CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES

M. Sc. THESIS

Cetin CANPOLAT

Vortex Formation over a Nonslender Delta Wing

DEPARTMANT OF MECHANICAL ENGINEERING

ADANA, 2008



CUKUROVA UNIVERSITESI
FEN BILIMLERI ENSTITUSU

VORTEX FORMATION OVER A NONSLENDER DELTA WING

Cetin CANPOLAT

YUKSEK LiSANS TEZi

MAKINA MUHENDISLIGI ANABILIMDALI

Bu tez ... /eeeee./2008  Tarihinde Asagidaki Jiiri Uyeleri Tarafindan
Oybirligi/Oycoklugu ile Kabul Edilmistir.

IMZac.ceeeeeeeerereeenenens IMZat.ceeeeeeeerereeenenens | 1107
Prof.Dr. Besir SAHIN Dog¢.Dr. Hiiseyin AKILLI Dog.Dr. Galip SECKIN
DANISMAN UYE UYE

Bu tez Enstitiimiiz Makine Miihendisligi Anabilim Dalinda Hazirlanmistir

Kod. No:

Prof. Dr. Aziz ERTUNC

Ensititii Mudira

Bu Cahsma Tiirkiye Bilimsel ve Teknolojik Arastirma Kurumu (TUBITAK)
tarafindan desteklenmistir. Proje No: 105M225

Not: Bu tezde kullanilan 6zgiin ve baska kaynaktan yapilan bildirislerin, gizelge, sekil ve fotograflarin

kaynak gosterilmeden kullanimi, 5486 sayili Fikir ve Sanat Eserleri Kanunudaki Hiikiimlere tabidir

II



ABSTRACT
M. Sc. THESIS

VORTEX FORMATION OVER A NONSLENDER DELTA WING

Cetin CANPOLAT

DEPARTMENT OF MECHANICAL ENGINEERING
INSTITUTE OF NATURAL AND APPLIED SCIENCES
UNIVERSITY OF CUKUROVA

Supervisor : Prof. Dr. Besir SAHIN
Year :2008, Pages:101
Jury : Prof. Dr. Besir SAHIN
Assoc. Prof. Dr. Hiiseyin AKILLI
Assoc. Prof. Dr. Galip SECKIN
In this work, vortical flow structure of a delta wing of low sweep angle was
investigated both qualitatively and quantatively using dye visualization and a laser
based Particle Image Velicimetry (PIV) technique. Firstly, the flow structure in close
region of the stationary delta wing and formation of the vortex breakdown were
studied by varying the angle of attack within the range of 7°<a<17°. Secondly,
changes in flow structure were observed varying the yaw angle of the delta wing
within the range of 0°<6<15°. In summary, patterns of time-averaged vorticity, <m>,
streamline, <W>, distribution of velocity vectors,<V>, and transverse velocity
component, <v>/U, for various angles of attack and yaw angles were obtained in

order to reveal the flow mechanism in plan-view plane adjacent to the surface of the

wing and over the crossflow planes.

Keywords: Delta wing, yaw angle, PIV, vortex breakdown
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YUKSEK LiSANS TEZI

SUPURME ACISI KUCUK DELTA KANAT UZERINDE
GIRDAP OLUSUMU

Cetin CANPOLAT

CUKUROVA UNIVERSITESI
FEN BILIMLERI ENSTITUSU
MAKINA MUHENDISLIiGi ANABILiM DALI

Danisman : Prof. Dr. Besir SAHIN
Yil :2008, Pages:101

Jiiri : Prof. Dr. Besir SAHIN
Dog. Dr. Hiiseyin AKILLI
Dog. Dr. Galip SECKIN
Bu calismada, diisiik sliplirme agisina sahip delta kanadin akis yapisi boya
goriintiileme ydntemiyle nitel olarak, Parcacik Gériintiilemeli Hiz Olgme (PIV)
yontemiyle nicel olarak incelenmistir. ilk olarak, sabit kanadin yiizeyine yakin
bolgedeki akig yapist ve girdap ¢okmesi olusumu hiicum agisi, 7°<a<17° arahiginda
degistirilerek incelenmistir. Ikinci olarak da, sapma agis1 0°<0<15° araliginda
degistirilerek akis yapisindaki degisimler gdzlemlenmistir. Ozetle, kanat yiizeyine
yakin bolgedeki iistten goriiniis diizleminde ve akis yoniine dik diizlemde hiicum ve
sapma agilarina gore akis mekanizmasini incelemk i¢in zaman ortalama es deger
girdap egrileri, <>, akim ¢izgileri, <¥>, hiz vektorlerinin dagilimi,<V>, akis

istikametine dik yondeki hiz bileseni, <v>/U, degiskenleri hesaplanmigtir

Anahtar Kelimeler: Delta Kanat, sapma agis1, PIV, girdap ¢okmesi
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NOMENCLATURE

Z ™ »n > 2 Q O C

A
e
Vv

<y>
<V>
<v>/U
X/C
Re.

K

: Free stream velocity

: Delta wing chord

: Angle of attack

: Yaw angle

: Sweep angle

: Saddle point

: Focus

: Nodal point

:Time-averaged vorticity

:Time-averaged streamline

:Time-averaged velocity distribution

: Time-averaged component of transverse velocity
: The dimensionless chord axis

: Reynolds number depending on the delta wing chord

: Sychev similarity parameter
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1. INTRODUCTION

Many flows in nature have time-dependent (unsteady) free stream velocity. For
example; flow around bridges, towers, automobiles, miscellaneous regions of aircraft
body and in compressors, turbines, pumps, heat exchangers. If brief research has
been made for these type of flows, the separated and vortex dominated flows can be
seen frequently. Unmanned Combat Aerial Vehicles are used in variety of missions
that require high maneuverability over a wide range of speed. Unsteady
aerodynamics of non-slender delta wings, consisted of shear layer instabilities,
structure of vortices, occurrence of breakdown, and fluid/structure interactions were
extensively reviewed by Gursul et. al. (2005). They emphasized on the sensitivity of
the vortical flow structures with attack angle of the delta wing. Yaniktepe and
Rockwell (2004) stated that the non-slender delta wings exhibit distinctive features
than slender delta wings especially at a higher angle of attack. Yavuz et. al.(2004)
studies the vortical flow structure on a plane immediately adjacent to the surface of
non-slender delta wing with A=38.9° sweep angle using the Particle Image

Velocimetry (PIV) technique. Their main finding are;

i.  The time-averaged flow data distributions are symmetric with respect to the
plane of symmetry of the delta wing.

ii.  The time- averaged flow data presents well-defined critical points occurring
on both side of central axis of the wing. The pattern of instantaneous vorticity
varies rapidly and indicates critical points at different locations comparing the
time-averaged streamline topology. But vorticity concentrations are not
present in both instantaneous and time-averaged streamline topology. High

rate of velocity fluctuations occur in regions of the vortex breakdown.

The flow is dominated by two large and counter-rotating vortices at considerable

high angle of attack shown in Figure 1.1 (Taylor and Gursul, 2004).
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Figure 1.1. Sketch of vortical flow around a delta wing (Taylor and Gursul, 2004)

These types of flows over delta wings cause decrease in maneuverability of aircrafts
and material fatigue and eventually crack in the materials. To be able to obtain good
aircraft maneuverability, the understanding of these types of flows is considerably
important. Sarpkaya (1971) performed experiments in swirling flows in a diverging
cylindrical tube in which varius types of vorex breakdown were observed. He stated
that there are three basic types of stationary vortex breakdown: double helix, spiral
and axiymmetric or bubble. Then, he (1995) declared that at high Reynolds numbers
(Re=22500), vortex breakdown geometry gradually arrives at its-cone-like form. He
considered fourth fundamental type of vortex breakdown (the conical type) in

addition to the double-type, sprial and nearly axismmetric type. The swirling flow is
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highly unstable to spiral disturbances for Reynolds numbers between approximately
1000 and 2000. The axismmetric breakdown evolves either from double helix, or
from a spiral, or directly from an axismmetric swelling of the vortex core. He also
suggested that the vortex breakdown phenomenon is governed by two basic and
conceptually different mechanisms, hydrodynamic instability and finite-transition to
sequent state. Delery (1994) stated that the three-dimensional flows, boundary-layer
seperation leads to the formation of vortices formed by the roll up of the viscous flow
sheet, previously confined in a thin layer attached to the wall-which suddenly springs
into the outer non-dissipative flow. Such vortices appear in a large number of
circumstances and they often play dominant role in the overall flow properties. The
strength of primary vortex steadily increases with the angle of attack, until
disorganization occurs in the case of a delta wing. Gursul (2005) reviewed a wide
range of unsteady phenomena relevant to slender vortex flows over stationary and
maneuvering delta wings and dynamic response of leading edge vortices for
maneuvering wings and mechanisms of hysteresis and time lag effects. He discussed
the origin, characteristics, and physical mechanisms of these unsteady phenomena
and their role in buffeting. He led to reseachers about unresolved and well-
understood issues. For example, he stated that although the main features of the
unsteady phenomena related to slender delta wings are relatively well understood,
many aspects require further study. The details of the shear layer instabilities, steady
and unsteady substructures, and transition need to be investigated further. He counted
lots of things which should observe in details about unsteady aerodynamics. Also, in
the same year, Gursul et. al. reviewed unsteady aerodynamics of nonslender delta
wings, covering topics of shear layer instabilities, structure of nonslender vortices,
breakdown, maneuvering wings, and fluid/structure interactions. They stated that
vortical flows develop at very low angles of attack, and form close to the wing
surface. This results in strong interactions with the upper surface boundary layer and
in a pronounced dependence of the flow structure on Reynolds number shown in
Figure 1.3. Vortex breakdown is observed to be much less abrupt compared to
breakdown over slender wings. This results in challenges for the precise

determination of vortex breakdown location and the interpretation of flow
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visualizations. One of the distinct features of nonslender wings is the location of the
primary attachment zone outboard of the symmetry plane. Reattachment location
correlates with the wing stall process and increased buffeting. Dramatic
fluid/structure interactions (Figure 1.4) emerge with increasing wing flexibility and
result in substantial lift enhancement in the post-stall region. This recently
discovered phenomenon appears to be a feature of nonslender wings. Rigid delta
wings undergoing small amplitude oscillations in the post-stall region exhibit many
similarities to flexible wings, including reattachment and re-formation of the leading-
edge vortices. Unusual self-excited roll oscillations have also been observed for free-

to-roll nonslender wings.

Vortex
Breakdown

Figure 1.2. Vortex breakdown flow visualization around NASA’s F-18 High Angle
of Attack Research Vehicle (HARV) using smoke to see the vortex emanating from
the nose of the aircraft at a=20° incidence (Yaniktepe, 2006).
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Figure 1.3. Influence of Reynolds number on dual vortex structure (a) Re=10000, (b)
Re= 20000, (c) Re=50000 (Gursul et. al. 2005).
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Figure 1.4. Variation of wingtip rms acceleration as a function of angle of attack for a
A= 60° sweep half delta wing model (Gursul et al.2005).

The leading edge vortices are strong and stable. Shih and Ding (1996) have identified
the importance of the secondary LEV (Leading Edge Vortex) in affecting the
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primary LEV and, in particular, in interacting with identifiable vortical structures
within the leading-edge shear layer for a 60-deg wing. Indeed, there has been a
considerable recent interest in the role of such structures. At the low incidence angles
involved, the LEVs are close to the wing surface, and vortex breakdown regions
interact strongly with flow near the leeward surface. Anderson (2001), shown in
Figure 1.5, stated that being a source of high energy, relatively high vortical flow, the
local static pressure in the vicinity of the vortices is small. Hence, the surface
pressure on the top surface of the delta wing is reduced near the leading edge and is
higher and reasonably constant over the middle of the wing. The qualitative variation
of the pressure coefficient in the spanwise direction is sketched in this figure. The
spanwise variation of pressure over the bottom surface is essentially constant and
higher than the freestream pressure (a positive Cp). Over the top of surface, the
spanwise variation in the midsection of the wing is essentially constant and lower
than the freestream pressure (a negative Cp). Ol and Gharib (2003) measured the
velocity field near the apex region of moderately swept delta wings in a water tunnel,
using a version of stereoscopic digital particle imaging velocimetry. Flow
visualization was also used to verify these results shown in Figure 1.6. Delta wings
of 50-deg and 65-deg leading-edge sweep and 30-deg windward-side bevels were
tested at Reynolds numbers of 6x10° —1.5x10*. At these low Reynolds numbers,
secondary leading edge vortices were weak, giving way to essentially stagnant flow
outboard of the primary leading edge vortices at the higher angles of attack.
Otherwise, velocity data for the 65-deg wing were consistent with well-known
observations for slender delta wings. The 50-deg wing exhibited unexpectedly strong
primary leading-edge vortices at low angles of attack, with a generally conical
velocity field. Upstream progression of vortex breakdown with increasing angle of
attack exhibited extensive regions of streamwise undulation. Leading edge shear
layer rollup was observed in cross flow planes well downstream of the breakdown
region, but with an increased occurrence of paired vortical structures of opposite sign

inside the shear layer itself.
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Figure 1.5. Schematic of the subsonic flow field over the top of a delta wing at angle
of attack (Anderson, 2001).
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Figure 1.6. Dye streaks following primary LEVs for 50-deg wing: oo = 5, 10, and 20
deg; planform and side views (Ol and Gharib, 2003).

Breitsamter (2008) presented selected results from extensive experimental
investigations on turbulent flow fields and unsteady surface pressures caused by
leading-edge vortices, in particular, for vortex breakdown flow. Such turbulent flows
may cause severe dynamic aero-elastic problems like wing and/or fin buffeting on
fighter-type aircraft. The wind tunnel models used include a generic delta wing as
well as a detailed aircraft configuration of canard-delta wing type. The turbulent flow
structures are analyzed by root-mean-square and spectral distributions of velocity
shown in Figure 1.7 and pressure fluctuations. Downstream of bursting local maxima
of velocity fluctuations occur in a limited radial range around the vortex center. The
corresponding spectra exhibit significant peaks indicating that turbulent kinetic
energy is channeled into a narrow band. These quasi-periodic velocity oscillations
arise from helical mode instability of the breakdown flow. Due to vortex bursting
there is a characteristic increase in surface pressure fluctuations with increasing angle
of attack, especially when the burst location moves closer to the apex. The pressure
fluctuations also show dominant frequencies corresponding to those of the velocity
fluctuations. Using the measured flow field data, scaling parameters are derived for
design purposes. It is shown that a frequency parameter based on the local semi-span
and the sinus of angle of attack can be used to estimate the frequencies of dynamic

loads evoked by vortex bursting.
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Figure 1.7. Characteristic of delta wing turbulence intensity distributions and power
spectral densities for the leading-edge vortex breakdown flow field; A=76°, Rec=
1.07x10° (Breitsamter, 2008).

Yaniktepe and Rockwell (2005) performed experimentally investigations on the flow
structures at trailing-edge regions of diamond and lambda type wings. In both wings

vortical flow structures in the cross-flow planes of trailing edge vary rapidly with the
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attack angles. Vortical flow structure and flow topology in regions close to the plane
surface of a delta wing are characterized under the trailing-edge blowing by Yavuz
and Rockwell (2005). It was found that the trailing-edge blowing can significantly
alter the topological flow patterns in close region proximity to the delta wing surface.
Sohn et. al. (2004) visually investigated the development and interaction of vortices
in cross-flow planes at various locations on the delta wing with leading-edge
extension (LEX) using micro water droplets and a laser beam sheet. The range of
attack angle was taken as 12°<a<24° at yaw angles of 0°-5° and -10°. In general,
when the angle of attack increases the wing vortex and LEX vertex coiled around
with higher strength and the cores of this combined vortices shifted inboard and
upward. It was indicated that introducing yaw angle the coiling, the merging and
diffusion of the wing and LEX vortices increased and the windward side, whereas
they become delayed significantly on the leeward side. Their study conformed that
the yaw angle has a profound effect on the vortex structures. It is worth to mentioned
that there is only this article which reports the effect of yaw angle of the delta wing
on the vortical flow structure. The non-slender wing which has an angle of A>55° has
recently takes attention of researches immensely.

Unmanned Combat Air Vehicles (UCAVs) capable of undergoing severe
maneuvers would be a major tactical advantage. Current and future configurations of
the UCAVs are presented in Figure 1.8. The assumption is that the maneuverability
of all these configurations will be limited by the onset of vortex breakdown and stall
phenomenon, which, in turn, dictates both the overall forces and moments on the
aircraft. Moreover, with the current trend towards lighter aircraft, an increasingly
important limitation will be the onset of vibration and potential failure of

aerodynamic surfaces of the UCAV arising from buffeting.

10
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Figure 1.8. Current and future unmanned combat air vehicles and fixed-wing micro
air vehicles, (Gursul et. al., 2005).

11



2. PREVIOUS STUDIES Cetin CANPOLAT

2. PREVIOUS STUDIES

2.1. Flow Structure around Delta Wings

2.1.1. Delta Wings with High Sweep Angle

There is considerable knowledge about the unsteady flow structure around
slender delta wings. For example, Erickson et al. (1989) made a series of
experiments with a sweep angle A=65° cropped delta wing with and without LEX
(Leading Edge Extension) at Mach numbers from 0.40 to 1.60 as a freestream.
Obtained data and performed analysis improved the understanding of the vortex
development, interaction, and breakdown characteristics of a delta wing with LEX.
Kegelman and Roos (1989) investigated systematically the effects of leading-edge
profiles on the flow over delta wings with a sweep angle A=70°. They concluded
that the shapes of the leading edges significantly affect the burst of leading-edge
vortices. They found that the leading edge of a delta wing with positive camber
generated greater vortex lift than that with the negative camber based on the force
measurement results. Ericsson (1995) reviewed the existing data on the evolution of
aerospace vehicles towards ever-increasing maneuverability, including flight at high
angles of attack and vehicle motions of large amplitudes and high angular rates: His
extensive review work divides the available literature, on the topic of predictions of
vehicle aerodynamics that are dominated by unsteady separated flow effect, into
four categories: 1) Cause and effect of asymmetric forebody flow separation with
associated vortices. ii) Cause of slender wing rock. ii) Effect of vehicle motion on
dynamic airfoil stall. iv) Extrapolation from subscale tests to full-scale free flight.
Gong et al.(1998) made experiments for a better understanding of the vortical flow
past a highly swept delta wing equipped with double vortex-flaps. Two optical
techniques including the Laser-lightsheet with artificial particals put in the test-
section and the Schlieren photography were used for steady/unsteady flow
visualization in the low and high speed wind-tunnel respectively. They made a

comparison between these two types of experimental results and stated that the

12
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Laser-light-sheet and Schlieren techniques are good measures appropriate for
visualization tests. It is possible to get photographs with satisfactory quality showing
the complex phenomena of the vertical flow by careful manipulation, but it needs
making further efforts to have more effective new technologies developed to promote
the investigation of fine structures, mechanism and the evolution of the vertical and
turbulent flow. The quantitative, time-averaged features of occurrence of small-scale
vortical (sub-vortical) structures have been assessed in detail by Riley and Lowson

(1998), who undertook an extensive study, using Laser Doppler Anemometry (LDA),

of the flow structure on a wing of sweep angle A = 85°. On the basis of averaged

vorticity measurements, they revealed a system of steady, co-rotating, small-scale
vortices. Ozgodren et al.(2002) proposed a criteria for onset of vortex breakdown and
vorticity fluctuations at high angle of attack by using global and instantaneous
vorticity results which were computed from the high-image-density particle image
velocimetry (PIV) data. Their delta wing model was highly swept which had A=75°
and they observed the flow structure at angle of attacks of a=24°, 30°, 32° and 35°.

The coexisting concentrations of azimuthal vorticity had been identified by using an

equation suggested in the article and Particle Image Velocimetry (PIV) results. They

concluded that there are three basic classes of vorticity concentrations summarized as
follows:

1) Concentrations of azimuthal vorticity due to a centrifugal instability of the vortex
have relatively small values of wavelength and circulation. The wavelength
normalized by the local vortex diameter is in general accord with the recent
numerical simulation of Sreedhar and Ragab for a free vortex in absence of a
leading edge.

2) Concentrations due to vortex breakdown have significantly larger values of
wavelength and large values of circulation. They are associated with the classical
helical mode instability of breakdown.

3) Concentrations due to an unsteady instability from the leading edge have
relatively large values of wavelength and moderate values of circulation. They
apparently arise from reorientation of the unsteady layer vorticity shed from the

leading edge.

13
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Sohn et. al (2004) examined the vortical flow at sideslip of a delta wing with LEX
through off-surface visualization of the wing leeward flow region. Angles of
attack of 12°, 16°, 20°, and 24° were tested at sideslip angles of 0°, —5°, and —10°.
The flow Reynolds number based on the main-wing chord was 1.82x10°. The wing
vortex and the LEX vortex coiled around each other while maintaining comparable
strength and identity at a zero sideslip. The increase of angle of attack intensified the
coiling and shifted the cores of the wing and LEX vortices inboard and upward. By
sideslip, the coiling, the merging and, the diffusion of the wing and LEX vortices
increased on the windward side, whereas they became delayed significantly on the
leeward side. Also the migration behavior of vortices on the windward and leeward
sides of the wing changed considerably. The present study confirms that the sideslip
angle has a profound effect on the vortex structure and interaction of a delta wing
with LEX, which characterized the vortex-induced aerodynamic load. Atashbaz and
Ommian (2006) made a series of qualitative and quantitative experimental
investigations into the effect of angle of attack and sideslip on the aerodynamic
behavior of a sharp leading-edge with 80°/60° sweep angles of double delta wing.
Surface oil-flow and laser light sheet visualizations, as well as surface pressure
measurements, were performed on the strake and wing upper surface. The following
observations are made:

A) Suction peak increases with increasing angle of attack symmetrically on

both sides of the double delta wing before vortex breakdown occurs.

B) Increasing sideslip causes strong asymmetric vortices over starboard and

port sides of the wing, which develops different lift characteristics and as a

result causes rolling moment. This may produce difficulties in stability and

control of the wing.
Konrath et al.(2008) aimed, first, to describe the problems to cope with when
applying these measurement techniques under difficult conditions as they arise in
transonic wind tunnel facilities, and second, to show possibilities of a combined PSP
(Pressure Sensitive Paint)/PIV application for flow visualizations. The measurements
were split into two test groups. The first group comprised PSP measurements, which

29

serve as ‘‘pathfinder’’ tests. Their results provide first information of the flow

14
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topology over the delta-wing for a large range of angles of attack. In a second test
group PIV measurements were performed for which specific angles of attack and
locations of the measurement planes above the delta wing were selected on the basis
of a first analysis of the PSP results. The measured velocity fields provide detailed
information of the flow field.

There are more researches to simulate the flow structure of slender delta
wings. For example, Pidd and Smith (1991) introduced a small change in the
positions of the originally stationary symmetric/ asymmetric conical vortices into the
flow near the body tip. Under the assumptions of the slender-body theory, they
studied the growth of such disturbances in the downstream direction. They showed
that the stationary symmetric vortex pairs were convectively stable in a narrow band
of values of the incidence parameter, whereas the stationary asymmetric vortex pairs
are convectively stable, with insignificant exceptions. Degani (1991,1992) and Levy
et al. (1996) studied the separation of vortices over a 3.5-caliber tangent-ogive-
cylinder body of revolution at low speeds by numerical computations using a time-
accurate Navier— Stokes method. They found that it is necessary to maintain a fixed
small geometric disturbance near the body apex to obtain and keep an asymmetric
vortex pattern from the originally symmetric vortex pattern in their numerical
computations. This numerical finding coupled with an experimental observation of
Degani and Tobak (1992) led them to believe that a convective instability
mechanism was responsible for the onset of asymmetry of the otherwise symmetric
vortices over a slender body of revolution with a pointed nose. Cai et. al. (2003)
developed a general stability condition for vortices in an arbitrary two-dimensional
flow. A conical slender-body theory is then developed to reduce the study of stability
of symmetric vortices over slender conical bodies at high angles of attack to a two-
dimensional problem where the general stability condition may be applied. Slender
circular cones and highly swept delta wings with and without fins, and slender
elliptic cones of various eccentricities are studied. Cai et. al. (2004) extended their
previous stability analysis to include asymmetric vortices over slender conical
bodies. Theoretical analyses were presented for the stability of symmetric and

asymmetric vortex pairs over slender conical wings and bodies under small
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perturbations in an inviscid incompressible flow at high angles of attack and sideslip.

The three-dimensional problem of a pair of vortices over slender conical wings and

bodies is reduced to a problem in two dimensions by using the conical flow

assumption and classical slender-body theory. The stability of symmetric and

asymmetric vortex pairs over flat-plate delta wings, slender circular cones, and

elliptic cones of various thickness ratios are examined. Results are compared with

available experimental data. The following conclusions are drawn.

1.

Stationary symmetric vortex pairs over a flat-plate delta wing at zero sideslip
are always stable. No stationary asymmetric vortex pairs exist for a flat-plate
delta wing without sideslip. With nonzero sideslip, the originally symmetric
vortex pairs become asymmetric but remain stable under any small
perturbations.

Both symmetric and asymmetric conical vortex pairs exist over slender
circular cones at large angles of attack with either symmetric or asymmetric
separations but none of them are stable. An implication is that a stable
asymmetric vortex pair over a circular cone at sufficiently high angles of
attack shall be in general non-conical or curved. This may explain the large
number of experiments where asymmetric curved vortices appear over
circular cones and ogive cylinders. However, it also conflicts with the
observation of some symmetric and asymmetric conical vortex pairs in a few
limited experiments of circular cones. Further investigation is needed to
clarify this discrepancy.

Flattening the cross section of a circular cone in the transverse direction
improves the stability of the vortices. There exists an elliptic cone with an
intermediate finite thickness ratio between the circular cone and the flat-plate
delta wing across which the symmetric vortex pair changes from being
unstable to stable for a fixed K and fixed symmetric separation lines. For any
fixed K, there is also a critical thickness ratio below which no asymmetric
stationary vortex pair can be found under the condition of symmetric

separations.

16
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4. The locations and the stability of the stationary vortex pair over a highly
swept thin delta wing with round leading edges are sensitive to slight shifts of
the separation positions around the leading edge. When the separation
positions on the leading edges are slightly asymmetric the originally
symmetric stationary vortex pair becomes largely asymmetric, which can be
stable within a certain range of separation angles. This sensitivity can be used

for control purposes.

Cai et. al. (2008) studied a time-accurate three-dimensional Euler code to validate
and confirm the stability analysis of Cai et. al. (2003, 2004). Complete three-
dimensional flows at typical flow conditions that vary from stable to unstable
regimes as determined by the stability analysis in (2003, 2004) are computed by an
Euler flow solver. Stationary vortex configurations are first captured by running the
Euler code in its steady-state mode until the residual in the continuity equation is
reduced by more than 11 orders of magnitude, starting from the uniform free stream
condition. After a stationary-vortex-flow configuration is obtained, a transient
asymmetric perturbation consisting of suction and blowing of short duration on the
left- and right-hand sides of the wing is introduced to the flow and the Euler code is
run in time-accurate mode to determine if the flow will return to its original
undisturbed condition or evolve into a different steady or unsteady solution. The
former case indicates that the original stationary vortex configuration is stable to the
applied perturbations, whereas the latter case proves it unstable or neutrally stable if
the flow would continue oscillating around the original stationary solution. Strict
conical bodies are studied to avoid confusion with other types of axisymmetric but

non-conical slender bodies.

2.1.2. Delta Wings Having Low-Moderate Sweep Angle

Honkan and Adreopoulos (1997) determined patterns of instantaneous

vorticity on a delta wing of sweep angle, A = 45° via a pointwise technique, and

identified the existence of stationary discrete vortical structures, within the feeding
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sheet and the primary vortex. Furthermore, they determined turbulence intensity in
regions of shear layer attachment and secondary separation. Miau et al. (1995)
investigated the flow patterns on a wing of sweep angle, A = 50°, with a focus on the
consequences of leading-edge profile. Yaniktepe and Rockwell (2004) aimed at
investigating the unresolved concepts which are averaged structure of shear layer
from leading edge of wing, unsteady features of separated layer adjacent to the
surface of wing and control of flow structure by leading edge perturbations about
flow structure of low sweep delta wings using of a technique of high-image-density
Particle Image Velocimetry (PIV) and appropriate processing of selected and cinema
sequences of images. They concluded that The flow structure on a delta wing of low
sweep angle exhibits a number of distinctive characteristics relative to the case of a
slender delta wing. Their conclusions are;

1) The time-averaged flow structure shows a number of distinctive features
relative to the structure on wings of relatively high sweep angle. Patterns of
averaged velocity show a relatively narrow elongated region of low velocity
immediately adjacent to the surface of the wing, which is bounded by a
higher speed region.

2) Unsteadiness of the flow structure is represented by patterns of rms velocity
fluctuation w;,¢/U normal to the surface of the wing, as well as Reynolds
stress correlation (v'w’)/U% both of which are essentially coincident with
maxima of the averaged vorticity (®) of the separated layer.

3) The instantaneous structure of the flow is represented by patterns of
instantaneous vorticity, which take the form of well-defined concentrations.
At sufficiently low angle of attack, these individual concentrations of
vorticity retain their identity, whereas at moderate and moderately high
values of angle of attack, both smaller-scale and larger-scale concentrations
are evident.

4) When the wing is subjected to small-amplitude perturbations, substantial
alterations of both the instantaneous and time-averaged structure were
observed. The most effective frequency of excitation corresponds to the

subharmonic of the broadband fluctuations in the region of the shear layer
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closest to the leading edge, though this criterion is not necessarily universal

for other geometric and flow parameters.

Yaniktepe and Rockwell (2005) characterized the instantaneous and averaged flow
structure on diamond and lambda planforms by using a technique of high-image-
density particle image velocimetry. Emphasis is on the structure in the trailing-edge
region, over a range of angle of attack. Elongated layers of vorticity in the crossflow
plane exhibit well-defined mean (time-averaged) and instantaneous concentrations of
vorticity. These features are interpreted in conjunction with patterns of streamline
topology, as well as images of rms velocity fluctuation and velocity spectra obtained
from space—time imaging. The abrupt change in sweep angle, which is characteristic
of both diamond and lambda planforms, along with the different trailing edge
configurations of these planforms, yields distinctive features of the patterns, relative
to the case of a simple delta wing. Woods and Wood(2000) investigated factors
which define the buffet excitation with particular reference to planforms with low-
observable characteristics of a=40° swept semispan lambda planform for the cases of
forward and reverse flow directions. They had carried out the experiments in wind
tunnel to measure the surface pressure of lambda wing. They realized the experiment
at 25 m/s of free stream velocity and acquired data for 60 seconds. Mean pressure
distributions and RMS pressure distributions where plotted on semi-span wing for
both forward and reverse flow directions. They concluded that, vortex burst is
certainly present forward of the trailing edge at incidences greater than 10°. In
reverse orientation similar levels of lift are produced but strong, stable asymmetries
are present in the flow. Also, they stated that, maximum buffet is located in board of
the leading edge vortex core and three distinct frequencies are detected in this area.
Ghee and Taylor (2004) investigated a semi-span lambda wing with high-lift
configuration which have same part to induce the lift coefficient called as trailing
edge and leading edge flap and shroud. The result showed the dependence of flap
height and overhang which can be defined as the horizontal distance from the trailing
edge of the shroud to the leading edge of the trailing edge flap, trailing edge flap

angle, shroud angle, Reynolds number and Mach number on aerodynamic
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performance. The required data were acquired in the topics of force, moment, surface
pressure and surface flow visualization. They stated that, the wing had a significant
pitch up that would limit the usable lift of the air vehicle. The lift coefficent at the
pitch up was found to increase with increasing Reynolds number ay constant Mach
number. There is no significant effect when Reynolds number is kept constant with
changing in Mach number. Also, shroud angle had a detrimental effect on lift
coefficient at pitch up but a benefit to the maximum lift to drag ratio. Ol and Gharib
(2001, 2003) undertook an experimental investigation of wings of A = 50° and 65°.
They characterized the onset of vortex breakdown using dye visualization and, via a
stereo PIV technique, characterized various features of the leading edge vortex
structure, including a large-scale collapse of the rolled-up, leading-edge vortex.
Taylor et al. (2003) characterized the vortex flow patterns on a wing of low sweep
angle and in a further investigation. Yavuz et al. (2004) investigated the near-surface
topology and flow structure for a wing of sweep angle A=38.7°, including the effect
of wing perturbations and transient motion of the wing; a near-surface technique of
PIV was employed. Elkhoury et al. (2004) have investigated to provide various
measurements of the visualized dye patterns, including the degree of interaction of
vortices, the onset of vortex breakdown, and the effective sweep angle of the wing
root vortex, as a function of both Reynolds number and angle of attack Elkhoury et
al. (2005) has investigated about the Reynolds number dependence of the near-
surface flow structure and topology on a representative UCAV planform using a
technique of high-image-density particle image velocimetry, in order to complement
classical dye visualization. He expressed that Reynolds number is a critical effect on
the double delta wing aerodynamics. Gursul et al. (2002) summarized recent
investigations of low aspect ratio wings and planforms and, furthermore, provide
insight into the phenomena of vortex breakdown visualized by dye injection. Gursul
et al. (2005) reviewed unsteady aerodynamics of nonslender delta wings, covering
topics of shear layer instabilities, structure of nonslender vortices, breakdown,
maneuvering wings, and fluid/structure interactions. They compared experimental

and computational results cited there in.
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2.2. Vortex Breakdown

One of the most important formations of vertical flow on the delta wing
surface is vortex breakdown. There are more studies, both experimentally and
theoretically, for understanding formation mechanism and controlling the vortex
breakdown. Studies about vortex breakdown can be summarized as follows:

Sarpkaya (1971) performed experiments in swirling flows in a diverging
cylindrical tube in which varius types of vorex breakdown were observed. He stated
that there are three basic types of stationary vortex breakdown: double helix, spiral
and axiymmetric or bubble. Then, he (1995) declared that at high Reynolds numbers
(Re=22500), vortex breakdown geometry gradually arrives at its-cone-like form. He
considered fourth fundamental type of vortex breakdown (the conical type) in

addition to the double-type, sprial and nearly axismmetric type.

b) Spiral type breakdown
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c¢) Double helix breakdown

d) Bubble breakdown followed by a spiraling tail

Figure 2.1. Types of vortex breakdown (Sarpkaya, 1971)

Payne et al. (1988), proposed an interpretation in a study of vortex breakdown over a
delta wing. The core in a bubble form of breakdown seems to expand around an
oval-shaped recirculation zone, at the exit of which it appears to shed in the form of
vortex rings that are then convected downstream. The authors believed that these
‘vortex rings' were actually a consequence of a tightly wound spiral tail originating
from the downstream end of the bubble. Delery (1994) stated that the three-
dimensional flows, boundary-layer separation leads to the formation of vortices
formed by the roll up of the viscous flow sheet, previously confined in a thin layer
attached to the wall which suddenly springs into the outer non-dissipative flow. Such
vortices appear in a large number of circumstances and they often play dominant role
in the overall flow properties. The strength of primary vortex steadily increases with
the angle of attack, until disorganization occurs in the case of a delta wing. It is

known as “vortex breakdown”. Akilli et al. (2001) have investigated the sensitivity
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of vortex breakdown. They have studied that a small wire oriented orthogonally to
the axis of the leading-edge vortex on a delta wing at high angle-of-attack generates
substantial changes in the vortex structure, which is characterized using a technique
of high-image-density particle image velocimetry. They have used a wire having a
diameter two orders of magnitude smaller than the diameter of the leading-edge
vortex prior to the onset of vortex breakdown. They concluded that a wire can
substantially advance the onset of breakdown by as much as fifteen vortex diameters.
They have found that depending upon the dimensionless diameter of the wire and
wire location along the axis of the vortex, the onset of vortex breakdown can occur
either upstream or downstream of the wire. They also showed that contours of
constant velocity indicating the rate of decrease of streamwise velocity along the
centerline of the vortex is substantially enhanced, even for locations well upstream of
the wire, relative to the case of vortex breakdown in absence of a wire. They also
conclude that patterns of instantaneous vorticity in presence of the wire typically
exhibit a form characteristic of either a spiral- or bubble-like mode of breakdown that
occurs in absence of the wire. It is possible to classify the pressure fluctuations on
the surface of the delta wing in terms of dimensionless frequencies which, in turn,
represent various features of the flow unsteadiness, including the onset of vortex
breakdown. Gursul and Yang (1995) were studied the relationship between the
helical mode instability and the unsteadiness of vortex breakdown location. Flow
visualization and velocity measurements using Laser Droppler Anemometry (LDA)
were carried out over a delta wing. The results of this investigation showed that the
fluctuations of vortex breakdown location occurred at much lower frequencies than
the frequency of the hydrodynamic instability of the flow in the wake of the vortex
breakdown in their investigation. And, they recommended that the helical mode
instability does not affect the unsteady nature of breakdown location. Sahin et al.
(2001) concluded that substantial retardation, or delay, in the onset of vortex
breakdown, and there by development of large-scale concentration of vorticity due to
the helical mode of vortex breakdown, are attainable when the leading edge of the
positioned in the wake-flow region is perturbed at a natural frequency of vortex

breakdown. In their experiment, a leading-edge vortex, which was generated from a
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delta wing, impinged upon a plate having a sharp leading edge. The distance between
the trailing edge of the delta wing and the leading edge of the plate was maintained at
L=73 mm. They also found out that upstream movement of the onset of vortex
breakdown in the leading-edge of the delta wing can also be substantially altered by
insertion of a wire oriented orthogonally to the axis of the vortex and aligned with
the centerline of the leading edge vortex. Akilli et al. (2001) used a small wire
oriented orthogonally to the axis of the leading-edge vortex on a delta wing at high
angle of attack generates substantial changes in the vortex structure, which is
characterized using a technique of high-image-density particle image velocimetry. It
is demonstrated that an extremely small wire having a diameter two order of
magnitude smaller than the diameter of the leading-edge vortex prior to the onset of
vortex breakdown can substantially advance the onset of breakdown by as much as
fifteen-vortex, the onset of vortex breakdown by as much as fifteen-vortex diameter
depending upon the diameter of the wire and wire location along the axis at the
vortex, the onset of vortex breakdown can occur either upstream or downstream of
the wire. They concluded that a wire can substantially advance the onset of
breakdown by as much as fifteen vortex diameters. They have found that depending
upon the dimensionless diameter of the wire and wire location along the axis of the
vortex, the onset of vortex breakdown can occur either upstream or downstream of
the wire. They also showed that contours of constant velocity indicating the rate of
decrease of streamwise velocity along the centerline of the vortex is substantially
enhanced, even for locations well upstream of the wire, relative to the case of vortex
breakdown in absence of a wire. It is also concluded that patterns of instantaneous
vorticity in presence of the wire typically exhibit a form characteristic of either a
spiral- or bubble-like mode of breakdown that occurs in absence of the wire. Cui et.
al. (2007) proposed a control method which is referred to as freebody slot blowing
that exploits the benefits of both the spanwise slot blowing and the effectiveness of
canards. Flow visualizations show that this technique can be used to delay vortex
breakdown on a delta wing more effectively than some existing blowing techniques.
However, due to the constraints of the experimental setup, the study did not resolve

the issue of why a single sided blowing delays the formation of vortex breakdown on
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the blowing side but has an opposite effect on the non-blowing side. Then, Cui et. al.
(2008) attempted to address this issue by systematically isolating the possible causes.
To this end, a delta wing-body configuration model that effectively incorporates two
separate compartments for blowing was fabricated. This model also enables them to
carry out force measurement and to evaluate the aerodynamic effects of symmetrical

and differential forebody slot blowing.
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3. MATERIAL AND METHODS

3.1. Channel System

Experiments were conducted in a large scale and circulating free-surface water
channel. The internal dimensions of the water channel are of
8000 mm x 1000 mm x 750 mm which is made from 15 mm thick transparent
plexiglass sheet with upstream and downstream fiberglass reservoirs. Before
reaching the test chamber, the water was pumped into a settling chamber and passed
through a honeycomb section and a 2:1 channel contraction. These reservoirs and
honeycomb screen arrangements are used to maintain the turbulence intensity below
0.1 %. The water pump was driven by an electric motor with a variable speed

controller. A schematic of the test chamber of present study is shown in Figure 3.1.

Figure.3.1. Schematic of the water channel
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3.1.1. Experimental Apertures

In the present study, the delta wing was kept stable in water by using servo
motor. A special aperture shown in Figure 3.2 was designed for servo motor and
attack angles of the delta wing was adjusted by using specially designed mechanism
which was connected to the servo motor. Servo system unit contained one servo
motor, servo motor driver and control unit as shown in Figure 3.3. If a brief
fundamental description of the servo system should be done, it can be explained as
follows:

A servo motor has an output shaft which can be positioned to specific angular
positions by sending the servo a coded signal. As long as the coded signal exists on
the input line, the servo will maintain the angular position of the shaft. As the coded
signal changes, the angular position of the shaft changes. The desired position of
motor shaft can be provided by a control unit by sending suitable signals. Servo
motor’s shaft can be rotated by 180°.

The wing was maintained in a nominally horizontal position by a slender
support strut that extended vertically from the midchord of the wing. This strut has a
width of 4 mm and a streamwise length of 35 mm. Assessment of this type of strut
arrangement involved comparison with complementary experiments involving a
nominally horizontal sting and comparison of the location of vortex breakdown for
wings of different attack and yaw angles. As a consequence, this strut arrangement

has an insignificant effect on the flow structure on the leeward side of the wing.

n
e

Figure 3.2. Sketch of the special aperture
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Figure 3.3. Servo Motor and its control Unit

3.2. Dye and Particle Image Velocimetry (PIV) Experiments

3.2.1. Dye Visualization Experiments

A fluorescent dye which shines under laser sheet was used to create color
change in water to visualize flow characteristics over the delta wing during the dye

experiments. Dye was located in a small container which is located 500 mm above
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the free surface of the water channel. Dye was injected near field of the delta wing
trailing edge by plastic pipe and dye was passed through a narrow and close channel
in the delta wing to its apex. The video camera which was SONY HD-SR1 was used
to capture the instantaneous video images of the vortex flow structures. The images
were captured by frame grabber software of camera. The dye visualization technique
gives no numerical information about flow structure of vortical flow, but

demonstrates a brief and rough idea about flow structure over the delta wing.

_Dye

Primary tank Honeycomb ~——Servo motor Secondary tank
< \

: .: : H — “x s \\
I_ Delta wing
o=

Frequency controlled
centrifugal pump

Figure 3.4. Schematics of channel and its mechanism

3.2.2. Particle Image Velocimetry (P1V) Experiments

3.2.2.1. Measurement Principle

Particle Image Velocimetry (PIV) is a Flow Measurement Technique which
can be used to obtain the time dependent field velocity distributions of a single and
multi-phase flows. Two-dimensional velocity field distribution can be obtained. The
particle image velocimetry (PIV) technique provides a global view of the
instantaneous flow field in a quantitative fashion. This allows the user to examine the
presence of small flow structures and their influence, obtain vorticity fields

quantitatively and, finally, obtain mean, turbulence and stresses globally. Particle
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Image Velocimetry (P1V) determines the distance that the particles have moved in
the time between laser illuminations. In general, a PIV system consists of
illumination, image acquisition, particle seeding, and image processing and data
analysis sub-systems. Laser light is commonly used as the illumination source in PIV
systems. The particles are illuminated by pulsed sheets of light at precise time
intervals to produce images that are recorded on a photographic film. Ideal tracer
particles should be very small and follow the flow field. The most common methods
to determine the distance are particle tracking and correlation methods. The
correlation field shows the dominant distance between each particle and every other
particle within the interrogation spot. The maximum intensity spot, which represents
the correlation of each particle image with itself, is located in the center. A second
peak, called the positive displacement peak that corresponds to the dominant particle
spacing. After calculation of displacement of particles in a certain time, the velocity
of flow field could be found. Using instantaneous velocity vector field, vorticity,
streamline topology and turbulent statistics could be found by this technique.
Average velocity field, vorticity contours, streamline topology and turbulent statistics
could be calculated using instantaneous data. Measurement principle of stereoscopic

(3D) PIV system is shown in Figure 3.5.

Flow Regulatory

Camera 1
_'-—.___I.'>
. Laser 1

= Computer

Camera 2

Laser Source

Figure 3.5. Schematic view of 3D PIV
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3.2.2.2. lllumination

The illumination is realized by laser which is shown in Figure 3.6. In general
laser is selected for this purpose to capture the images efficiently. In gas flow
applications a high light source must be readily available for better illumination.
The light is scattered by tracer particles to help taking images by the camera. Large
tracer particles are used for this purpose because of their high scattering efficiency.
Particles flowing with fluid simultaneously are very important parameter for
selecting the type of tracer particle. Small particles achieve this parameter very
easily than the large tracer particles. But generally this option is decided in the
experiment by researcher. The duration of illumination light pulse must be as short
as possible in order to prevent image blurring. There is a time delay between
illumination pulses. This delay time must be as long as possible for determination of
the displacement between images of tracer particles with enough resolution. But the
time delay must be short enough to avoid particles with an out-of-plane velocity
component leaving the light sheet between subsequent illuminations. The location

and dimensions of the measurement plane should be well defined.

Figure 3.6. A Nd.YAG Laser Source
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3.2.2.3. Adaptive Cross-Correlation Technique and Further Analysis

Historically, auto-correlation has been the most widespread method used
because in the past it was not possible to separate the initial and final particle-
positions on separate camera frames. Therefore, successive light-sheet pulses
exposed the one camera image map. Inherently, this lead to an ambiguity in the
measurements, since it was not possible to tell which of two recorded particle images
was the initial and which was the final position. In recent years advances in camera
technology have allowed initial and final particle positions to be registered on
separate camera frames, and thus cross-correlation than adaptive correlation are be
used without the directional ambiguity of auto-correlation (Dantec Dynamics
Software Manual).

The fundamental principle of Adaptive correlation is an iterative procedure:
From an initial guessed offset value, an offset is introduced from the first window
(the interrogation area in the image frame from laser pulse one) to the second
window. The obtained vector is validated and is used as a new estimate for the
window offset. A new run is made, but this time with a smaller window
(interrogation area). The main benefit derived from using the shifted window is
capturing the particle images that left the interrogation area during the time between
the two light pulses. Loss of these particle images is known as the "in-plane
dropout”, which reduces signal strength and, as a result, the number of successful
vectors that can be obtained. Capturing more particle images for each vector permits
the interrogation area to be refined while still obtaining an adequate number of
successful vectors without increasing the seeding density in the flow. Images were
received from CCD camera which has resolution of 1600x1186 pixels at a rate of 15
frames per second. The time delay changes from 2 ms and 3 ms between frames.
Digital image was analyzed using FLOWMAP software. The image was recorded on
a CDD array. A Frame Grabber in the computer read the camera image from CCD
camera and stored it as the digital image file format (TIFF) in the RAM. This digital
image was processed and analyzed using the FLOWMAP software. During each

continuous run, a total 350 images were taken. In order to determine the velocity
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field, a cross- correlation technique, with 32x32-interrogation window, was

employed, with an overlap of % 50 (Dantec Dynamics Software Manual).

3.3. Experimental System

The test section consists of a delta wing has C=101 mm chord for PIV
experiments and C=140 mm for dye experiments with sweep angle A=40° for both
test models. The thickness of delta wing was 3mm. The delta wings which have 45°
chamfer from windward side to its leeward side are made of plexiglas material. The
depth of the water in the test section was adjusted to 530 mm height for the present
experiments. Vortex breakdown formed in the various Reynolds numbers were
observed qualitatively and quantatively. Then, Reynolds number according to delta
wings chord was kept constant for all experiment at Re;=10000. Free-stream
velocity of water is 97 mm/s for PIV experiments and 72 mm/s for dye experiments.
Using the PIV technique, instantaneous velocity vectors were measured in a region
illuminated by a two-dimensional laser sheet. VVelocity vector measurements were
carried out using Dantec PIV system. The flow field illumination was provided by
two Nd:Yag pulsed laser sources of a wavelength of 532 nm, each with a maximum
energy output of 120 mJ. Dantec Flow Map Processor which controlled the timing of
the data acquisition was used for synchronizing the camera and laser units. The
movements of the particles were recorded using a CCD camera with a resolution of
1600 x 1186 pixels. The camera was equipped with a 60 mm focal-length lens.
Dantec flow grabber digital PIV software employing frame-to-frame adaptive
correlation technique was used to calculate the raw displacement vector field from
the particle image velocity data. In the image processing, 32 x 32 pixels with
rectangular effective interrogation windows was used. During the interrogation
process, an overlap of 50% was employed in order to satisfy Nyquist criterion. For
the present investigation, the PIV experiments were conducted for two different
crossflow planes which is called as plan-view and end-view, shown in Figure 3.13,
respectively. The flow characteristics over the delta wing in plan-view plane was

presented for both attack («) and yaw(6) angles for « = 7°, 10°, 13°,17° ; 6=0°, 6°,
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8° and 15°. The location of the laser sheet for end-view measuring planes was
determined using the dye visualization technique in order to capture the major
features of the flow structure. This end-view measuring locations corresponds to the
streamwise location of X/C=0.8 in PIV experiments. To be able to understand the
development of vortex structure over delta wing from end-view, the dye visualization
experiments were done at X/C=0.6, 0.8 and 1. On the other hand, for plan-view
measuring planes the laser sheet was located at a location 0.5mm away the wing

surface.
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Fig 3.7. Schematic of experimental arrangement showing delta wing, laser sheet
location, and definition of key parameters.
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4. RESULTS AND DISCUSSION

4.1. Flow Structure on a Delta Wing of Low Sweep Angle

4.1.1. Dye Visualization Results

Figure 4.1. Dye visualization of flow in side-view plane over the delta wing

The behavior of flow structure below delta wings in side view planes are
presented in Figure 4.1. As seen in the first image, spiral vortex is formed in close
region of the delta wing surface having angle of attack as a=7°. As it is known from
the literature that the spiral vortex take place further away from the surface of the
slender delta wing comparing to the present delta wing. The location of vortex
breakdown moves in forward direction close to the leading edge of the delta wing

when the attack angle increases. For example, the vortex breakdown occurs at delta
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wing apex at a value of attack angle a=13°. The location of vortex breakdown moves
forward and backward through its axis in unsteady mode. The flow structure of the
delta wing becomes more complex and disorganized after occurrence of vortex
breakdown. Furthermore, the delta wing produces separation vortices like submerged
obstacle in flow field, when the angle of attack is «>13°. Examining all images, it
can be seen that, high scale Kelvin-Helmotz vortex structure occurs at the bottom of
the unstable flow region, especially for the attack angles of a=13° and 17°. The
leading edge vortices (spiral) places close to the surface of the delta wing. There is a
strong interaction between vortical flow and wing surface. Angle between the delta
wing and central axis of the spiral vortex slightly increases when the attack angle
increases from a=7° to 13°. Beyond a>13° the separated flow occupies the surface
of the delta wing completely. Here the delta wing behaves like an obstacle placed in
a free stream flow. Images of spiral vortex and vortex breakdown over the delta wing
surface in the plan-view planes for attack angle a=10° and yaw angle of 6=10° are
presented in Figure 4.2. As seen in this figure, there is a small size secondary spiral
vortex on the upper side of the delta wing chord axis. This small size secondary
vortex disappears after a definite time interval which is seen in second picture of the
first row. After this disappearing of small secondary vortex, a reversed flow adjacent
to the main spiral vortex is occurred in the certain period of time interval. Namely,
circulatory flow is emanating from the main spiral vortex. After that, the small
secondary vortex begins to appear. This small size circulating flow domain occurs
due to the high yaw angle and it can also be seen at low yaw angles if all video
recordings are observed. Since, the magnitude of this circulation is so weak, it is

quite difficult to visualize at low yaw angles continuously.
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Figure 4.2. Formation and development of spiral vortex and vortex breakdown
observed in plan-view plane.
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The result of dye visualization experiments at angles of attack o=7°,
10°,13°, 17° and having yaw angles as 6=0°, 2°, 4°, 6°, 8°, 10° and 15° are shown
in Figures 4.3 and 4.4. In the first column of Figure 4.3 having a=7° and 10°, the
apparent centerlines of leading edge vortices are clearly identified and it is clear that,
vortex breakdowns occurs after a definite distance from delta wing apex. The natural
flow structure of the delta wing generally contains a pair of spiral vortices emanate
from the leading edge of the delta wing and vortex breakdown occurs which is
defined as decomposition of the spiral vortex at a definite distance from leading edge
of the delta wing. As seen in the first row of the Figure 4.3, which is the case of zero
yaw angle, the location of vortex breakdown comes closer to the delta wing apex as
the attack angle is increased. Also, there is a symmetrical flow structure over the
delta wing in the case of zero yaw angle. The vortex breakdown occurs at delta wing
apex at a value of attack angle a=13° as mentioned earlier. The wake flow region
occupies the whole wing surface, as the angle of attack is increased to a value of
a=17°. When the yaw angle increases, the symmetrical flow structure on both side of
the chord axis of the delta wing deteriorates. The vortex breakdown location at the
lower side of the delta wing chord axis is delayed comparing to opposite side. In
other words, vortex breakdown occurs earlier at the upper side of the delta wing
chord axis compared with the lower side. The secondary spiral vortex begins to
appear at a yaw angle of 6=8° for both cases of attack angles a=7° and a=10°. At
a=7° and 6=15°, vortex breakdown occurs in the near region of delta wing’s trailing
edge. As seen in Figure 4.3 having the yaw angle less than 6=4° the flow structure
over the surface of the delta wing is symmetric. Examining the last row of images in
Figure 4.3 indicates that there is a slight difference between flow structures on both
side of the central chord axis of the delta wing. The yaw angle is more effective
when the value of yaw angle is higher than 6=6°. For example, in the first column of
Figure 4.3, the angle of attack is adjusted as a=7° for all values of the yaw angle. As
the yaw angle increases the central axes of both spiral vortices shift downward. Since
the secondary vortex is not strong, it is quite difficult to identify by dye visualization,

even though in the second column of images in Figure 4.3, a secondary vortex
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appears at the upper side of the top spiral vortex. At 6=6° locations of vortex
breakdowns begin to change. For example, the location of the vortex breakdown for
the lower spiral vortex takes place close to the trailing edge of the delta wing while
the vortex breakdown at the top spiral vortex occurs further upstream close to the
apex of the delta wing. As seen in the last image of the first column of Figure 4.4. the
spiral vortex moves further down close to the lower side edge and the vortex
breakdown occurs at a location further downstream of the trailing edge of the delta
wing. In the second column of Figure 4.4, angle of attack is adjusted to a=10° and
yaw angle is varied from 0=6° to 0=15°. It is interesting enough that through out the
yaw angle range both spiral vortices are exist. The only thing is symmetrical
structure of the vortical flow is not available any more. The top spiral vortex
disappear when the yaw angle is set to 6=10°. Close to the apex of the delta wing, the
top spiral vortex begins to create a reversed flow. The area of the circulatory flow
region increases when the yaw angle increases to a value of 6=15° as seen in the last
image shown in the second column of Figure 4.4. The vortex breakdown location
moves further downstream on the lower side spiral vortex. On the upper region of the
midcord axis of the delta wing, a separated flow takes place at 6>10°. Adjusting the
angle of attack to a value of a=13° and yawn angle to a value of 6=0°, a circulatory
flow is developed in close region of the apex of the delta wing as seen in Figure 4.3.
But having attack angle as a=13° and yaw angle as 6=6° as seen in Figure 4.4. The
circulatory flow type only exists on the upper side of the central (midcord) axis of the
delta wing. But on lower side the circulatory flow turns into the spiral vortex. The
spiral vortex has a short length. Namely, vortex breakdown occurs close to the apex.
Similar vortical flow structure takes places even increasing the yaw angle up to
0=15° at an attack angle of a=13°. Increasing angle of attack furthermore to a value
of a=17°, no more spiral vortex is developed over the delta wing. Separated flow is
occupied whole surface of the wing surface. It is also quite difficult to see the

circulatory flow motion close the apex of the delta wing.
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Figure 4.3. Formation and development of spiral vortex, vortex breakdown and
separated flow region as a function of attack angle and yaw angle.
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Figure 4.4. Formation and development of spiral vortex, vortex breakdown and
separated flow region as a function of attack angle and yaw angle.
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A representative images for the forward-backward motion of vortex
breakdown locations in the free-stream flow direction in the case of zero yaw angle
for attack angles of a=7° and a=10°is shown in Figure 4.5. The symmetry of the
flow structure over the delta wing changes with time as seen in this figure. Generally,
it can be seen that, the vortex breakdown occurs at the dimensionless chord axis of
X/C=0.8 in the case of zero yaw angle. During the period of the observation, a spiral
type vortex breakdown is observed in most of the time. The location of the vortex
breakdown occurs on both upper and lower sides of spiral vortices changes
disorderly. On both spiral vortices, a breakdown occurs at similar locations most of
the time, or, have a same distance to the apex of the delta wing. At both angles of
attack a=7° and 10°, sometimes the upper vortex breakdown location is far away
from the apex of the delta wing and sometimes lower vortex breakdown location is
far away from the leading edge of the delta wing. Between central chord axis of the
delta wing and the axes of both spiral vortices, the angle is 27°. On the other hand,
the angle between side edges of the delta wing and the central axis of the spiral
vortices is 23°. As long as the yaw angle is as 6=0°, these angles are continuously the
same. When the attack angle increases to a value of a=10° the vortical flow structure

downstream of the vortex breakdown is more chaotic.
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Figure 4.5. A representative images of vortex breakdown locations at 6=0°.

Dye observation was conducted in three different end-view planes such as
X/C=0.6, 0.8 and 1 in order to study vortical flow structure at a crossflow plane
further downstream of the vortex breakdown. As soon as spiral vortex breaks down a
complex flow structure is developed. The main rotating vortices occur in the inner
side of the leading edges close to the central axis of the delta wing. Small size
vortices are also developed next to the main rotating vortices. These secondary
vortices get smaller in size when it is moved close to the side edges of the delta wing.
The outer line of the separated flow region gradually moves away from the surface of
the delta wing as the end-view cross-section is moved further downstream in the
free-stream flow direction. Namely, the diameter of the vortical flow structure
downstream of the vortex breakdown increases gradually as this flow moves further

downstream in the free-stream flow direction. Between surface of the delta wing and
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vortical flow structure, there is a strong interaction. The intensity of this interaction
gets lower at X/C=1 comparing to X/C=0.6. The non-steady flow structures caused

by both spiral vortices are more or less is the same.

Figure 4.6. Formation and development of vortex structure in end-view plane at
X/C=0.6, 6=0°.

Figure 4.7. Formation and development of vortex structure in end-view plane at
X/C=0.8, 6=0°.
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Figure 4.8. Formation and development of vortex structure in end-view plane at
X/C=1, 6=0°.

46



4. RESULTS AND DISCUSSION Cetin CANPOLAT

4.1.2. Particle Image Velocimetry (PI1V) Results

4.1.2.1. Patterns of Time-Averaged Vorticity, Streamline and Velocity
Vectors Topology (End-View)

Patterns of time-averaged vorticity, <>, streamline, <¥>, and velocity,<V>
topology for angle of attack o=7°, 10°, 13° and 17° in the cases of yaw angles such as
0=0°, 6° and 8° are shown in Figures 4.9-20. Laser sheet is located at X/C = 0.8 since
previous dye experiments conducted on the same cross-section. The solid and dashed
lines show the positive and negative time-averaged contours, respectively. To be able
to make a comparison between experimental results, the minimum and incremental
values of patterns of time-averaged vorticity are taken with same values for all
experiments on end-view planes. For the time-averaged vorticity contours, minimum
and incremental values are [<0>]min =0.3 s ' and A[<w>] =0.3 s, respectively. At
first, end-view plane such as X/C=0.8, there is a symmetrical flow structure over the
delta wing in the case of zero yaw angle as seen in Figure 4.8. The patterns of the
time-averaged vorticity have an elongated shape with two votricity extrama at zero
yaw angle, 6=0°, and attack angle o=17°. In this case, there are three vorticity

extrama.
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Figure 4.9. Patterns of time-averaged vorticity, <w>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=7°, 6=0°. Laser sheet is
located at x/C = 0.8,. For contours of time-averaged vorticity, minimum and

incremental values are [<®>]min=0.3 s~' and A[<w>] =0.3 5.
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Figure 4.10. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=7°, 6=6°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and

incremental values are [<0>]nin=0.3 s ' and A[<w>]=0.3 5"

The patterns of time-averaged vorticity, <w>, streamline, <>, and velocity
vectors distributions,<V>, in end-view measuring cross-section at X/C=0.8 are
presented in Figure 4.11 for angle of attack o=7° and yaw angle 6=8°. Examination
of this images in this figure reveals that location of foci, F, and F,, saddle points, S;
and S, nodal point N and lines of divergence did not alter when the yaw angle is

moved from 06=6° and 6=8°. The central points of main vortices move to the left-
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hand-side of the wing as yaw angle is increased from 0=0° to 6=8°. Actually, saddle
points S; and S,, noddle points, N, occur on the boundary which is indicated by lines
of divergence. This boundary identifies the border between weak flow region and
free-stream flow region. It is know that flow structure is very sensitive to angle of
attack, o. As the value of attack angle, o, increases from o=7° to 10° topological
characteristics of the vortical flow is clearly identifiable as seen in Figure 4.12. The
time-averaged patterns of vorticity,<w>, have an elongated shape and move slightly
downward from the surface of the delta wing comparing to the case of o=7°. A well
defined foci, F; and F,, are presented by patterns of streamlines, <¥>. Yaniktepe and
Rockwell (2004) indicated that location of an extremum of vorticity is not coincident
with the locus of the streamline patterns. In addition, the spatial extent of the large-
scale pattern of streamlines is substantially larger than the thickness of the elongated
vorticity layer. In the present experiment, similar result has been obtained. Below
foci, F; and F,, two saddle points, S; and S;, on the bifurcation lines take place. At
the bottom of the image, a nodal point, N, is exist at the central axis of the cross-flow
plane. Patterns of velocity vectors clearly indicate the locations of swirling which is

coincident with the foci of the streamline patterns.
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Figure 4.11. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=7°, 6=8°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<©>]min=0.3 s ' and A[<w>]=0.3 s .
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Figure 4.12. Patterns of time-averaged vorticity, <®>, streamline, <>, and
distribution of velocity vectors,<V>, for angle of attack a=10°, 6=0°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<®>]min=0.3 s~' and A[<w>] =0.3 5.

52



4. RESULTS AND DISCUSSION Cetin CANPOLAT

Figure 4.13 presents flow topology of the delta wing at a chordwise location
X/C=0.8 in crossflow plane for a=10° and 0=6°. Under this yaw angle, dye
visualization indicates that the symmetrical vortical flow structure is developed on
both side of the chord axis of the delta wing. PIV results in crossflow plane i.e. end-
view plane also reveals that the domain of positive and negative vorticity shown in
first image is not similar anymore. For example, negative vorticity extrema is
enlarged compared with positive vorticity extrema under distortion of the delta wing
position against free stream flow direction with yaw angle, 6=6°. Both vorticity
extremas move to the left hand side in cross flow plane. Streamline patterns do not
define foci F, and F, symmetrically. Saddle points, S; and S,, bifurcation line and
nodal point, N, appear more or less at the same locations comparing to the case of
yaw angle 06=0°. Velocity vectors distributions presented in the last images indicate a
single swirl which coincides with the location of focus F;. Increasing the yaw angle,
0, from 0=6° to 0=8° the flow structure slightly alters as seen in Figure 4.14. Close to
the surface of the delta wing a bifurcation line takes place with a half saddle point
between foci F; and F».

Increasing attack angle to a value of a=13° and having 6=0° yaw angle, a well
defined positive and negative pair of vorticity cluster occur adjacent to the surface of
the delta wing. Vortices are elongated and occupy nearly whole neighboring region
of the region of the delta wing. Well defined foci, F; and F,, presented by patterns of
streamline do not coincide with the central points of vorticity extrema, but they
coincide with the central part of reversed flows indicated by distributions of velocity
vectors. When the delta wing is yawed by 6 degree under the same attack angle
(a=13°) the topology of the flow indicates that vortical flow structure is symmetric in
the crossflow plane as seen in Figure 4.16. But, in the case of yaw angle 6=8° the
symmetrical structure of flow is deteriorated.

Setting the angle of attack to a value of a=17° and with zero yaw angle. The
central points of foci F; and F, move to each other comparing to the case of a=7° and
0=0°. It is worth to mention that the location of an extremum of vorticity is

coincident with foci of the streamline patterns and reversed flow presented by
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velocity vectors distribution shown in Figure 4.19. Here, angle of attack is taken as
o=17° and 6=6°. In Figure 4.19, a well defined vorticity remains when the yaw

angle is increased to a value of 6=8°. Maximum velocity values usually appear in the

region of maximum vorticity.
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Figure 4.13. Patterns of time-averaged vorticity, <®>, streamline, <>, and
distribution of velocity vectors,<V>, for angle of attack a=10°, 6=6°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<®>]min=0.3 s~' and A[<w>] =0.3 5.
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Figure 4.14. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=10°, 6=8°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<0>]pin=0.3 s ' and A[<w>]=0.3 5"
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Figure 4.15. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=13°, 6=0°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<0>]nin=0.3 s ' and A[<w>]=0.3 5"
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Figure 4.16. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and

distribution of velocity vectors,<V>, for angle of attack o

located at x/C
incremental values are [<©>]min=0.3 s~ and A[<w>]
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Figure 4.17. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=13°, 6=8°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<0>]nin=0.3 s ' and A[<w>]=0.3 5"
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Figure 4.18. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=17°, 6=0°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<®>]min=0.3 s~' and A[<w>] =0.3 5.
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Figure 4.19. Patterns of timr-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=17°, 6=6°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<0>]pin=0.3 s ' and A[<w>]=0.3 5"
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Figure 4.20. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=17°, 6=8°. Laser sheet is
located at x/C = 0.8. For contours of time-averaged vorticity, minimum and
incremental values are [<©>]min=0.3 s~ and A[<w>] =03 s .

Flow structure on the right-hand-side of the delta wing in end-view planes
shown in Figures 4.9-20 is under effect of yaw angle. Generally, the elongated layer
widens when yaw angle increases on the right-hand-side of time-averaged vorticity
contours. If the patterns of the time-averaged vorticity are observed in detail, there
are two vorticiy extrema which can be called as main (high) and slave (low). While

the time-averaged vector fields are viewed, there is an identifiable interface exists
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between a region of high velocity flow below the wing. The corresponding
streamline topology, which is constructed from these time-averaged velocity fields,
indicates two saddle points and foci which are designated as S;, S,, Fi, F,
respectively. Saddle points are appeared well below the foci. The streamline patterns
inside the major streamlines that connect to the saddle points exhibit a well defined
swirl pattern. Centers of the foci do not coincide with the maxima of time-averaged
vortices. Saddle points take a place further down in vertical direction and get closer
to each other while angle of attack is increased. Center of foci get closer to each
other as the angle of attack is increased. In addition, there is a pair of vortices
between main vortices and the delta wing surface, if the time-averaged vortex
contours are observed. These vortices can be seen clearly especially at high angle of
attacks. This pair of vortices rotates in opposite direction of the main vortex. When
the delta wing is kept stationary at attack angle a=7° and yaw angle 6=6° elongated
positive and negative vorticity are developed below the delta wing close to the
surface of the delta wing. Due to the effect of yaw angle, 6=6°, focus F; is more
identifiable than F,. At the bottom of foci saddle points S; and S, exist at the same
positions. A line of divergence or bifurcation emanate from the noddle point N cross
these saddle points. On the other side of saddle points, lines of bifurcation move
downward close to saddle points S; and S,. Patterns of velocity vectors also indicate
that vortical flow structure takes place in the region where primary vortices take

place. Lines of bifurcation and location of noddle points, N, are clearly seen.
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4.1.2.2. Patterns of Time-Averaged Vorticity, Streamline and Velocity
Vectors Topology (Plan-View)

Patterns of the time-averaged vorticity, <w>, streamline, <¥>, and
velocity,<V> topology for angles of attack a=7°, 10°, 13° and 17° for the cases of
0=0°, 6°, 8° and 15° are shown in Figures 4.21-36. The laser sheet which defines the
measurement plane is 0.5 mm below the delta wing surface. This means that, these
results show the near-surface flow topology or flow structure over the delta wing.
The experiments were conducted at the same attack and yaw angles as taken for the
end-view experiments to be able to understand the flow structure on delta wing fully.
Here, 6=15° yaw angle was taken additionally. The first images show the patterns of
time-averaged vorticity,<w>, for each attack and yaw angles. To be able to make
direct comparison, for the contours of time-averaged vorticity,<®>, minimum and
incremental values was taken same values as [<®>]min =0.4 s ' and A[<o>] =1 s,
respectively. The contours of solid and dashed lines show the positive and negative
contours, respectively. At first view, there is a pair of spiral vortices which emanate
from the leading edge of the delta wing and two well-defined clusters of negative and
positive time-averaged vorticity, <o>, [Lg, Lr], occur along the leading edges of the
delta wing. They occur due to the three dimensional instability of the shear layer
separating from the windward surface of the delta wing. These vortices have an
elongated form which can be understood from corresponding dye visualization
experiments. A symmetrical flow topology dominates whole wing surface in the case
of zero yaw angle. Also, there is a pair of vortices which are located at the middle
region of the wing surface. These counter-rotating vortices are adjacent to the main
leading vortices, M. These middle vortices can be seen clearly at attack angles a=7°
and 10°. As the angle of attack is increased they begin to disappear. They are rarely
seen at attack angle of 0=13°. In all cases of attack angle of 0=17° these vortices can
not be seen, anymore. At a=7°, there is no apparent swirl in close region of the
leading edge of the delta wing. Also, the extrama of the leading edge (main) vortices,
M, move downward towards the trailing edge of the delta wing. But these extramas

can not move further downstream of the middle region of the delta wing.
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The second image of Figure 4.21 shows the patterns of the time-averaged
streamlines, <W>. There is a symmetrical flow structure in the case of zero yaw
angle. In all cases of attack angle a=7°, there is no apparent swirl in close region of
the leading edge of the delta wing which is mentioned earlier. But, a pair of focus
begins to be appear from attack angle a=10° which are designated as F; and F, , the
centers of foci, F; and F,, get closer to each other as the angle of attack, a, is
increased. The inner line of each vortex, Lj, which shows the large amplitude
velocity region on the wing surface, gets closer to each other because of the
approximation of the foci, F; and F,, with vortices.

Figure 4.21 shows the time-averaged patterns of time-averaged vorticity,
<m>, streamline, <>, and velocity vector distributions,<V>, having the angle of
attack as 0=7° and yaw angle ¢=0°. In the first image, patterns of time-averaged
vorticity, <o>, occupied whole surface of the delta wing. Along the leading edges,
elongated vortices, Lg and L, occur with relatively high intensity. Just downstream
of the apex, well defined positive and negative vortices, <>, [M], take place. In
between these primary pair of vortices, <w>, [M], small size positive and negative
vortices occur. In the second image, patterns of streamlines, <W>, are presented. At
a=7° onset of vortex breakdown occurs close to the trailing edge of the delta wing.
For this reason, structure is not very complex. Last image presents the distribution of
velocity vectors,<V>, show that the velocity vectors have relatively high magnitude
on both side of the mid-chord axis, but along the leading edges on both sides the
magnitude of velocity become very small indicating that there are secondary
vortices, Vs, which coincide with bifurcation lines. The third image of Figure 4.21
shows the time-averaged velocity, <V>, field over the delta wing. The symmetrical
flow topology can be seen here, in the case of zero yaw angle, too. This image
indicates that, the velocity vectors have relatively large amplitude in the central
portion of the delta wing. However, farther outboard from the plane of symmetry, the
magnitude of velocity becomes relatively small. At all values of attack angle, a, and
yaw angle, 0, the magnitude of velocity vectors,<V>, show an abrupt decrease

immediately downstream of the leading edge which is indication of the secondary
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vortex. As the value of attack angle, a, increases, the spatial extent of the region of
very low velocity increases. Furthermore, a well-defined swirl pattern of velocity is
evident in the near region of the apex, except at o=7°. This swirl pattern gets larger,
as o is increased. In the central portion of each of these swirl patterns, the magnitude
of, <V>, is very small. When attack angle is increased, the region of low velocity
also emanates the whole surface of the wing. At attack angle a=17°, the low velocity
region dominates the whole surface of the delta wing.

While yaw angle is applied to the delta wing, the symmetry of the flow
topology is deteriorated. Generally, the streamline pattern, <V>, tends to be linear
through its lengthwise direction at the opposite side of yawed side of the delta wing.
Because of this reason, focus, F, located at this side begins to disappear. However,
diameter of the focus located at yawed side is increased as the yaw angle is
increased. This situation causes the large low velocity region at yawed side of the
delta wing, but it is not the case for the other side. At angle of attack a=17°, the
separated flow region dominates the whole wing surface. So that, yawing effect,
mentioned before, does not cause any difference in size between the two separated

flow regions for the yaw angle range 0°<0<6°.
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Figure 4.21. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=7°, 6=0°. For contours of
time-averaged vorticity, minimum and incremental values are [<>]min =0.4 s ' and
Al<o>]=1s"".
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Figure 4.22. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=7°, 6=6°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]min =0.4 s and

Al<o>]=1s"".
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Figure 4.23. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=7°, 6=8°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]min =0.4 s 'and
Al<o>]=1s"".
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Figure 4.24. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=7°, 6=15°. For contours of
time-averaged vorticity, minimum and incremental values are [<>]min =0.4 s ' and
Al<o>]=1s"".
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In the case of yaw angle 6=6° and 0=8° at a=7°, vortical flow structures over
the delta wing shown in Figure 4.22 and 4.23 do not change in a large scale. For
example, in both yaw angle cases, 6=6° and 6=8°, leading edge vortices, Lg and Lg,
and other vortices appear at the same locations comparing to the case of 0=0°.
Patterns of streamline, <W¥>, and velocity vectors, <V>, indicate that the flow
structures on both sides of mid-chord axis is not symmetric when yaw angle is bigger
than 6=6°. When the yaw angle is set to 0=15°, non-symmetrical flow structure over
the delta wing is increased as seen in Figure 4.24.

At the higher angle of attack for example, a=10° shown in Figure 4.25, the
flow structure is more complex comparing to the case of o=7° 0=0° vortex
breakdown occurs at mid-point of the central axis of spiral vortices. Patterns of
vortices in the first image of Figure 4.25 indicates that primary pair of vortices occur
immediately downstream of the tip of the wing. Well defined foci, F; and F,, which
represent the center of reversed flow appear just downstream of the apex of the wing.
Along the leading edges, bifurcation lines, L,, are formed. On these bifurcation lines,
L., saddle points, S; and S,, take place. The magnitude of velocity vectors around the
line of divergence, L, is relatively higher. These saddle points, S; and S,, occur near
the trailing edge of the delta wing. At o=10° and 6=0° as seen in Figure 4.25, a
negative bifurcation line, L,, extends over a substantial extent of the leading edge. It
corresponds to the merging of streamlines towards single line, and represents a line
of separation. Saddle points, S; and S,, are evident in the outboard region of the
wing. In addition, a positive bifurcation lines, L;, are evident. It can be recognized
from the diverging motion of streamlines toward single line. They show line of the
attachment.

As seen in the case of a=7° and 6=0°, 7°, 10°, 15°, the flow structure adjacent
to the surface of the delta wing is more sensitive with yaw angle. At a=10° and 6=6"
a well defined focus, F; and F»,, is formed on the on the yawing side of the wing
immediately downstream of the apex of the wing.

At attack angle a=17°, these lines, L;, disappear and a saddle point, S, occurs

between foci, F, as seen in Figure 4.33. This saddle point, S, disappears at attack
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angle a=17° and yaw angle 6=15°. Because, one of the foci, F| and F,, disappears
due to the yawing effect. There are also other saddle points, designated as S, which
are on the apparent intersections of the bifurcation lines. A well defined nodal point,
N, is also apparent on the midcord axis close to the trailing edge of the delta wing. A
bifurcation line is formed at a=17° for all cases of yaw angle, 0. Relatively weak
positive and negative vortices is formed which covers whole surface of the delta

wing.
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Figure 4.25. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=10°, 6=0°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]yi, =0.4 s 'and
Al<o>]=1s"".
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Figure 4.26. Patterns of time
distribution of velocity vectors,<V>
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Figure 4.27. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=10°, 6=8°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]ni, =0.4 s 'and

Al<o>]=1s"".
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Figure 4.28. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, angle of attack a=10°, 6=15°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]yi, =0.4 s 'and
Al<o>]=1s"".
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Figure 4.29. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=13°, 6=0°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]min =0.4 s 'and
Al<o>]=1s7".
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Figure 4.30. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=13°, 6=6°. For contours of
time-averaged vorticity, minimum and incremental values are [<>]min =0.4 s ' and

Al<o>]=1s"".
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Figure 4.31. Patterns of time-averaged vorticity, <®>, streamline, <>, and
distribution of velocity vectors,<V>, for angle of attack a=13°, 6=8°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]min =0.4 s and
Al<o>]=1s"".
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Figure 4.32. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=13°, 6=15°. For contours
of time-averaged vorticity, minimum and incremental values are [<®>]min =0.4 s !

and A[<o>]=1s"".
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Figure 4.33. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack o=17°, 6=0°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]min =0.4 s and
Al<o>]=1s"".
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Figure 4.34. Patterns of time-averaged vorticity, <®>, streamline, <¥>, and
distribution of velocity vectors,<V>, for angle of attack a=17°, 6=6°. For contours of
time-averaged vorticity, minimum and incremental values are [<®>]min =0.4 s 'and
Al<o>]=1s""
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4.1.2.3. Patterns of Time-Averaged Component of Transverse Velocity

Patterns of time-averaged component of transverse velocity for various angles
of attack shown in Figures 4.37-40. The contours are represented by negative and
positive <u>/U. The positive and negative contours are demonstrated by solid and
dashed lines, respectively. To be able to make a direct comparison between the
minimum and incremental values of contours of time-averaged component of
transverse velocity kept constant. The values of minimum and incremental values are
[<V>/U]min =0.03 s ' and A[<v>/U ] =0.03 s . There are two well-defined clusters of
main positive and negative contours at both side of the delta sing chord axis. There is
a symmetrical structure under delta wing surface in the case of zero yaw angles for
all attack angles. While the delta wing is under effect of yaw angle, the distribution
of <v>/U contours changes. At attack angle a=7° and yaw angle 6=0°, there are two
extrema at both side of the delta wing chord axis. Examining all images, the contours
have an elongated form starting from leading edge of the delta wing . Also, there is a
pair of contours at immediately downstream of the delta wing apex. They widen
along the leading edge of delta wing and get stronger while angle of attack increases.
As seen in Figure 4.38, at attack angle a=7° and yaw angle 6=15°, the positive
contours located immediately downstream of the delta wing apex unites with the
main contours which rotates about positive direction. The extrema of positive and
negative contours move further downstream in the free-stream flow direction while
yaw angle increases at attack angle a=10°. The main positively rotated contours do
not unite with the positively rotated secondary contours located at immediately
downstream of the delta wing apex, at attack angles a=10°, 13° and 17° and yaw
angle 0=15°. As seen in Figure 4.41, the extrema of main positive and negative
contours is located at outer region of the delta wing. Also, the secondary positively
and negatively rotated time-averaged components of transverse velocity are evident
near the leading edge of the delta wing. The extrema of the main positively and
negatively rotated contours move through upstream direction as seen in Figure 4.39.
At a=17°, as seen in Figure 4.40, patterns of the time-averaged transverse velocity

component shows that central point of primary transverse velocity component moves
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further downstream of the trailing edge of the delta wing and have very complex
distribution and positively and negatively secondary rotated contours get stronger
comparing to the case of low angle of attack. The extrema of main contours are

located at outer region of delta wing.

0=8" ~ <v>/U

N

h
/,:4__‘

fﬁ SR
Pad Vi
L a

o .‘:\’:;_:

s

Figure 4.37. Patterns of time-averaged component of transverse, [<v>/U], velocity
for attack angle a=7°. Minimum and incremental values are [<v>/U]i, =0.03 s ' and
A[<v>/U1=0.03 5!
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Figure 4.38. Patterns of time-averaged component of transverse velocity, [<v>/U], for
attack angle 0=10°. Minimum and incremental values are [<v>/U]pin =0.03 s and
A[<v>/U1=0.03 3!
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Figure 4.39. Patterns of time-averaged component of transverse velocity, [<v>/U],
for attack angle 0=13°. Minimum and incremental values are [<v>/U]pin =0.03 5!
and A[<v>/U ]=0.03 s
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Figure 4.40. Patterns of time-averaged component of tlralﬁls“\}erse velocity, [<v>/U],
for attack angle o=17°. Minimum and incremental values are [<v>/U]pin =0.03 5!
and A[<v>/U ]=0.03 s~
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5. CONCLUSIONS

The present investigation focuses on a fundamental phenomena, which are
formation and development of leading-edge vortices, vortex breakdown and three
dimensional separation and stall, of the complex and disorganized flow structure
over the delta wing which have leading edge sweep angle A=40° investigated both
qualitatively and quantatively using dye visualization and the Particle Image
Velicimetry (PIV) technique. Firstly, the flow structure in close region of the
stationary delta wing, interaction of vorticity generated by vortex breakdown with
the delta wing and formation of vortex breakdown were visualized by varying angle
of attack within the range of 7°<a<17°. Secondly, changes in flow structure were
also observed varying yaw angle of the delta wing within the range of 0°<6<15°.
Patterns of the time-averaged vorticity, <®>, streamline, <¥>, distribution of
velocity vectors,<V>, and corresponding transverse velocity component, <v>/U, for
various angles of attack and yaw angles were obtained in order to reveal the flow
mechanism on plan-view plane adjacent to the surface of the wing and over the
crossflow planes.

Examining all dye visualization experiments, there is a symmetrical flow
structure on the delta wing in the case of zero yaw angle. Also, there is a pair of
spiral vortices starting from the apex of the delta wing. The structure of these spiral
vortices decomposes after a definite distance from the delta wing apex. This
decomposition is called as “vortex breakdown”. The location of vortex breakdown
moves in forward direction close to the leading edge of the delta wing when the
attack angle increases along its central axis in unsteady mode. The flow structure of
the delta wing becomes more complex and disorganized after occurrence of vortex
breakdown. Examining all images, it can be seen that, high scale Kelvin-Helmotz
vortex structure occurs at the bottom of the unstable flow region, especially for the
attack angles of a=13° and 17°. When the delta wing is under effect of yaw angle,
the symmetrical flow structure is corrupted and vortex breakdown occurs earlier at

the upper side of the delta wing chord axis compared with the opposite side.
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5. CONCLUSIONS Cetin CANPOLAT

In the end-view plane [X/C=0.8], there is a symmetrical flow structure over
the delta wing in the case of zero yaw angle. The patterns of the time-averaged
vorticity have an elongated shape with two votricity extrama under the zero yaw
angle and attack angle of a=17°. In this case, there are three vorticity extrama.
Generally, the elongated layer widens when yaw angle is increased as shown by
time-averaged vorticity contours. The corresponding streamline topology indicates
two saddle points, S; and S,, and foci, F; and F,. Saddle points, S; and S,, are
appeared well below the foci, F; and F,. The streamline patterns exhibit a well
defined swirl pattern. The centers of the foci never coincide with the maxima of the
time-averaged vortices. The saddle points, S; and S,, and center of foci, F; and F»,
gradually move downward and get closer to each other as angle of attack is
increased.

On the plan-view plane, there is a pair of spiral vortices which emanate from
the leading edge of the delta wing and two well-defined clusters of negative and
positive time-averaged vorticity, <>, occur along the leading edge of the delta
wing. These vortices have an elongated form which can also be seen from
corresponding dye visualization experiments. A symmetrical flow structure
dominates whole wing surface in the case of zero yaw angle. Also, there is a pair of
vortices which are located at the middle region of the wing surface. These counter-
rotating vortices are adjacent to the primary vortices. These middle vortices
disappear as the attack angle increases. The symmetrical flow structure deteroirates
when yaw angle increases. Generally, the streamline pattern, <\V>, tends to be linear
through its lengthwise direction at the opposite side of yawed side of the delta wing. .
The domain of the focus located at yawed side is increased as the yaw angle is
increased. This situation causes the large low velocity region at yawed side of the
delta wing, but this is not the case for the other side. At angle of attack a=17°, the

separated flow region dominates the whole wing surface.
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APPENDIX

3D stereo PIV measurements are based on the same fundamental principles as
human eye-sight; i.e. stereo vision. “When we look at a given object, our left and
right eyes see two similar but not identical images. The brain compares the two
images and interprets the slight variations to re-build the 3-dimensional information
of the object observed.” Similarly, Stereo-PIV system measures particles
displacements using two CCD/CMOS Cameras (Dantec Dynamics Software
Manual):

e Each camera plays the role of the human eye, looking at the flowfield from

different angles.
e The software plays the role of the brain, relating the observed (2x2D)

displacements to 3D displacements.

Dlsplafcem?nf: Real
seenirom le - Displacement
Displacement e,
seen from rigth . o
Left Cameral“,y-" “‘o‘q\ Rigth Camera

¢ »

Figure 1. Principle of stereo-vision.

Mathematically, the most accurate determination of particles displacements (and
thereby velocities) is obtained when the angle between the two cameras is set to 90°.
In the case of a restricted optical access, stereoscopic imaging at smaller angles has
been demonstrated at the cost of a somewhat reduced accuracy. Further, experience

indicates that excellent 3D stereo PIV measurements can also be performed with

camera viewing angles of +30°. In practice, the two camera views are calibrated by
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recording images of a calibration target and fitting an imaging model on the top of
the records. This calibration target contains markers with well-defined (X, Y, Z)-
positions/coordinates and the model parameters are calculated by comparing the
positions of these markers on each camera images (Dantec Dynamics Software

Manual).

Figure 2. Example of calibration images recorded from camera 1 and camera 2.

Stereo-measurements start with conventional 2D PIV processing of PIV images
recorded (simultaneously) with the two cameras. This produces two 2D vector maps
representing the instantaneous flowfield as seen from the cameras. Using the camera
view calibrations calculated earlier, these two 2D vector maps are then combined
into one single 3D vector map. Due to perspective distortion, each camera covers a
trapezoidal region of the light sheet. This means only partial overlap (see Figure 3.9)
is obtained when recombine the camera views for 3D-PIV data calculations (Dantec
Dynamics Software Manual).
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Figure 3. Overlapping fields of view.

Within this region of overlap, interrogation points are chosen in a rectangular grid. In
principle 3D calculations can be performed on an infinitely dense grid. In practice,
however, the 2D results have limited spatial resolution, and using a very dense grid
for 3D evaluation will not improve the fundamental spatial resolution of the
technique. Beside, this will considerably reduce the accuracy of particle
displacement identification and thereby raw 2D-velocity determination (Dantec

Dynamics Software Manual).
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Figure 4. 3D PIV data reconstruction (Dantec Dynamics Software Manual).

To enforce the Scheimpflug condition (which requires that the object plane, the lens
plane and the image plane are collinear) a special camera mount is required. In
principle, the two cameras point at the calibration target at an optional angle. Both
have one CCD/CMOS tilt axis and in this plane the Scheimpflug condition is
satisfied and the cameras are tilted according to the object-plane or calibration target

(Dantec Dynamics Software Manual).

Figure 5. Scheimpflug condition camera plane.
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The calibration uses a well defined grid of dots usually mounted on a traverse
system. The calibration target is aligned with the light sheet and normally traversed
through the light sheet in several positions. The dots on the calibration target are used
to calculate linear or higher order calibration equations for each camera. The linear
calibration compensates for differences in scale and lack of orthogonally while
higher order calibration equations compensate for non-linear distortions like radial

and barrel distortion (Dantec Dynamics Software Manual).

Figure 6. Standard calibration target mounted on traverse.
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