80], and Taylor and Gursul [4] perfornyed d
visualization to visualize the leading edge vortex cores of a flow over a mtdelta

wing at low angles of attack and at relatively low Reynolds numbers. They
experimentally showed the existence of dual vortex structure, which was observed in
the numeical calculations of Gordnier and Visbal [15], for the first time in the
literature. The existence of this structure was also confirmed by experimental PIV
measurements of Taylor et al. [80] and Yaniktepe et al. [76]. It was found that at low
angles of atick and at relatively low Reynolds numbers, flow caer v TT\Wing
exhibits a dual primary vortex system, whereas a transition from this structure to a
single and largscale vortex, which is a basic feature of leading edge vortices of
slender wings, occarat higher angles of attack. Surprisingly, Ol and Gharib conducted
flow visualization experiments on the same planform at quite similar range of angles
of attack and Reynolds numbers in the s.
however they did notlserve the dual vortex structure in their study. Wang and@ha

[16] took the studies on dual vortex structure a step further, and they investigated this
phenomenon on various delta wings with T v J@ v. JThey used dye injection and
hydrogen bubble visuakion techniques to seek the existence of dual vortex structure
at various angles of attack and at different Reynolds numbers. They found that this
phenomenon is not a distinctive feature of nonslender delta wings, and this structure
can exist for slendexrings under some certain conditions. They showed the range of
angles of attack that dual vortex structure can be observed for each of the wing, which
is given in Figure 2.8. They stated that the vortex breakdown location moves upstream
towards the apex witincreasing angle of attack, and downstream with the increase of
sweep angle. Moreover, they reported that for any given angle of attack, a decrease in
the sweep angle of a delta wing causes a vortex breakdown locatios dloser to

the apex of the wig.

Flow visualization studies of Taylor et al. [80], and Taylor and Gursubfddy

L TtwWing, revealed the sensitivity of the vortex structure to Reynolds number. They
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stated that the trajectory of the vortex core moved inboard towards the centedine, a
the onset of breakdown was discernibly delayed when the Reynolds number is
reduced. It is also reported that the flow approaches an asymptotic state at high
Reynolds number (on the orderaafp 1, and only small variations in the location of
vortex cae and breakdown occur with a further increases in the Reynolds number.
Wang and Zhang [19] investigated the Reynolds number effect on flow over various
delta wings withy T v J@ v. They found that Reynolds number has a significant
influence on the generat of dual vortex structure. It is stated that at low Reynolds
numbers, the high shear forces on the separated flow prevents the generation of dual
vortex structure, thus, the Reynolds number should be greater than a critical value in
order to have a duabrtex structure on the flow at certain ranges of angles of attack.
They also reported the influence of Reynolds number on the breakdown locations of

the dual vortex structure.

Honkan and Andreopoulos [81] performed an experimental study rmnsiender

ddta wing of sweep angle Tt v with novel triple orthogonal hot wire probes. They
observed patterns of instantaneous vorticity and showed the existence of discrete
stationary vortices in the feeding shear layer in addition to the primary vortex. Taylor
and Gursul [4] investigated the reattachment process, near surface topology and
buffeting of a flow over a delta wing of sweep angle v mtvda PIV technique. They

found that the region of large velocity fluctuations occurred at the same location as the
reattatbiment line of the shear layer which was in good agreement with Honkan et al.

[ 81] 6s study. It was noted that the primary
the wing centerline, with increasing the angle of attack. A figure from Taylor and
Gu r s u Hyp showmd the inboard progression of the primary attachment line is
given in Figure 2.9. Taylor and Gursul stated that the reattachment of the shear layer
induces the main source of buffeting on the surface of the wing as opposed to vortex
breakdown. Thy also reported the existence of spectral peaks in the velocity
fluctuations just before the stall in the field of reattached shear layer. Gursul et al. [3]
stated that the attachment of shear layeriths¢parated from the leading edge of a

low sweep dlta wing is one of the distinct features of a nonslender wing flow

structure.

Yaniktepe and Rockwell [76] performed PIV experiments at different angles of attack

over a delta wing of sweegngley ¢ & JThey observed the formation of an
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elongated vorticity layer that tends to reattach the surface of the wing. They also found
high vorticity concentrations enclosed with the shear layer which concurred with fields
of high unsteadiness in the flow. Yavuz et al. [82] investigated the flowtsteu
immediately adjacent to the surface of a delta wing of sweep &angle & JYia near
surface technique of PIV. A PIV result from their study, which shows the shear layer
substructures, is givan figure 2.10. They showettie distributions of time avaged

flow data are symmetric with respect to the centerline of the wing, and exhibiting well
defined vorticity concentrations of like sign along the leading edges of the wing. They
stated that the mentioned results indicate the existence of small schbitywo

concentrations having a-¢otating pattern.

McClain [84], Kawazoe et al. [85], Miau et al. [83], and Kegelman et al. [86]
investigated the influence of the leading edge profile on the flow structures of various
delta wings. It is stated that lead edge shape can affect the basic flow features of
delta wings, especially the nonslender ones. McClain used delta wings of sweep angle
¥ v 1t that have different leading edge profileS'hey observed the region of
reattachment more outboard, which meaelay in the stall, for all the wings having
rounded edges. Figure 2.11 shows the location of reattachment line for various leading
edge profiles as a function of angle of attack [84]. They also reported that the wings
with rounded edges showed signifitaelays on measured lift coefficients. Kawazoe

et al. studied the effect of leading edge profile on a delta wing of sweepyangiev J

, and they came up with results in agreei
delay in the stall for rounded l@iag edge shape due to reaching of primary
reattachment line to wing centerline at larger angles of attack. Miaueteal.delta

wings of sweep angle v mtthat having different leading edge profiles. Based on
the experiment that were conducted at lovyridds number (Re=7000) where the
viscous forces are dominant, they reported a strong influence of leading edge profiles
on the separation and formation of the leading edge vortices. They observed that at
this low Reynolds numbers, the flow over wings wabward beveling greater than

¢ mtwas devoid of strong leading edge vortices at p 1t JThey also performed force
measurements at higher Reynolds numbers and observed the effect of leading edge
profile is small in the prstall region. Kegelman reporteldatt the vortex breakdown
location is strongly affected by the leading edge profile for slender wings, although no

change in stall angle was detected. Moreover, the influence of leading edge shape in
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lift is weak for slender wings. It was also stated thage with rounded leading edges
generally have a milder stall. In a recent study, Verhaagen [87] investigated the effect
of leading edge radius on the flow over delta wingwéep anglee v 1t It is stated

that a larger a larger leading edge radius resula reduction in both size and strength

of the primary vortex, and a movement of this vortex outboard and closer to the wing

surface.

Canpolat et al. [88] investigated the yaw angle effect on the flow structure of a delta
wing with a sweep angle af tuv JThey observed a symmetrical flow structure on
the wing when the yaw angle4s T fias it was expected. When they increased the
yaw angle, it was observed deterioration in the symmetric flow structure. They stated
that the vortex breakdown that occarsthe windward side of the delta wing is earlier
than the one on leeward side. They also reported that the main rotating vortices in

crossflow planes occur in the inner side, close to the centerline of the wing.

Air vehicles, which have complex geometriean have delta wings as part of these
complex structures. Diamond and lambda type wings, which have low sweep delta
wing on their geometry, are good examples to those structures. Yayla [89] investigated
the flow structure via dye visualization and PIV aserements at near surface and
various cross sections on these types of wing45Xwhich is an actual UCAV, has a

very complex geometry, and both the fuselage and wing extensions have low sweep
delta wings. Elkhoury et al. [90, 91] conducted dye visadbn and complementary

PIV measurements on crossflow and near surface planes cdaplgnform in order

to investigate the mean and unsteady flow structure and flow topology. A figure from
their study, which compares the patterns of dye visualizatidmear surface patterns

of streamline topology, is given in Figure 2.12.

2.3 Control of Flow Structure on Delta Wings

Control of the flow on various air vehicle planforms was emerged from the need for
an increase in flight performance and stability ofvahicles, as well as to reduce the
effects of the unsteady loading on structures such as wing and fins. The main
objectives of flow control on wings are elimination of thtBmensional separation,

delaying or preventing vortex breakdown and increasieditt.
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Control of flow generally classified into two groups, active and passive control of the
flow structure. Passive flow control do not require any energy input and any feedback
mechanism, and can be applied by adding control surfaces to the whirgsstemards,
strakes, flaps and leading edge fences. Passive control can also be applied by using
variablesweep or flexible delta wings. On the other hand, active flow control requires
an energy input in order to manipulate the flow structure over thg.wWihere are
various applications of active control such as continuous or oscillating blowing and
suction from different regions of wing, piezoelectric and acoustic excitation, and small

and large scale perturbations.

2.3.1 Passive Control

The flow strictures of slender and nonslender wings are quite different than each other,
as a result the passive flow control method that would be used to manipulate the flow

over a delta wing is highly depend the type of the wing.

Mitchell and Delery [92] stated th#he passive control of a flow over nonslender
wings can only be achieved either by increasing the wing flexibility or using additional
flow control surfacesn the wings. Gursul et al. [Lgtated that the methods that aim
reattachment of the flow to thdamng surface are the most effective ones on nonslender
delta wing, and the only possible method by means of passive control on nonslender
wings for this purpose is the increase of wing flexibility. Taylor et al. [93, 94]
investigated the effect of wing fléility on various delta wings having sweep angles

of v 1 1o uhd mhd vhg 1t They found that the stall was delayed and the lift force
was increased only in wings having low sweep angle. Vardaki [@5lperformed a
similar study o delta wings of sweep angles v mahde 1 and they obtained the
same results with Taylor et al. They also stated that the excitation of shear layer
instabilities and promotion of reattachment of the shear layer is the main mechanism

for lift enhancement

For slender delta wing, flow control techniques that aim to control breakdown of a

vortex are have a significant place among the other tecmiGuesul et al. [1]7 and

Mitchell et al. [92] stated that various passive control techniques, such asscapard

flaps, leading edge flaps and extensions and Gurney flaps, can be used on slender
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wings in order to control the breakdown of a vortex. Myose et al. [96] showed that a
canard that attached on a-@€greesweep delta wing delayed both the vortex
bre&kdownandthreel i mensi onal surface fl ow separati on.
showed that the strength of leading edge vortices of a delta wing having leading edge
flaps is twice of the other one without these flaps. Lamar and Campbell [98] found that
the leading edge flaps that bended upwards decreased the drag on the wing, whereas
the ones that bended downwards increased the lift force and drag. Klute et al. [99]
investigated the effect of apex flap on the flow structure over a delta wing flow. They
found that breakdown of the vortex was delayed on both cases, where the flap was
stationary and was bended. They also reported that the longest delay was occurred
when the apex flap bended with an angle toward negative direction. Bucholz et al.
[100] invesigated the effects of leading edge fences and Gurney flaps on a flow over

a 60degreesweep delta wing, and they found that both method resulted in high lift
gain.

2.3.2 Active Control

Active flow control can be applied in various ways. Control of kv by suction and
blowing have been performed by many researchers and can be categorized into
different groups such as leading edge suction and blowing, trailing edge blowing,
tangential blowing and leeward surface suction. This method can also bel applie
different manners such as symmetric, asymmetric, periodic and steady suction and
blowing. Wood et al. [101], Greenwell et al. [102], Bean et al. [103], and McCormick
et al. [104] et al. employed steady suction and blowing, whereasid#ak et al.

[105] and Gu et al. [106] performed periodic tangential blowing and suction along the
leading edge. Ferman et al. [107] studied the effect of tangential blowing on a model
of F-15 aircraft by blowing from three different points chosen upstream of vortex
brekdown. Chui et al. [108, 109] investigated the effect symmetric and differential
blowing from forebody slots in their studies. A figure from their work, which shows
the effects of both passive (canard) and active (blowing) flow control, is given in
Figure 2.12. Vorobieff et al. [110] employed intermittent traikedge blowing to
prevent vortex breakdown in their study. Johari et al. [111, 112] implemented a new

met hod of bl owing called firecessed angled sp
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surface pdr located below the vortex core. Maines et al. [113] investigated the
effectiveness of leadingdge suction through a line of holes on both sides of a delta
wing. Badran et al. [114] tried both leading edge suction and suction from the upper
surface of awing, whereas Hummel [115] employed suction at the tragidge.
Owens et al. [116] applied a suction boundary layer from the suction side surface of a
wing in order to manipulate the breakdown location. Helin et al. [117], Shih et al.
[118], Mitchell etal. [119] and Phillips et al. [120] studied blowing from traitedge

and showed itsd effectiveness on the
breakdown. Nawrocki [121] and Wang et al. [122] took the research on tradue
blowing one step furtheby investigating jet vectoring. Deng et al. [123] focused on
another active flow control method, and they investigated the effects of oscillating
leadingedge flaps on flow structure of a slender delta wing and showed a strong

dependence between oscilbet amplitude and vortex breakdown.

The effort that has been devoted to control of the flow structure on low sweep wings
is very little compared to the studies on high sweep wings. However, active flow
control studies on nonslender slender delta winge lstsown an increase in recent
years. Yavuz et al. [124, 125] prevented thdaeensional separation from the surface

by using steady trailingdge blowing on a 38egreesweep delta wing. Williams et

al. [126] studied on the same planform and investig#tedeffects of oscillatory
blowing from the leadinggdge. Wang et al. [127] and Jiang et al. [128] employed
trailing-edge blowing on 5@nd65-degreesweep delta wings. Wang et al. studied the
interaction of thrust vectoring jets with leading edge vortares its effects, whereas
Jiang et al. sought the effects of blowing on wing aerodynamics. Vardaki et al. [129]
and Yaniktepe et. aJ76] studied the effects of small amplitude wiosgillations on

delta wings at posttall regime and they showed that tbtally separated flow can be
reattached on oscillating low and moderate sweep delta wings, which was illustrated
in Figure 2.13. Ozgoren et al. [130] and Yilmaz et al. [131] performed similar flow
control studies and they investigated the flow structirdelta wings subjected to

small amplitude perturbations.
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Figure 2.1 Spectrum of unsteady flow phenomena over delta wings as a functio
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Figure 2.2 Vortex shedding from a slender delta wing [51] a) symntdc and b) antisymmetric
modes
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Figure 25 Crosssectional view of the unsteady instability [61]: Jh 8 Jwx/c=0.6,
4 = 164900

Shear Layer
Instabilities

Figure 2.6 Instantaneous vortex structure over a Jwing at » J15]
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Figure 2.13 Effects of canards and doublesided forebody slot blowing [109] on the vortex
breakdown location at » Jand Re = 6.8 x 10 for a) basic configuration, b) basic
configuration with canards, and c) basic configuration with doublesided slot blowing at G{= 0.2
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Figure 2.14 Time-averaged laser fluorescence flow visualization [129] for stationary (Sr = 0) and
oscillating wings (Sr = 1.0,Yn deg), deg
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CHAPTER 3

EXPERIMENTAL SYSTEM AND TECHNIQUES

3.1 Tunnel Facility

All the experiments were conducted in a low speed, suction type, aneciopan

wind tunnel set in Fluid Mechanics Laboratooy the Mechanical Engineering
Department at Middle East Technical University. The tunnel consists of five parts;
namely, settlig chamber, contraction cone, test section, diffuser and drive section.

The whole tunnel facility is illustrated in Figure 3.1.

There are two inlet sections at sides of the tunnel entrance for air inlet. Fine mesh
screens are installed at both inlets inlesrto prevent the entrance of any foreign
objects and increasing the air uniformity. The total length of the entrance section is
2700 mm. A honeycomb and three fine mesh screens are used in this section for
maintaining the turbulence intensity in low lé&and increasing the uniformity of the

flow.

A contraction cone takes part between the settling chamber and test section of the
tunnel. The purpose of the contraction cone is turning the large volume of air into a
small volume, and increasing the fl@peed before it enters to test section part. The
one that used in the wind tunnel facility has a total length of 2000 mm and a contraction

ratio of 8:1.

A fully transparent test section of dimensions ¥%10x 2.000 mm is designed and
fabricated for theexperiments. The former one was sdransparent and was not

suitable for image capturing in flow visualization studies on a plane parallel to vortex
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core. Figure 3.2 illustrates the fabricated test section which was used in this research
study. Although p to 30 m/s velocities can be reached in the test section area of the
tunnel, the tunnel was run on between 0.85.85 m/s velocities baase these values
wereenough to reach the desired Reynolds numbassed on the chord Igih of the

wing. Experimerg are conducted in the test section of the wind tunnel at different
angles of attack and at a wide range of Reynolds number as it is illustrated in the

experimental matrix given in Figure 3.3.

Diffuser is a gradualhexpanding passage for the high speed@iing out of the test
section. The main purpose of this part is increasing the pressure of the flow by
decreasing its velocity, which yields a reduction on the power needed to drive the
tunnel facility. The cone angle of the current diffuser i3andits total length is 7300

mm.

An axial fan assembled at the exit part of the diffuser was used via a remote control

unit to power up the wind tunnel.

3.1.1 Wind tunnel characterization

The velocity measurements in the test section of the tunnel weteyed at different

fan powers, both directly by Laser Doppler Anemometry (LDA) technique at a point
located indirectly by Pitot static tube pressure measurements using both inclined
manometer and pressure scanner in order to obtain the calibratiorottimegunnel

before the experiments commence. Velocities are calculated indirectly from the
dynamic pressures obtained from Pitstatic tube taking the ambient temperature and
humidity, and the elevation of the lab into account. The velocities cedduiam the
inclined manometer measurements are found to be the same with the ones that
calculated from pressure scanner measurements. However, the velocitieerthat
directly measured using LDA technique are found to be slightly higher than the
velocities calculated from the Pitotstatic tube measurements. Therefore, the average

of the aforementioned velocities are calculated and assumed to be the exact velocities
in the test section for corresponding fan powers. The expected error in these velocities
is found to be around 3% according to the differences in the velocity measurement
results. The average velocities are tabulated in Table 3.1, and the calibration curve of
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the tunnel is calculated from these velocities by curve fitting method in Exdakas i
seen in Figure 3.4. It was noticed that the calibration curve well fits to a linear curve
for fan power values greater than 6%, however the remaining curve for the fan power
values less than 6% fits to a polynomial curve which was caused by tHedsgh on

the fan at the low power values. Moreover, a necessity to seek the uniformity of the
flow in the test section at very low velocities is came up due to some of the
experiments, which are planned to be conducted at very low velocities. Thuswthe f

in the test section was traced by Laser Doppler Anemometry (LDA) method at two
different low velocities where the higher one corresponds to a Reynolds number close
to the minimum Reynolds numbers of the planned experiments. Results of the
measurementsyhich are given in Figure 3.5, shows that the maximum difference in
the velocities at various points in the test section do not exceed 5.7% at these low
velocities. LDA method is also used to determine the turbulence intensities in the test
section at wid range of velocities. It is found that the turbulence intensities in the test

section, which are tabulated in Table 3.2, do not exceed 1%.

Table 0.1 Results of velocity measurements and their average inside the test section at different
fan powers.

Fan Power (%
451 10| 15| 20| 25| 30| 35| 40| 45 | 50 | 55 | 60 | 65 | 70 | 75

Average velocities ir]

) 0.798( 2.220| 3.622( 5.101| 6.561| 8.072( 9.518]11.11712.67414.10Q 15.7774 17.253 18.58820.09¢ 21.49]
the test section (m/s

Table 0.2 Turbulence intensities thatwere measured via LDA in the test section at different
velocities.

Velocity Turbulence

(m/s) Intensity (%)
1.06 0.783
347 0.928
6.36 0.754
9.12 0.807
1220 0.865
16.70 0.931
20.72 0.862
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3.2 Wing Model and Mount

The delta wing thatvasused in this study has a sweep angl®of t v, & chord of

150 mm and a span of 300 mm. The wing was made of fine polyamide PA2200 and
its thickness is 15 mm. The leadiedges were bevelezh the windward side at an
angle oft v. A two-dimensional sketch that shows the lower surface of the wing at

planview is given in Figure 3.6.

Wing dimensions are determined considering the test section dimensions of the wind
tunnel and the blockage ratio of the prospective wing. The maximum blockage is
calculated to be 1.32% at 13 degrees angle of attack whislth® highest degree used

in this study.

The number of pressure taps and their locations at each station on the wing are
determined so as to have as much as possible taps on the wing surface to have high
resolutions at the experiments. Limitations of riedition techniques were also
considered in order not to encounter with any problem during the manufacture process.
Furthermore, the diameter of pressure taps on the wing surface are selected as to have
0.5 mm diameter so as not to have a significant diahces in the flow structure on

the wing surfaceThe designed wing modkhs74 pressure taps on the lower surface

of the wing, which were symmetrically distributed to three spanwise stations located

at chordwise distances 6ff®d T® OT® gand@ Tat both left and right halves of

the wing as it is seen in Figure 3.6.

Smoke visualization process requires smoke injection holes on the wing in order to
successfully introduce the smoke to the flawe aim of these holes is generate
streaklines torace the leading edge vortices, to provide the visibility of flow structures
over the wing, and to provide seeding particles for LDA measurentemis small
smoke visualization holes near the apex of the wing are designed and combined with
a bigger holewhich is supposed to transform the smoke from the smoke generator to

the smoke holes, drilled in the wing from the tail to the tip in chordwise direction.

The designed wing hasvery complex structure as shown in Figure 3.7; therefore it
could not be maufactured in a single piece by traditional methods and materials. As

a result, a nofraditional fabrication method, rapid prototyping (stereolithography) is
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selected for the fabrication of the wing. The fabricated wing is illustrated in Figure 3.8

from dfferent views.

Rapid prototyping is a computer aided manufacturing method which is used to
fabricate the desired parts or assemblies rapidly. This method has also been referred to
as layered manufacturing since it divides the part into layers thandibadne layer

at a time and moves to the next layer at the next step. Hence, the part grows layer by
layer. The manufacturing process ends when the last layer is fabricated. There are
various commercially available Rapid Prototyping techniques such as
Steeolithography, Laser Sintering, Fused Deposition Modeling and Solid Ground
Curing. These techniques differ from each other by the materialsvératused in
fabrication and the manufacturing methods. The wingwlaatused in this study was

made of fine plyamide PA2200, and manufactured by laser sintering based rapid
prototyping machine, branded EOSINT P380. The build volume of the machine is
320x320x600 mrh The working principle of the machine is laygise solidification

of the thermoplastics (i.e. p@amide, polystyrene) by means of a £l@ser. The
powdered thermoplastic absorbs the energy supplied by the laser which leads to a local
solidification of the material. The strength of the part is increased by the compress
applied by the blade of the reatting system which is used to apply powder to the
process chamber. The layer thickness weprocessed at each step is 0.15 mm, and
the minimum diameter of the zone that can be traced by the laser head is 0.6 mm.

A specific mount was designed and mawgtideed in order to keep the wing stable in

the test section without inducing a significant disturbance in the flow field of the delta
wing. The manufactured mount is capable of giving angle of attack, yaw and roll
angles to the wing at the same time. ldavmot to disturb the flow downstream of the

wing and decreasing the support effect on the flow, a thin steel rod with a 10 mm
diameter was used as a support. The wing, mount and test section assembly is shown

in Figure 3.9.

3.3 Qualitative Measurement

Laser illuminated flow visualization was employed as a qualitative measurement
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technique.

3.3.1 Laser illuminated flow visualization using smoke

Flow visualization is a simple and cheap technique to observe the flow structure and
direction. The necedgiof using smoke with this technique arises from the invisibility

of the most fluid flows to the human eye. Introducing smoke to a flow field makes the
flow observable and traceable. One important point is the term smoke does not always
limited to combugbn products but can also be vapor, steam and Assttated by
Merzkirch [132],these substanceseanot neutrally buoyant tracedsie to having
densitiessignificantly larger than the density of aiout the buoyancy effectan be

considered as negligie since the particles have diameters less tlzaml

Although there are various methods to generate smoke, vaporizing mineral oils is a
common method used in laboratory experiments and there are commercially available
smoke generators for this purpose. The one used in this study is based on the
vaporizationof kerosene (paraffin) mist and it consists of a heating element and a
device that mixes the mist with pressurized carbon dioxide (illustrated in Figure 3.10).
The flow rate of the smoke introduced to the flow field was adjusted by increasing or

decreasinghe pressure of the carbon dioxide gas flowing into the smoke generator.

Introducing smoke into the fluid flow does not always enough to visualize a flow if
flow structures like wakes, vortices and separation are of interest. One should use an
illuminated plane sheet in order to make that particular flow structures visible, and this
can be done by a laser light sheet created by a laser source and some optics. In this
study, a Diodgpumped soliestate (DPSS) green laser with 532 nm wavelength and
400 mW paver output and a cylindrical lens were used to create light sheets at planes
normal to the wing surface and a plane parallel to the leading edge vortices. The
locations of the planes normal to wing surface are x/c=0.32, x/c=0.56 and x/c=0.80
which are alsthe locations of three pressure tap stations respectively. A Canon 50D
Digital SLR camera was used to capture images at all planes. The aperture size set to
the values which provided clear views of flow structures, and the shutter speed was
varied in therange ofpfo rand pf¢ 1t Tsecond with the same purposé mirror

having T v angle with flow directionwas mounted into the test section at far
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downstream of the wing for taking the crdksv images from the side window of the
test section as illustrated Figure 3.11. The images showing the flow structure near
the wing surface (parallel to leading edge vortices) were taken from the bottom side of

the fully transparent test section as illustrated in Figure 3.12.

3.4 Quantitative Measurements

Quantitatve pressure and velocity measurements were done usingchatgel
pressure scanner and Laser Doppler Anemometry.

3.4.1 Pressure measurements

Pressure measurements were conducted using a Netscanner 9116 Intelligent Pressure
Scanner (illustrated in Figur8.113), which integrates 16 silicon piezoresistive
pressure sensors with a range of @.5 kPa. Each sensor incorporates with a
temperature sensor. The system is fact@ljbrated over the specified pressure and
temperature spans and the calibrationadati s st ored iin the EEI
transducer. Before the pressure data is transferred to the host computer,
microprocessor of the system compensates transducer outputs for offset, nonlinearity,
sensitivity, and thermal effects utilizing the calibratadata and the temperature data
obtained from the temperature sensors. By this way, the system guarantees a
measurement resolution ofr@t 1t g, B static accuracy (includes the combined errors

due to nodinearity, hysteresis, and naepeatability) of 1@ band a total thermal

error of 1@t 1T pou full scale.

There were 74 pressure taps of 0.5 mm diameter on the windward side of the wing.
The first 37 taps were located on the left half of the wing, and the other 37 are located
on the right half of the wing. e taps on the both sides of the wing are divided into
three groups in such a way that all the groups are positioned at three different
chordwise locations corresponding to x/c=0.32 (first station), x/c=0.56 (second
station) and x/c=0.80 (third stationjghre 3.6 shows the locations of the pressure taps

on the schematic of the wing. Preliminary measurements are performed on all stations
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at both half of the wing at different angles of attack and Reynolds numbers. Results of
these preliminary measuremenghowed a symmetrical structure in pressure
distributions on the full wing. For simplicity, all the pressure measurementséhat
illustrated in this study are employed on the pressure taps located on left half the wing
due to the existence of symmettitaw structure below the wing at various angles of
attack and Reynolds numbers.

Each tap is connected to the pressure scanner and the samples were taken at 500 Hz
and each tap was measured for 10 seconds. However, due to the limited number of
pressure ciinnels of the measurement system, all the pressure taps on the wing surface
could not scanned at the same time. Therefore, all the taps of first station and first nine
taps of the second station were scanned first, and then the last three taps of second
station which are closest to the leading edge of the wing, and some taps of third station,
which are illustrated in Figure 3.8, were connected to the pressure scanner and scanned

under the same experimental conditions.

Dimensionless pressure coefficiente aralculated from Equation 3.1 using the
measurement data of each pressure tap in order to demonstrate the relative pressure
distribution on the wing surface at three different spanwise stations. Root mean square
(RMS) calculations are performed from Eqgoat 3.2 to obtain the unsteady
fluctuations in the pressure, and using Equation 3.3 the results are converted into
fluctuations in pressure coefficient and added to unsteady pressure distribution charts
as error bars at respective spanwise poiflisthe calculatedd values and their
fluctuations are plotted asod distribution on the surface of the wing at the results

section.

(3.1)

| : Measured static pressure at an instant

n : Static pressure of the flow
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N g Dynamic pressure of the flow
" . Density of the fluid

0 : Freestream velocity of the fluid in streamwise direction

N sss 5 (3.2)

N : Number of samples in the measurement
r : Measured static pressure at an instant

Ni: Average of the static pressure at the end of the measurement

o ‘ Nt
n n‘ N 8 88 8 N g 88 5 Y (3.3)

OR 888

3.4.2 Velocity measurements via Laser Doppler Anemometry

Laser doppler anemometry (LDA) is a amirusive, pointwise velocity measurement
technique that has widespread applications such as laminar and turbulent flows,
subsonic and supersonic flows, combustion, aerodynamic and hydrodynamic
investigations, turbi@s, mixing phenomena, velocity and vibration measurements on

a surface, etc. Name of the technique comes from the Doppler Effect (or Doppler shift),
which is known as the change in the frequency of a wave when an observer moves
relative to the source ofé¢hwave. Major drawback of the technique is the necessity of
seeding tracer particles that scatter light into the flow in order to utilize from the

Doppler Effect for measuring the velocity of the flow.

The basic working principle of the system is sendimair of laser beams intersecting

on the point to be measured, and seeding tracer particles to the flow which are expected
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to pass from the measurement location, and then collecting the laser light scattered
back from those illuminated particles and cativg it to an electrical signal using a
photodetector. The light scattered back from the particles when they pass through the
control volume has components from both laser beams, and produces a pulsating light
intensity which is proportional to the velcof the particles seeded into the flow.
Therefore, the velocity of the particles can be obtained by calculating these shifted
frequencies collected on the photodetector, and converting them to velocities using the
Doppler shift theorem. One should ntitat the system requires a pair of laser beams

in order to obtain each component of the velocity. Thus, three pairs of laser beam
intersected on the same control volume are needed for measuring the three components
of the velocity. Basic working principlef an ordinary LDA system and its optical

units are shown in Figures 3.14 and 3.15, respectively.

An Argortion laser having 750 mW power output was used to create a continuous
laser beam. An optical unit (beam splitter) connected the exit of the |asgaisle of
splitting the laser beam into three different wavelengths at 514.5 nm, 488 nm and 476.5
nm, and creating two laser beam from each of those wavelengths. However, one pair
of fiber manipulators must have been installed on this optical unitdbrpear of laser

beams that would be used in measurements since these manipulators transmit the light
from the optical unit to the laser probe throughout fiber cables. The system used in this
study has only one pair of fiber manipulators, thus measurgsoael component of

the velocity at a time. However, by rotating the laser probe 90 degrees, the system was
capable of measuring the second component of the velocity. Therefore, the system is
used to measure the two components of the velocity. Steady atehdwy velocity
measurements were done for the first component of the velocity, and then repeated for
obtaining the second one. The components of the LDA system except the laser probe
are shown in Figure 3.16. Both the laser source and optical unit ofifent system

are illustrated in Figure 3.17.

Seeding tracer particles into the flow plays a vital role in velocity measurements by a
LDA system, as mention before. A commercial fog generator, which use Glycerin
based smoke liquids, is used to generagertecessary fog for seeding into the flow
when the velocities in the test section were measured. Two types of liquids, medium
and high density, were tested on this generator and it was observed that the fog

generated from the high density fluid yieldstbedata acquisition rates at the same
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laser power due to higher refractivity caused by bigger particle sizes. On the other
hand, another smoke generator, which is used to generate smoke for flow visualization
and explained in #ALalsiezatlilonu mdsiartge dS rrd koea
chapter, was used in the velocity measurements in the leading edge vortex core. Both

of the smoke generated by the aforementioned smoke generators have the advantage

of being neutrally buoyant and following the flow.

The current LDA system is equipped with a Dantec BSA F60 signal processor. The
optics and the laser of the LDA system are connected to this specific processor. The
processor itself is connected to a workstation computer, which has a BSA Flow
Software running o, via a local area network. The BSA processor is for analyzing the
signal coming from the photodetector for corresponding light scatters from the seeding
particles passing from the control volume, and applying a 40 MHz frequency shift to
the wavelength obne of the laser beams in order to prevent directional ambiguity on
the measured velocities. The BSA processor is also able to make True FFT signal

processing for high accuracy.

The velocity measurements by the LDA system were done using BSA Flow Software
which controls the system and acquires data. The basic outputs of the acquired data
are the Atimeo that a burst is detected,
that burst. Since the data rate depends on the burst detection, this methagble not
work with constant data rate, thus gives the output of velocity data with unequally
spaced time intervals. The software also calculates the mean value and root mean
square (RMS) of the velocity components and their corresponding turbulence
intensity. Another visually appealing feedback of the software is the validation of the
results which is calculated using statistically confidence levels, distribution functions
and curve fitting routines. The BSA Flow Software is also capable of making post
procesing to the acquired data such &3 2r 3-D plotting, spectral analysis, filtering,

calculating an object, etc.

The velocity measurements was first employed at the core of the lestijegrortex
at angles of attack 1 Jand| X Jand Reynolds numbe¥ 'Q p 1t on three
different planes corresponding to the pressure measurement sections as shown in
Figure 3.18. Each point was measured for 5 seconds with a data rate around 1000 Hz

for both streamwise and vertical velocity components.
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After completing he velocity measurements at the vortex core, near surface velocity
measurements were performed at points 5 mm close to the wing surface. Locations of
the points thatvereused in near surface velocity measurements are shown in Figure
3.19. Thé&ecti aers aof aniltustréited] encthe ifigumne ard Simply
divide the semispan of the wing into three equally spaced regions. Measurements were
conducted at angles of attack t By B 1 dnd 13, and at Reynolds numbéysQ

p mho®op mandp 1. Eachpoint was measured for 5 seconds with a data rate around

1000 Hz for both streamwise and vertical velocity components.

3.5 Power Spectral Density Analysis

3.5.1 Spectral Analysis of the Velocity Data

Power Spectral Denggs of all the velocitgataobtained from the LDA measurements

are calculated via LomBcargle Normalized Periodogram code that runs on

MATLAB software. Calculationsweral so per formed via MATLABOGS
function and the Spectrum Adih of the LDA softwarelt is impor@ant to note that

Matl abds FFT function i s damthaveetelalena o wor k wi
not equallyspaced time intervals such as LDA data. Thus, the LDA data is linearly

interpolated using an4house interpol&n code before itis exportedt Mat | abés FFT
function. This process is not used for LorSizargle method due to its ability of

working with not equallyspaced datawhen the results of the each method is

compared, it was seen that the Lombrgleamethod and the methaged by LDA

softvar e were quite similar, although the resul
similar but the densities of the psakeremuch lower compareid the other methods.

As a esult, the LomiScargle Normatied Periodogram method was chosen to be used

in the canputations of spectral densities due to the limited plotting options of the LDA

software. The source code of the method that runs on MATLAB is given at Appendix

C.The source code for spectral density anal ys
linear interpolation code thatasdeveloped to interpolate the LDA data for getting an

evenly spaced measurement results are also given at Appendix C.
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3.5.2 Spectral Analysis of the Pressure Data

Power Spectral Densities are only computed for the pressurelatateed from the

pressure tapfie on the projections of velocity measurement locations, which are

shown in Figure 3.20. Thelinesdgf Sect i on ao a nwdreilfushratedt i on [
in the figure are simply divide the semispan of the wing into threllggspaced

regions on the pressure measurement sections. The -Soargle Normbzed
Periodogram met hod and MATLABOG6Gs built in
other using the pressure data. Results of the LSoargle method was seen to be more

coherat compared to the other method. Thus, the L&uargle Normalized
Periodogram method was also used in the computations of pressure spectrums.
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Figure 3.1 The low speed wind tunnel facilityused in this study

Figure 3.2 Designed and fabricated fully transparent test section
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velocity

43



Cross-section of the test section
/ Tunnel power =3 %

point U (m/s) point U {m/s)
yl 0.33 71 0,34

4 e y2 0.33 2 0,34
y3 0.34 23 0,34
v4 0.33 4 0,35

2.8 V5 0.34 5 035
y6 0.33 26 0,34

23 e 7 0.33 z7 0,34

y7 y6 y5 y4 y3 y2 vyl

“ e o 8 8 o o o Tunnel power =6 %
point U (m/s) point U {m/s)

5 . Vi 101 21 102
¥2 102 2 105

6 @ ¥3 102 23 1.05
y4 1.02 24 1.06

77 @ yS 1.01 25 1.07
yo 1.02 6 1.06
y7 1.05 27 1.07

Figure 3.5 Velocity measurementgerformed in the test section in order to see the uniformity of
the flow at low velocities
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Figure 3.6 Plan view of the delta wing showing pressure tap locations and the three chordwise
stations
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Figure 3.7 Figure 3.7. CAD drawing of the fabricated delta wing

Figure 3.8 Photographs of the fabricated delta wing from different views; a) Toghack view,
b) Back view, c) Bottom view, which also shows the pressure taps thaere used in pressure
measurements
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Figure 3.9 Solid model of the wing, mount and test section assembly with directions of velocity
components

Figure 3.10 The smoke generatoiused in experiments
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Figure 3.11 Experimental setup for flow visualization at crossflow planes x/c=0,32, x/c=0,56
and x/c=0,80 (plan view)
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Figure 3.12 Experimental setup for flow visualization at a plane parallel to the leading edge
vortices (side view)
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Figure 3.13 The 16-channel pressure scanner systemsed in the experiments

Photo
detector

Transmitting/
receiving optics

Optical fibres

Flow with
seeding particles

N
s & W

Time series Data
analysis

volume
Light
inlensity
d; o
o R
f = 2sin(6/2)

Figure 3.14 Basic working principle of LDA system [133]
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Figure 3.15Optical units of the LDA system [133]

Figure 3.16 The LDA system used in the study
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Figure 3.17 The optical and laser units of the LDA systemused in the study
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Figure 3.18 lllustration of vortex core velocity measurement points
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Figure 3.19 lllustration of the locations of velocity measurement pointaised in near surface
LDA measurements

Figure 3.20 lllustration of the locations of pressure tapsised in Power Spectral Density
computations
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CHAPTER 4

RESULTS

4.1 Results of Flow Visualization

Results of the crossflow smokesualization experiments are given in Figuresi4.1

4.24 for three different crossflow planes different angles of attack and Reynolds
numbers. A ruler that represents the local spanwise distances on the surface of the wing
is added to top of the eaclossflow visualization images so ashi® able tabserve

the locations of the critical structures in the flow field.

In order to see the effect of Reynolds number in the flow structure easily, the flow
visualization images thateretaken on the same crossflow plane are grouped into
single figures for same angle of attack and sorted from the lowest Reynolds number to
the highestThese figures have been added to Appendix A as FiguréspA2, where
Figures Al- A3 correspond 4legreeangle of attack, A4 A6 correspond -tegree

angle of attack, A7 A9 correspond l@legree angle of attack and AI0A12
correspond 1-8legree angle of attack. The first figure from the set of figures for same
angle of attack corresponds to the crossfltame at x/c = 0.32, where the second and

third ones correspond to crossflow plad#® 1 @nddafeo T Trespectively.

The flow structure below the wing at a vortex axis plane is given in Figures 4.25
4.29 at different angles of attack. Eachufigshows the flow structures that were
captured at a certain angle of attack at different Reynolds numbers. Thus, the influence
of Reynolds number in the flow at a given angle of attack can easily be seen in a single

figure.
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4.1.1 Results of crossflow ptas

Flow visualization images that show the flow structures below the wing on spanwise
crossflow planes located at chordwise distances x/c = 0.32, x/c = 0.54 and x/c = 0.80
are illustrated in Figures 4.1, 4.2, 4.3, 4.4, 4.5 andgt.@n angle of attack 1 J

and Reynolds number¥,Q yup mh p 1h p&ap mh ¢op h o®Gp mand vep Tt
respectively. The other crossflow visualization images for same Reynolds number
range and for angles of attack X fp mahdp oake shown in the same manner in
Figures 4.77 4.12, 4.137 4.18 and 4.191 4.24, respectively Additionally,
dimensionlesdocal spanwise distances are illustrated on top of the each crossflow

visualization image.

Figure 4.1 indicates the presencealfigent leading edge vortex cores on all crossflow
planes which shows that vortex breakdown does not take place over the wiRg at 4
degreeangle of attack and Reynolds numb€f2 yup 1. Considering the spanwise
locations of the vortex cores, the flow sturetcan be considered as symmet8tight
deviation from left to right is primarily due to the fact that there is unsteady nature of
vortex structure which spatially oscillates in spanwise direction and camera images are

representing only one instanttime.

When the Reynolds number is increasedfQ p 11, a transition from primary vortex
structure to duabortex structure occur, as seen in the first crossflow plane of Figure
4.2. The secondary vortex, which separates the primary vortex into seetei
primary vorticescanbe clearly seen in the first crossflow plane of the figure. It can

be seen from the second crossflow plane image that the core of the ipbosad,

vortex is still visible However the second primary vortex is started to digpiershe

flow, which indicates a vortex breakdown. Moreover, the secondary vortex is still
visible in the image, but not as clear as it was in the first plane due to a decrease in its
intensity with downstream movement. When the flow reaches to the tidrdiew

plane, it is seen from the last image of the figure that no evidence from the secondary
vortex remains and the second primary vortex disperse to the whole flow field between
the primary vortex, which is not broken down yet, and the leading edie ofelta

wing.
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A further increase in Reynolds number decreases the strength of the second primary
vortex and its proximity to the inboard primary vortegen in the first endiew plane

of Figure 4.3. When the second evidw planes are examined, itabserved that the
inboard primary vortex is conically expanded and started to disperse in the flow
whereas the second primary vortex is already broken down and dispersed into the flow
field. The separated flow reattaches to the wing surfacdfiag 1@ tat the third

crossflow plane as it is seen in the third eviéw plane of the figure.

The flow structure at the endew planes of the wing is shown in Figure 4.4 fer 4
degreeangle of attack and Reynolds numb€f) ¢ap Tt It can be seen from the top
image thathe flow structure is similar to the caseéot2 p 1, but the strength of the
second primary vortex is much weaker and it is started to disperse around, which points
to a vortex breakdown. The image in the middle shows that the second primiary vo

is totally broken down and dispersed in the flow field, but the relatively higher smoke
intensity around the inboard primary vortex indicates that it is broken down after the
breakdown of the second primary vortex. Moving further downstream causes an
increase in the dispersion of leading edge vortices, which is visible in the bottom image
of the figure.

Effect of further increase in Reynolds number-aegreeangle of attack is illustrated

in Figures 4.5 and 4.6 foY Q o®ap mandY Q vap 1t Itis clearly visible at both
figures that an increase in Reynolds number moves the breakdown location upstream
of the first eneview planelocated at chordwise distanadfcy T® ¢since a
distinctive leading edge vortexnot evidenin any ofend view plaes. Furthermore,

the flow structures at both of these relatively high Reynolds numbers are quite similar
with each other, which can be the indication of reaching to an asymptotic state in the
flow that a further increase in Reynolds number do not chamgdldw structure
significantly, but cause small variations in the location of vortex core and breakdown
as it is stated by Taylor and Gursul [4] for ad€hreesweep delta wing at Reynolds

number on the order otp U

It is shown in Figure 4.7 that @degreeangle of attack and Reynolds numbéeg
Yop 11, leading edge vortex cores present on all crossflow planes which indicates a
generic delta wing vortex flow structure below the wing without a breakdown for up

to the third eneview planelocated at#® 1@ TiUnsteadiness of the flow structure
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is captured in the middle irga at second endew planelocated atifco T® @
wheretwo primary vortices thatereseparated by a secondary vortex take place below
the surface of right half of the wingnd a single primary vortex structure seems to
dominate the flow below the surface of left half of the wiAgpossible reason for
seeing such an asymmetric flow structure at thatvees plane is oscillations of
vortex breakdown locationsience the vaex below the left half of the wing can be

having a beakdown earlier than the obelow the other half.

The resultant flow structure for same angle of attack and slightly increased Reynolds
number is given in Figure 4.8. There are coherent primary voot®s on both side of
the wing at all endiiew planes; however the cores at the third plane are started to

expand which points to a start of vortex breakdown in the flow structure.

Increasing theReynolds number toY 'Q p&cp 1T cause a transition from iprary
vortex structure to dualortex structure, as seen in the first emelw plane of Figure

4.9. Howeverintensities othe seond primary vortices are seemed to be flean the
inboard primary vorticeat the present case, where their intensity vgamiach ashe
inboard primary vortices in the case ofidgreeangle of attack at same Reynolds
number seen in Figure 4.3The secondary vortex that separates the primary vortex
into two vortices of different concentrations is also visible at the fisveaw plane.

When the second endew plane is examined, it is seen that the second primary vortex
is broken down before it reaches to this plane, but the core of inboard primary vortex
still exist on both sides of the wing. However, a further downstrearement in the

flow causes a breakdown on the primary vortex which can be understood from the

conicalexpansion of its core, seenthe last ener/iew plane.

When the Reynolds number is increasef@ c¢ap 1, the dual vortex structure
whichwas seemn the preceding case in Figure 4.9, does not take jphaapy of the
endview planes of Figure 4.10 due to the upstream movement of the vortex
breakdown location. It is seen from the first emew plane of the figure that core of

the inboard primary voek is lost its intensity and it is about to have a breakdown,
whereas the second primary vortex is totally dispersed in the flow which indicates that
it is broken down much earlier than it reaches to the location of firstiemdplane.

As it is seen fronthe second endiew plane that further movement in downstream

increases the dispersion of the second primary vortex in the flow field and expands the
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core of the inboard primary vortex which is the indication of vortex breakdown. When
the flow reaches tdhe third eneview plane, all the vortical structures become
dispersed in the flow field, thua distinctive leading edge vortex is not evident

anymore

The effect of further increase in Reynolds number is shown in Figures 4.11 and 4.12.
The flow structues have a similar profile at both cases of Reynolds nunib€ls

o®aup mmand Y'Q vap mmwhich canbe an indication of reaching to an asymptotic
state in the flow. The flow has a similar structure at eackvmvdplane, but its height

increases when it proceeds downstream in the freestream flow direction.

The flow structure below the wing at -teégre angle of attack and Reynolds
numberY'Q yup Tis illustrated at three consecutive endw planes in Figure 4.13.
Surprisingly the flow structure at each plane seems quite different than 4aaugye7

of attack cases at same Reynolds numbers anddhistructure may be interpreted

as threadimensional separation from the surface. In this case, it is not possible to say
the flow is dominated by leading edge vortices, since there is no mark from strong
leading edge vortices. The shear layer theteseparated from the leading edge and
two rotating structures that arise from the apex of the wing and form close to the wing
center exist in the flow as it is clearly visible in the first-em&lv plane. These two
rotating structures do not exist at the set@ndview plane, but there are some
identifiable vortical substructures in the flow field. These instabilities are also
identifiable further downstream of the flow, at the third -erelv plane. One should

also note that another result of the increasagle of attack is to the movement of the
primary reattachment line inboard of the wing centerline, which can be understood

from the dimensionless scales over the images.

An increase in Reynolds number frolf'Q yYup mto’Y'Q p 1 does not bring a
substatial difference in the flow structure as it can be seen from Figure 4.14. It is seen
from the first eneview plane that shear layessparated from each leading edge and
two counter rotating weak structures still exist in the flow close to the wing ¢eaterl
However, the vortical substructures do not exist in the flow field any more as it can be
seen from the second and third enew planes. The flow structure at these planes is

similar to the structure that generally occur at downstream of vortex loreakd
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Figure 4.15ndicates that further increase in Reynolds number causes a transition
from the rotating weak structures to stronger leading edge vortices by increasing their
strength. However, the other consequence of the increase in Reynolds nutheer is
movement of the vortex breakdown location towards the apex of the wing. Thus, the
leading edge vortices have a breakdown just upstream of the firstieangplane,

which can be understood from the conical expansion of the vortex cores in the flow
field. The flow structure in the subsequent-grelv planes is not much different from

an ordinary vortex breakdown flow field without any footprints of leading edge

vortices.

It is seen from the first crossflow plane of Figure 4.16 that'@t cap T, the egions

that have a higher smoke intensity indicate an occurrence of vortex breakdown before
the first endview plane. However, the breakdown occurs in a location closer to the
apex of the wing when it 6s apcrpwhichacanbed t o
understood from the smoke intensities of core locations at firsviemdplanes of
Figures 4.15 and 4.16. This is due to the upstream movement of the breakdown

location as a result of an increase in Reynolds number.

Increasing the Reynolds number M o®ap 1 and 'Y Q vap 1T moves the
breakdown location more upstream towards the leading edge, so a flow field with
broken and dispersed leading edge vortices become the dominant structure of,the flow

seen in each endew planes of Figures 4.17 and 4.1

The flow structure for the case of-tigdgreeangle of attack and Reynolds number
yop TTis shown in Figure 4.19. At this relatively high angles of attack and low
Reynolds numbers, an asymmetric flow structure with tdreensional separation
from the wng surface, which might be interpreted as stall for this type of wings, is
observed below the wing. When the figure is examined, it is seen that the intensity of
the flow below the left half of the wing is much higher than the flow at the other half.
Moreover, an identifiable vortical structure that arise from the apex of the wing, which
interacts with the flow structure that occur at the other half of the wing at the region of
wing centerline, exists in the denser part of the flow. Nonetheless, it ivetise the
experiments that the stronger flow and the vortex in it not always take place below the
left half of the wing, but time to time they shift to the other half of the wing and the
vortex changes its sign. The coherent vortical structure thaersisethe first end
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view plane is also identifiable at the second-eav plane, but when the third end
view plane is examined it is seen that this structure is disintegrated into small scale

vortical substructures.

As it is seen from Figure 4.20 and Figut.21 that a symmetrical flow structure is
recovered, but thregdimensional separation from the surface still dominates the flow
below the wing at Reynolds numbérsQ p mandY'Q p&aup mat the see angle

of attack. Distinctive leading edge vortexnist evidentin ary of the eneview planes

at these Reynolds numbess can be seen from the figures. The separated flows
reattach to the wing surface at regions in close proximity to the wing centerline as it is

seen at the all erdew planes.

The effectof further increase in Reynolds number is shown in Figures 4.22, 4.23 and
4.24 for'Y'Q cop mho®op 1mand'Y'Q uGp T respectively. The resultant flow
structure is a separated shear layer from the leading edge of the wing without
identifiable vorti@l structures and it is similar at all these Reynolds number at all
crossflow planes. An important difference from the cases with lower Reynolds
numbers that the reattachment location moves outboard of the wing centerline with
increasing Reynolds number.h&h the flow structures at Reynolds numb¥es

o®up mand’YQ uvop 1tare compared, it is seen that the resultant flow structures
and reattachment regions are quite similar, which may be concluded as a further
increase in Reynolds number at high Regsohumbers do not change the flow

structure significantly.

When all the crossflow visualization images including the ones given in Appendix A
are examined, it can be stated that an increase in angle of attack moves the flow
structure more inboard towardsetwing centerline for both vortex dominated flows

and flows with a thredimensional separation from the wing surfa®a the other
hand,an increase in Reynolds number cause a contrary effect in théylowoving

the flow structure more outboard towards the leading dtlgealso possible to draw

a conclusion that an increase in angle of attack can significantly change the flow
structure at low Reynolds numbelgywever its influence in the flow structure atgh
Reynolds numbers, where the flow at different angles of attack have similar structures,
is very limited. Moreover, the flow structures at Reynolds nunmi@rs o®ap mand

YQ vap mare very similar, which can be the indication of reaching to an@syin
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state in the flow. Since the flow visualization experiments are not conducted at
Reynolds numbers higher than orderuap 1, a general conclusion cannot be
conducted in the light of present flow visualization results, but the pressure
measurementsn the wing surface at Reynolds numbers higher than ordeipoft

can be used as complementary experimental data to draw a conclusion about reaching

to an asymptotic state in the flow structure at certain Reynolds numbers.

4.1.2 Results o¥ortex coreplane

The behavior of flow structure tlmel the wing on a plane at vortex aigsshown in
Figure 4.25, Figure 4.26, Figure 4.27 and Figure 4f8jfferentReynolds number
for angles of attack 1 BxJp mahd 13, respectively.

The effect ofReynolds number on the flow structurddwe the wing at plarview
planeparallel to the leading edge vortices can be seen in Figure 4.28égrdeangle

of attack. A pair of spiral primary leading edge vortices dominate the flow without any
breakdown below the wing 8Q oup 1 When the Reynolds number is increased
to'YQ p 1, secondary vortices separate the primary vortices twim discrete
primary vorticesseen from the figure. Moreover, these vortices break down at a region
downstream of the wing. Increases in Reynolds numb&xo p& ap 1mand YQ

c¢ap 1tdo not change the dual vortex structure but move the breakdown locations of
these wrtices towards the apex of the wing. Breakdown locations of the vortices reach
the apex of the wing with further increase in Reynolds number, thus the resultant flow
structure is similar at Reynolds numbéY® o®ap mand'YQ vop mmas it is

mentionel in crossflow visualization images.

The trend of the flow structure below thedégreesweep delta wing atdegreeangle

of attack is similar to the one thaasobserved at-4legreeangle of attack as it is seen
in Figure 4.26. The only difference iset dual vortex structure start to be arise at
Reynolds numberQ p T, but the second primary kex is not as densss the one
thatwasoccurred at 4dlegreeangle of attack at the same Reynolds numbeen in
Figure 4.25
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When the angle of attack inaged to  p 1 fhe dominant flow structure below the

wing is different than the generic spiral leading edge vortex dominated flow at low
Reynolds numbers due to the high viscous forces which results in aslithezesional

flow separation from the surfacd the wing seen in Figure 4.27. An increase in the
Reynolds number energizes the separated shears layer and forms the leading edge
vortices. The breakdown locations of these vortices reach to the apex of the wing at
Reynolds number¥Q o®up mand 'YQ uvap T, thus the resultant flow is same

and have a separated flow region in these cases.

A further increase in angle of attack causes ksiggde swirl structures thaterelated

to threedimensional flow separation from the surface of the wing aledhted toward

the apex of the wing at low Reynolds numbseesn in Figure 4.28. A transition from

the swirl structure to a broken down vortex structure occurs when the Reynolds
number is increased tQ ¢op 1, and a further increase in Reynolds number

increase the distance between the primary reattachment line and wing centerline.

It can be statdthat the flow structuresxplained in crossflow images are verified by

the plan view images, which are also cleathypwed theprogression of theortex
breakdown locatiomipstream of the wintpwards the apex with increasing Reynolds
number at low angles of attack. When the angle of attack is increased to relatively
higher values, a thre#imensional separation from the surface of the wing anises f

the apex and progresses downstream of the wing by covering large regions below the
wing at low Reynolds numbers. An increase in Reynolds number moves this structure
towards the apex and decreases its size at the regions that below the wing. The
aforemationed structure reaches to the apex of the wing with further increase in
Reynolds number and the resultant flow structure becomes similar to those having

vortex breakdown thas reached to the apex at high Reynolds numbers.

4.2 Results of Steady and ksteady Pressure Measurements

Variation of pressure distribution on wing surface at-donensional spanwise
locations of three different pressure measurement stations located at chordwise
distances x/c = 0.32, 0.56 and 0.80 is given in Figure 4.2%{ge af attack 1 ]

for different Reynolds numbers. Variation of pressure distribution for angles of attack
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| X Bp mahdp oate shown in the same way in Figures 4.30, Figure 4.31 and Figure
4.32, respectively.

The pressure distributions at differemations are mtted as 0 versus spanwise
locations on the surface of the wing. Higld values represent the lowest pressure
values where high velocities occur, and stand for high suctions on the wing, whereas
the regions with 6 values close toero have the highest pressures and mark the
regions that the flow reattaeh to the wing surface. FootprirdEvortex structure as
significant suction peaks are clearly visible at all angles of attack in Figure§ 4.29
4.32 These suction peaks mark thésaof leading edge vortex and in line with smoke
visualizationresults. Likewise, when the suction peaks compared to each other at
different stations, it is seen that they reduce with downstream movement, which is an
expected behavior due to an increase¢hie proximity of flow structure to the wing
surface with downstream progression of the flow at freestream direction, as well as the
effects of decreased vortex intensities and possible breakdowns at downstream of the
wing. As it is seen from the steadyepsure measurement figures that the suction peaks
broadens, and the vortex core axis and the reattachment line moves inboard of the wing
toward the centerline with increasing the angle of attack. It should also be noted that
the suction peaks increase lwihcreasing the Reynolds number and angle of attack
except for 10 and 18egreeangles of attack at low Reynolds numbers, where three
dimensional separation from the wing surface is observed. A relatively low and broad

0 distribution on the wing is witnessed for this condition, instead of high

0 values that represent the marks of strong vortex structures anddowalues
that represent the marks of strong reattachment to the wing surface,isvhasre a
negativee f f ect on the wingds | i ft performance an
the wing. The wing recovers its aerodynamic performance with an increase in
Reynolds number to relatively higher values. An increase in Reynolds number at high
Reynolds numbemoes not bring a significant change@n distributions at all angles
of attack. However, it causes small increases in-thevalues, especially at first
station, due to the upstream movement of vortex breakdown location and an increase
in the velodiies of the flow with increasing Reynolds number. These findings are very
in line with the possible asymptotic state of the flow structure at high Reynolds

numbers thatvere explained in the results of smoke visualization experiments for

62



Reynolds number¥Q o®ap mand 'YQ vop 1t The pressure measurements for
Reynolds numbeup to 'YQ p&ap 1 provided complementary experimental data,
which wasmade it possible to relate the findings of flow visualization experiments to
much higher Reynolds numiseiTherefore, it can be stated that the effect of Reynolds
number to the flow structure at high Reynolds numbers and present angles of attack is

quite minimal.

When the unsteady pressure measurement figures of first station is examined, it is seen
that thehighest fluctuations in pressure distribution occur at places where the suction
peaks that mark the vortex core are observed for almost all the cases except for 13
degreeangle of attack at Reynolds numbers higher tfi& cop 1. The highest
fluctuatiors in pressure occurs at placasund thereattachment regiomt this
relatively high angle of attack and high Reynolds numbiexse the vortex breakdown
location reaches to the apex of the wing and the result flow structure can be defined as
pre-stall for these type of wing®ne should also note that the lowest fluctuations are
observed in reattachment regianall the cases except pall, seen in Figures 4.33

i 4.36.These results have o good analogy with the studywhstonducted by Taylor

and Gursul [4]. They measured the highest velocity fluctuations along the reattachment
line on a 5edegree sweep delta wing at gtall conditions. They also observed that

the highest velocity fluctuations occur around the vortex core in the absence of pre

stdl and stall conditions.

Unsteady pressure distribution on second statidicatesthat the points with highest
fluctuations are take place at locations that have the suction peak or points just
outboard of the location of suction peak towards the leagldgg for all the cases
except for 13degreeangle of attackat Reynolds numbers higher th&f2 cop mas

it is seen in Figures 4.374.40.Similar to the structure thatasobserved in the first
station, the highest fluctuations in pressure distribution occur at places between the
reattachment regioand the vortex core at dfegreeangle of attack and Reynolds

numbergyreatethan’Y 'Q cap 1, when the wing suffers from pstall.

The unsteady behavior of the flow at third station changes with increasing Reynolds
number and angle of attackeen in Figures 4.41 4.44. The highest pressure
fluctuations orthewing surface along the pressure taps of third station occurrdspoi

closest to the leading edge at Reynolds numbeqs p&ap mand'Y'Q cop mat
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angles of attack between T J p 1 When the Reynolds number increased, the
location of highest fluctuations moves inboard of the wing toward the centerline and
takes plae at where the suction peak occur for angles of attack up t@ o8The
unsteady behavior of the flow on third station ad&greeangle of attack is similar to

those observed on first and second stations at same angle of attack; highest fluctuation
occu at the pressure tap that closest to the leading edg®atp& ap 1, and it takes

place between the reattachment regand the vortex core at higher Reynolds
numberswhich was described in the observations of previous staieas,in Figure

4.44,

Power Spectral Deritges of the pressure dataeasured from two different taps, whose
locations are illustrated in Chapter 3, at each of the spanwise pressure measurement
stations are plotted both as a funetion of
figures) and as a function of dimensionless frequéhey "Q&Y for up to 4 (part

Ab) 0 of the f i §d.b6eHswWever, due tb thegghigh \elecitids .atahe
case of Reynolds numb&r'Q p 1, aforementioned Power Spectral Densities are
plotted for dimensionless frequencies upM@ o® rather than"Yo 1. Power
Spectral Density of the pressure measurements for angle of jattaak are shown

in Figures 4.45, 4.46 and 4.47 for Reynolds numbets p mho®ap mandp T,
respectivelyThe spectral densities thateplotted at foregoing Reynolds numbers for
angles of attack X Bp mdnd p oare shown in Figures 4.484.50, Figures 4.51

I 4.53 and Figures 4.544.56, respectively.

The pressure spectrums fo¥ Q p 1 caseindicae that instead oexistence ofa
common spectral peak the spectrathere are broad pressure spectrums with wide
range ofspectrapeaks This might be related to the influence of vortical structures in

the flow at this relatively low Reynolds number.

When the spectral peaks are examinedf@l o®ap TCase, it is seen thiaicreasing

the Reynolds number decreadbd dimensionless frequencies of the spectral peaks
and concentratethembetween'Y0 mandm@® at both measurement points on each
station on the wing surface and at all angles of atfHok.pressure spectrums are still
broad but the spectral densities of dimensiorflesgiencies greater thaio 1@ are
much smaller compared to the dominant sia¢peaks. In addition tthesedominant

spectral peaks, coherent sdiminant peak having lower spectral densitiage also
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witnessed at dimensionless frequencies betwgen @ and p® for the case of 13

degree angle of attack.

The influence of relately high Reynolds number in pressure distribution on the wing
surface can be seen from the pressure spectra for Reynolds ndifdber 1. The
dimensionless frequenciesf the spectral peaks decreaswre with increasing
Reynolds number andbecome concerdted between"Yo0 1 and & at both

measurement points on each station on the wing surface and at all angles of attack.

The foregoing Power Spectral Densities of the pressure dataenatmeasured at

same Reynolds numbers are plotted as a functiatineénsionless frequencyo

Q@Y and sorted with respect to their angle of attack in order the investigate the effect
of angle of attack on the pressure spectra. These figures have been added to Appendix
B as Figures B.1 B. 9. Figures B.1 B.3 show he pressure spectrums™iQ p 1

at angles of attack 1 By fp mahdp o, vhereas Figures Bi4B6 and B.7i B.9

show the pressure spectrums at same angles of attack but at different Reynolds

numbers)Y Q o@®op mandY'Q p T respectively.

4.3 Results of Mean and Unsteady Velocity Measurements

Power Spectral Densities ofcd@mponents (streamwise amdrtical) of the velocity
measured at the leading edge vortex core at chordwise locafians T& € 6HG

™ @ndo¥w  T® Tiwhicharecorresponihg to pressure measurement stations of

the wing, are shown in Figure 4.57 as a function of dimensionless freqi¥ncy

"Q@Y for up to 25. The measuremestsown in this figure are carried cait angles

of attack] Tt part na)eandf xtlhpearfti ghub) 6 of t he
Reynolds numbel Q p 11, where a coherent pair of leadiedge vortices take place

on the whole measurement locations.

As it is seen in Figure 4.57, results of velocity measurements shows that the axial
velocities at the vortex core are higher than the freestream velocity at streamwise
direction at chordwise distanceg® T canddf®o T® qat both angles of attack

that measurements employed. However, the velocities decrease with downstream

movement belowthe wing and become very close to the freestream velocity at
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chordwise distancéf® 1@ Tdue to an attenuation in vortex strength. The highest
axial velocity at vortex core is measured alefreeangle of attack af®o T® ¢

and it is found to be 1.7ffmes greater than the freestream velocity. Moreover, it is
seen from the root mean squdrRdS) of the velocity measurements that the velocities

at the vortex core highly fluctuates at both streamwise and vertical directions.

When the velocity spectra tie vortex core are examined, there is no such a spectral
peak that exists at all the cases, instead the peaks generally exist at different
dimensionless frequencies as it is seen in Figure 4.57. The spectra of both components
of the velocity at 4legreeangle of attack at¥® T® ¢have peaks at same
dimensionless frequencyYo ¢ #), and the spectrum aifco T@® @t same angle

of attack for streamwise direction of velocity have a similar peakrat p &,
whereas rest of the spectra foeddgreeangle of attack have broadband peaks. It is
seen from the velocity spectra foidégreeangle of attack that and] components

of velocity thatweremeasured at¥® T® chave spectral peaks™to 1 and"Yo

¢®& brespectively; whereas the spectrad®d 1 @nddfo @ Thave broadband

spectral peaks, and have a spectral peak ardidv at both velocity components.

Figures 4.58 4.75 illustrates the Power Spectral Densitiesobhponent of velocity
measured via Laser Doppler Anemometry (UD#&t two points lpcations of the
measurement points are described in Chapteas3p function of dimensionless
frequency’Y0 "Q®BY for up to YO 1. However, the smoke intensity was
inadequate for collecting data with LDA around 1000 Hz at some measurement points
at Reynolds numbeY'Q p 1, seen in figures 4.70 4.75. The velocity data was
collected at a rate betwee2i 980 Hz at these points, wdh corresponds to
dimensionless frequencies in the rangéyaf ¢ (BEach figure show the spectral
analysis of the velocity data thaere measured at two different points located at a
crossflow plane that corresponds to one of the pressure measurentiEmiss and at

a constant Reynolds number at four different angles of attack, namely B

x B mahdp o. JThe oddnumbered figures show the results of streamwispe (
component of the velocity, whereas the emembered ones show the vertical) (
component of the velocity. Figures 4.58.63 illustrate the spectral densities 12

p 1, whereas Figures 4.64 4.69 and Figures 4.70 4.75 illustrate the spectral

densities forY'Q o®cop mandY'Q p 1, respectively. The necessary information
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about Reynolds number, measurement location and component of the velocity are also

shown in each figure.

As it is seen in Figures 4.584.63 that at 4 and-degreeangles of attack and at
Reynolds numbel Q p 1, spectral peaks of dimensionless frequency arévind

L are clearly visible at velocity spectra of the measurement points¢hainfluenced

by strong leading edge vortex core, and this influence can be observed better at the
spectra of vertical component of the va@tg. Downstream movement in strearse
direction reduces the vortex strength which results in as a decrease in the spectral
densities of spectral peaks at dim®nless frequencies arouivb v, and make the
peaks that close oo mthe dominant peaks in thioW. The measurement points
located in a short distance to a strong leagidge vortex core have dominant peaks
around”Yo0 T, but they also have sudbminant peaks aroun®¥o T (i.e. 0
component of velocity spectra atlégreeangle of attack at a p that lie on section

b and located beneath the firsteoon), whereas the points which &reated at regions

in the absence of vortex core have spectral peaks ardumdrhalthough the
footprints of the dimensionless frequencies arouido v still exhibits as
subdominant peaks in the spectrg otomponent of velocityhich have broader
spectra compared to tbecomponent of velocity (i.&) and components of velocity
spectra at 4 and-degreeangles of attack at points that lie on sectiomt cated
beneath the second station). It is also seen that the flow structure with a three
dimensional separation from the wing surface at this relatively low Reynolds number
and high angles of attack shows distinct peaks concentrated between dimsssionle
frequencies’YO 1 1 in the & component of velocity spectra, whereas the
component of velocity spectra have broader spectra but its dominant peaks still exist
intherange of & 1 p B'86 and components of velocity spectra atd&gree

angle of attack at all measurement locations).

The velocity spectraalculated at Reynolds numbéysQ o@®op mmandY'Q p mat
different angles of attack are similar to each qtbeen in Figures 4.644.75. Vortex
breakdown occurs in the flow at thiglatively high Reynolds numberst each
measurement planetocated at chordwise distancesf® T& Qaf®d T @
andoffco T mat all angles of attack. Thesbocity spectra have peaksattered in

broad dimensionless frequencies and neither a compextiral peak nor dominant
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peaks concentrated betwed 11 p exist in the spectra, except for very few cases,

as they were in the case of Reynolds numfer p 1t

When the unsteady velocity measurement results are examined, it is seen that the
fluctuations in velocities thavereme asur ed on 6 Se anuchgreatema 6 ar e ge
than the onesneasured on o6Section bé for both wvelo
number 'YQ p mand at all angles of attack. These high velocity fluctuations at

Section a can beriginated from the highly unsteady flow structures of vortex cores

that exist at the region of measurement at 4 addgreeangles of attackandthe

vortical structures, thaarigng from the apex of the wingxist at the region of

measurement at 10 ad8-degreeangles of attack, which can be interpreted from the

results of smoke visualization experimemfreover,when thé component of the
velocitymeasur ement s at fiSection bo are compared
that the minimunfluctuationsare measuredt 13degree angle of attack, where a
threedimensional separation from the surface of the wing occurs. This was an

expected resulted since thialled flows have very low mean velocities and velocity

fluctuations near the surface tfetwing as stated by Gursul et al. [B].contrast to

the previous trendt is seen that the velocity fluctuatiomse a sur ed on O6Secti on
generally much greater t hduetontaesitionifrens measur e
a vortex dominated flowo a flow structure with broken down vortices in separated

flow field, for both velocity components &eynolds numberYQ o®cp 1 and

YQ p mmand at all angles of attack except p o. A possible reason for this

situation is the existence of reattacdhmt r egi ons i n a cl ose proxi
which can be interpreted from the smoke visualization results at angles of attack

T A &nd pmJ whereas the measurement points on
with broken down vorticeat angle ofttack p osince the reattachment region is

moved inboard toward the wing centerlinéhus, an important conclusion can be

drawn from the unsteady velocity measurements at these high Reynolds numbers that

the fluctuations at both components of the ggjomeasured in regions close to the

reattachment line are generally far less than the ones measured at vortex breakdown

regions at more outboard locations towards the leading eddes. velocity
fluctuationsmeasurecb n 0 S e @att1Bdegree angjle oattackare found to be

greater than the oneseasuredd n 6 S e, ot bictlo vielochy@omponents almost

all of the measurement locatiohoreover, it is found that at i@egree angle of attack
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and athese relatively high Reynolds numbers, the highest velocity fluctu aiidath
components of the velocitg r € measur ed at 6Section ad.
reattachmentregiomoved more inboard and not in a
at thishigh angle of attack, it might be still have an influence on the measurements
since Taylor and Gursul [4] stated that the highest velocity fluctuations near the surface

of the wingoccuralong the reattachment lime the case of prstall, when the vortex
breakdown is reached to the amigh angles of attack.is important to note that

the aforementioned unsteady velocity measurement results shows a great analogy with

the unsteady pressure measurement results
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Figure 4.1 Crossflow visualization at 4degreeangle of attack and=| = in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.2 Crossflow visualizationat 4-degreeangle of attack and={ = in end-view
planes at x/c = 0.32x/c = 0.56 and x/c = 0.80
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Figure 4.3 Crossflow visualization at 4degreeangle of attack and=| = in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.4 Crossflow visualization at 4degreeangle of attack andd g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.5 Crossflow visualization at 4degreeangle of attack and={ m in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.6 Crossflow visualization at 4degreeangle of attack andd g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.7 Crossflow visualization at #degreeangle of attack and=| = in end-view planes
at x/c = 0.32, x/c = 0.56 and x/c =0.80
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Figure 4.8 Crossflow visualization at Zdegreeangle of attack andq g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.9 Crossflow visualization at #degreeangle of attack and=| m in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.10 Crossflow visualization at Zdegreeangle of attack andd g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.11 Crossflow visualization at #degreeangle of attack and=| = in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.12 Crossflow visualization at Zdegreeangle of attack andd g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.13 Crossflow visualization at 10degreeangle ofattack and=| u in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.14 Crossflow visualization at 10degreeangle of attack ancq g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.15 Crossflow visualization at 10degreeangle of attack and=| m in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.16 Crossflow visualization at 10degreeangle of attack ancq g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.17 Crossflow visualization at 10degreeangle of attack and=| = in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.18 Crossflow visualization at 10degreeangle of attack ancq g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80

78



0.6 0.8 1.0

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

-10 -09 08 0.7 -06 -05 -04 03 -02 -0.1 . . .. 5 . X . .. 1.0

Figure 4.19 Crossflow visualization at 13degreeangle of attack and=| m in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.20 Crossflow visualization at 13degreeangle of attack ancq g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80

79



-10 -09 08 07 -06 05 -04 03 -02 5 X 5 .. 5 ., X . . . 1.0

Re = 14000

Figure 4.21 Crossflow visualization at 13degreeangle of attack and=| = in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.22 Crossflow visualization at 13degreeangle of attack ancq g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.23 Crossflow visualization at 13degreeangle of attack and=| = in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Figure 4.24 Crossflow visualization at 13degreeangle of attack ancH g in end-view
planes at x/c = 0.32, x/c = 0.56 and x/c = 0.80
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Re = 8000

Figure 4.25 Flow visualization images taken at plarview at different Reynolds numbers where
the angle of attack was J
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Figure 4.26 Flow visualization images taken at plarview at different Reynolds numbers where
the ande of attack was» J
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Figure 4.27 Flow visualization images taken at plarview at different Reynolds numbers where
the angle of attack was J
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Figure 4.28 Flow visualization images taken at plarview at different Reynolds numbers where
the angle of attack was J
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Figure 4.29 Spanwise variation of steady pressure distribution at three different chordwise
stations corresponding to x/c = 0.32, x/c = 0.56 and x/c = 0.80 atdgreeangle of attack for
different Reynolds numbers
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Figure 4.30 Spanwise variation of steady pressure distribution at three different chordwise
stations corresponding to x/c = 0.32, x/c = 0.56 and x/c = 0.80 atlégreeangle of attack for
different Reynolds numbers
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Figure 4.31 Spanwise variation of steady pressure distribution at three different chordwise
stations corresponding to x/c = 0.32, x/c = 0.56 and x/c = 0.80 atdé€preeangle of attack for
different Reynolds numbers
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