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In this study, a slender delta wing with 70° sweep angle, Λ was oscillated  

about its mid-cord in a vertical plane according to the equation α(t)=αm+αosin(ωet). 

The values of mean angle of attack, αm were taken as 25°, 30° and 35°. The yaw 

angle, β was varied over the range of 0°≤ β ≤ 16°. The delta wing was sinusoidally 

pitched within the range of period of time, Te=2π/ωe, 5s≤ Te ≤60s and the reduced 

frequencies were set as K=0.16, 0.25, 0.49, 1.96 and lastly amplitude of pitching 

motions was varied within the range of ±5°≤ αo ≤ ±10°. 

The main aim of this study is to observe the effect of pitching motion of 

delta wing on the formation of vortex breakdown and structures of vortical flow 

downstream of vortex breakdown under yaw angle, β using a dye visualization and 

the particle image velocimetry (PIV) technique.  

Leading edge vortex breakdown position on the windward side moves 

towards the apex of the delta wing and vorticity concentrations spread over the 

most part of the delta wing. But the other leading edge vortex on the other side 

moves in free-stream flow direction without bursting at different yaw angles, β.  

 

Key Words: Angle of attack, delta wing, dimensionless reduced frequency, 

pitching, vortex breakdown, yaw angle 
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Bu çalıĢmada, 70 derece süpürme açısına sahip narin delta kanat, kanadın 

orta noktasından dikey düzlemde, α(t)=αm+αosin(ωet) denklemine göre salınım 

hareketi verilmiĢtir. Ortalama hücum açısı, αm değerleri 25°, 30° ve 35° olarak 

alınmıĢtır. Sapma açısı, β, 0°≤ β ≤ 16° aralığında değiĢmiĢtir. Delta kanada 

sinüzoidal olarak 5s≤ Te ≤60s zaman periyodu, Te aralığında yunuslama hareketi 

verilmiĢtir ve periyotlar, Te=2π/ωe eĢitliği ile ifade edilmiĢtir. BoyutsuzlaĢtırılmıĢ 

frekans katsayıları, K sırasıyla 0.16, 0.25, 0.49, 1.96 olarak düzenlenmiĢ ve son 

olarak salınımın genliği, αo, ±5°≤ αo ≤ ±10° aralığında alınmıĢtır. 

ÇalıĢmanın asıl amacı, boya ile görselleĢtirme ve 2D PIV tekniklerini 

kullanarak, sapma açısı, β altında, yüksek genlikte ve düĢük frekansta, kanadın 

yunuslama hareketinin girdap çökme noktası oluĢumu üstündeki etkilerini ve 

girdap çökmelerinin akıntı yönündeki girdaplı akıĢ yapısını gözlemlemektir. 

Rüzgâra maruz kalan delta kanat hücum kenarı üzerindeki girdap çökme 

noktası, delta kanadın ucuna doğru hareket etmektedir ve girdap yığılmaları delta 

kanat yüzeyinin büyük bir kısmını kaplamıĢtır. Fakat rüzgâra maruz kalan delta 

kanat hücum kenarının tersi yöndeki girdap çökmeleri, sapma açısının, β etkisi ile 

herhangi bir çökme meydana gelmeden serbest akıĢ doğrultusunda hareket ettiği 

gözlemlenmiĢtir. 

 

Anahtar Kelimeler: Hücum açısı, delta kanat, boyutsuzlaĢtırılmıĢ frekans 

katsayısı, yunuslama, girdap çökmesi, sapma açısı 
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EXPENDED ABSTRACT 

 

Investigations of unsteady flow structures, onset of vortex breakdown and 

wing-vortex interaction in delta wing aerodynamics are substantially important to 

control vortex bursting and unstable vortical flows.  

Position of vortex breakdown varies with respect to specific parameters 

such as sweep angle, Λ, angle of attack, α, yaw angle, β, roll angle, θ, Reynolds 

numbers, Re, wing geometry, etc. Vortex breakdown position moves towards apex 

of the wing, when sweep angle, Λ and angle of attack, α increase. Yaw angle, β has 

two types of effects on the delta wings aerodynamics. Position of vortex 

breakdown on the leeward side of the wing moves in the downstream direction, on 

the contrary, windward side of vortex bursting moves towards the wing apex. 

Vortex breakdown decreases aerodynamic performance of air vehicles and 

severally unstable flow structures cause instability in the delta wing performance. 

For this reason flow control is substantially important. It necessary to study 

instability of flow structures over the delta wing in order to design effective flow 

control mechanisms. An extensive review of delta wing aerodynamics  that has 

been done in the present work revealed that one of the parameter that effects the 

instability of flow structures over the delta wing  is yaw angle, β. In the light of this 

idea, it was aimed to study effects of yaw angle, β on the aerodynamics of the delta 

wing in the present study. In general it is know that along the central axis of the 

leading edge vortex a stagnation point occurs resulting in vortex breakdown and 

severe vortical flow structure downstream of vortex breakdown. During the flight 

of air vehicles this flow phenomena happens and severity of unstable flow 

structures vary frequently.    In the present study, effect of pitching motion of delta 

wing on onset of vortex breakdown and vortical flow structures under yaw angle, β 

were experimentally studied using a technique of dye visualization and PIV system 

in side-view planes. Comparison of static and dynamic delta wing cases are 

investigated. During dye visualization, delta wing was sinusoidally pitched at an 
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amplitude of αo of ±5° and ±10°, at three different mean angles of attack, αm of 25°, 

30° and 35°. The yaw angle, β was varied over the range of 0°≤ β ≤ 16°. The delta 

wing was sinusoidally pitched within the range of period of time, Te=2π/ωe, 5 s≤ Te 

≤60 s and the reduced frequencies were set as K=0.16, 0.25, 0.49, 1.96 and lastly 

amplitude of pitching motions was arranged to be varied within the range of ±5°≤ 

αo ≤ ±10°. 

The delta wing is made of Plexiglas having cord, C length of 250 mm, and 

180 mm during PIV experiments, thickness of 6 mm, and sweep angle, Λ 70º for 

the experiments of dye visualizations. The leading edges of delta wing had chamfer 

of 45º.  Small holes were placed in close region of the apex on both sides of the 

central axis of the wing to eject the Rodamine dye. The depth of water in water 

channel was kept as 53 cm and free-stream velocity is maintained as 80 mm/s. The 

Reynolds number was kept constant at a value of Re=2.10
4
 based on the cord 

length of delta wing. Effects of pitching motion on the windward side leading edge 

vortex are presented quantitatively by capturing instantaneous velocities over side-

view planes by The PIV technique.  A few selected figures related to the 

quantitative measurement were included in the present study. 

Hysteresis loops of vortex breakdowns of the perturbing delta wing are 

established using dye observations and the results are compared with the results of 

the stationary delta wing. In additions, effects of angle of attack, α, amplitude of 

pitching motion, α0 and period of oscillation, Te on the historical record of vortex 

breakdown and vortical flow characteristics were also examined. 

Breakdown position of leading edge vortex on the windward side moves 

towards to the apex of the delta wing and vorticity concentrations spreads over 

majority of the delta wing surface, with increasing yaw angle, β of the wing, 

conversely, leading edge vortex of leeward side slides sideway away from the 

central axis of the delta wing. Dye visualizations show that with increasing angle of 

attack, α and the yaw angle, β strong Kelvin-Helmholtz instabilities are developed 
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and interactions between vortical flow and the delta wing surface increase which 

may lead to an unsteady flow loading such as buffeting. 

Flow separation is more propagated towards apex of the delta wing, when 

amplitude of pitching motion, αo increases from +5° to +10°. Location of vortex 

breakdown moves downstream of the wing with increasing amplitude of pitching 

motion, αo from -5° to -10°. Because of the difference of the angular speed of the 

wing, vortex bursting positions are different for values of αo ±5° and ±10°. 

As the delta wing is oscillated, hysteresis loops occur with respect to upstroke or 

downstroke motion. There is a time lag between movement of location of vortex 

breakdown and oscillation of delta wing during period of cycle. This period of time 

lag gets shorter by increasing oscillation period, Te. or decreasing reduced 

frequency, K. Generally speaking, the effect of large amplitude, low frequency 

motion of a wing on the buffet loading of a downstream aerodynamic surface has 

not been pursued yet for slender delta wing Complex maneuvers of an actual 

aircraft typically occur at relatively low dimensionless frequencies, in comparison 

with dimensionless frequencies of either vortex breakdown or a shear layer 

instability from the leading-edge of the wing. 

Breakdown position of leading edge vortex on the windward side moves 

towards to the apex of the delta wing and vorticity concentrations spreads over 

majority of the delta wing surface. But the other side of leading edge vortex moves 

in forward direction without bursting underneath the delta wing for a higher yaw 

angle, β. Dye visualizations show that with increasing angle of attack, α and yaw 

angle, β, a strong Kelvin-Helmholtz instabilities form and leading edge vortices 

breakdown earlier causing a large scale vorticity concentrations and these vorticity 

concentrations interact with the surface of the delta wing leading to unsteady 

loading or buffeting the delta wing surface on the windward side of the wing. 
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CCD : Charge Coupled Device 
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α : Angle of attack () 
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1. INTRODUCTION 

 

As a result of past researches, delta wings are main element of combat 

aircrafts. The control of vortex dynamics, unsteady flow characteristic and physics 

are also considerably important to improve the maneuverability of air vehicles 

(Heron and Myose, 2004).  

 

a)    b)  

c)    d)  

Figure 1.1. Different types of delta wings a) Saab 210 Draken (Dorr, 1985) b) The 

F-16XL's double delta wing (NASA, 2015) c) Canard Saab AJS-37 

Viggen (Wikipedia, 2016) d) Jet-powered tailless delta wing 

(Wikipedia, 2016) 

 

Figure 1.1 shows different types of delta wing aircrafts. Saab 210 Draken 

(a) is a first ever double delta wing (Dorr,1985), F-16 XL (b) is unusual curved 

double delta wing platform (NASA, 2015), Canard Saab AJS-37 Viggen (c) is an 

aeronautical arrangement wherein a small forewing or foreplane is placed in the 

forward face of the main wing of a fixed-wing aircraft (Clancy, 1975), Avro 
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Vulcan bomber (d) is a jet-powered tailless delta wing high-altitude strategic 

bomber (Wikipedia, 2016). 

Vortex breakdown can be described as a vortex with a bursting point 

located between apex and trailing edge of the delta wing (Su et al., 1990). Also, 

vortex breakdown can be defined as; sudden deceleration of flow along the central 

axis of leading edge vortex due to the reduction in axial velocity magnitude, 

formation of a small size circulatory flow regions, a declining of circumferential 

velocity and expansion   of  vortex in size and  finally bursting of the vortex (Payne 

and Nelson, 1986). 

 

 
Figure 1.2. Schematic representation of vortices on the wing of the plane (Pakistan 

defence, 2012) 

 

Position and structure of vortex breakdown alters over delta wings 

according to the numbers of geometrical factors. For example: 

Sweep angle, Λ of the wing: If sweep angle, Λ of the wing decreases, 

vortex breakdown position moves towards the wing apex.   
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Angle of attack, α of the wing: Similar, vortex breakdown moves in the 

upstream direction towards the forward face of a wing with increasing angle of 

attack, α. 

Yaw angle, β: The windward side of vortex bursting location slides 

upstream of the wing, on the other hand, the leeward side of vortex bursting 

location travels in the downstream direction as yaw angle, β rises. Also, vortex 

breakdown position changes according to roll angle θ, the certain level of Reynolds 

number Re, thickness of the wings t and shape of the wing etc. (Nelson and 

Pelletier, 2003). 

Because occurrence of vortex breakdown near the apex leads decline in lift 

force, FL, vortex breakdown causes changes in lateral and longitudinal forces, 

moments and stability of flow (Nelson and Pelletier, 2003). Also, vortex bursting 

causes decreasing of the lift and pitching moment, so that vortex breakdown is a 

limiting parameter of aerodynamic of the delta wing (Gursul et al., 2005).  

Vortical flow contributes a high rate of aerodynamic forces on the delta 

wing. Therefore, there are many studies on vortex control to increase steady 

characteristic of flow structure of the delta wing. 

For example; 

i.) Flow-momentum control. Active method such as control of vortex 

breakdown, leading edge vortex and flow characteristics with blowing and suction 

on the apex and tail of the delta wing. 

ii.) There are some vortex control methods. For instance; change of shape 

and geometry of the delta wing. Addition of flap on apex and tail, change of sweep 

angle, Λ and aspect ratio, C/s of the delta wing. 

In the present study, the aerodynamics of oscillating delta wing is 

investigated that how the location of vortex breakdown and characteristic value of 

flow changes employing the dye visualization technique. In dye experiment, it was 

determined that the location of both vortex breakdowns move toward the wing 

apex or trailing edge during pitching motion either upstroke or downstroke 
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directions. As it is known, detecting of vortex breakdown with instantaneous 

velocity vectors measured near the surface of the delta wing to determine flow 

characteristics needs special attention for sensitive measurements. In additions, 

interactions between vorticity contrantrations and the delta wing which are formed 

after onset of vortex breakdown should also be examined. 

Gad-el-Hak and Ho (1985) reported the existence of a time lag in the flow 

field during the pitching motion of delta wing. Maltby and Keating (1963) 

researched the existence of a phase lag of the motion of the vortex core, compared 

with the static case of the delta wing. Lambourne et al. (1969) investigated the 

behavior of the leading edge vortices over a delta wing following the termination 

of pitching maneuver. Gursul (2005) emphasized on the similarity between the 

spatial response of the vortex core and to that of a first-order dynamic system to a 

step function input, and thereby, a phase lag in the variation of the position of the 

vortex core was expected.  

When the wing is sinusoidally oscillated, a hysteresis is observed in moving 

of vortex breakdown positions. Hysteresis loops improves in vortex breakdown 

position at the lowest value of reduced frequency, K. If the reduced frequency 

rises, hysteresis effect gets greater. Also, at lowest reduced frequency, an overshoot 

in the breakdown location past the static case is evident. This overshoot is slight 

and becomes at minimum attack angle. As reduced frequency becomes higher, 

overshoots do not occur (LeMay et al., 1988). 
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2. PRELIMINARY WORKS 

 

2.1. Structure of Vortex Breakdown over Delta Wings 

Vortex breakdown is one of the most important parameter on the delta wing 

surface. NASA (2016) showed that bubble and spiral type vortex breakdown and 

Sarpkaya (1971) also stated that double helix vortex breakdown can be visualized 

in a diverging cylindrical tube.  

 

 
a) 

 
b) 

 
c) 

Figure 2.1. Types of vortex breakdown a) Bubble type vortex breakdown b) Spiral 

type vortex breakdown (NASA, 2016) c) Double helix vortex 

breakdown (Sarpkaya, 1971) 

  

Nelson and Pelletier (2003) reported that the leading edge vortices caused 

by the flow moving in the spanwise direction originated from the upper surface of 
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the wing and later over the suction side of the delta wing the part of this flow 

detaches from the wing surface to develop a secondary vortex and takes place 

below the primary vortex as shown in Figure 2.2. In addition, Breitsamter (2008) 

examined that leading edge vortices cause further lift force and raise angle of 

attack, α in fully develop state and this situation provides increasing maneuver 

capabilities of aircraft. 

 

 
Figure 2.2. The representation of leading edge vortex formations and primary, 

secondary vortices (Anderson, 2001) 

  

Ozgoren et al. (2002) experimentally determined that there were three 

different vorticity concentrations, Γ over the flow structure of delta wings with a 

higher sweep angle, Λ=75° at higher attack angles, α=24°, 30° and 32° using the 

PIV technique as seen in Figures 2.3 and 2.4. First of them was concentrations of 

azimuthal vorticity due to centrifugal instability of vortex having lower circulation 

and wave length value. Secondary vorticity concentration is developed due to the 

vortex breakdown and has a circulation with highest magnitude and wave length. 

Third circulation occurs with a higher wave length because of instability of leading 
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edge vortex. These structures are concerned to distributions of averaged and 

fluctuating vorticity and velocity. 

 

 
Figure 2.3. Patterns of instantaneous ω, <ω>, and ωrms in comparision with <V> at 

α=32°. Minimum and incremental values of instantaneous ω are 1 and 

0.75 s
-1
, of <ω> are 1 and 0.75 s

-1
 and of ωrms= 0.5 and 0.5 s

-1
. For 

contours of <V>, units of numerical values designated on contour lines 

are mm/s and incremental value between contours is 2.5 mm/s 

(Ozgoren et al., 2002) 
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Figure 2.4. Effect of angle of attack on patterns of instantaneous, ω. Minimum and 

incremental values of ω for all cases are 1 and 0.75 s
-1

 (Ozgoren et al., 

2002) 



2. PRELIMINARY WORKS                                            MEHMET CAN PEKTAġ 

 - 9 - 

Gad el-Hak and Blackwelder (1985) reported experimental findings on the 

aerodynamics of delta wing with 45° sweep angle, Λ having NACA0012 flat 

profile and with 60° sweep angle, Λ. These findings can be summarized as follows; 

Shedding frequency, fs near the leading edge is independent of leading edge shape 

and sweep angle, Λ at a constant free-stream velocity, U. If angle of attack, α is 

increased, shedding frequency, fs decreases and at a constant  angle of attack, α, 

shedding frequency, fs is proportional to the square root of free-stream velocity, U. 

Shih and Ding (1996) prepared an experimental survey at lower Reynolds 

numbers (9000 and 9800) via the PIV technique and dye visualization methods in 

the towing tank  channel to demonstrate flow structures of over the delta wings 

with 75° and 60° sweep angles, Λ. They detected that delta wing-vortex interaction 

was higher for 60° sweep angle, Λ; this interaction was not as higher as in the case 

of delta wings with 75° sweep angle, Λ. 

Rediniotis et al. (1993) investigated the flow structures of  delta wing with 

76° sweep angle, Λ at Reynolds numbers varying within the range of 3.9x10
4
< Re 

<9.02x10
5
 in wind tunnel and a higher  angles of attack, α for example, the range of  

30°≤ α ≤90°. They observed that leading edge vortex breakdown became outside of 

delta wing until angle of attack, α of 35°, when angles of attack vary with the range 

of 35°≤α≤70°, leading edge vortices changed simultaneously. Nevertheless, when 

attack angle, α>70°, secondary vortex breakdown having moderate frequency of 

breakdown was observed. In addition, they showed that shedding frequency, fs is 

dependent on angle of attack, α and there is nonlinear relationship between 

shedding frequency, fs and angle of attacks, α. On the other hand, Ozgoren et al. 

(2002) examined the patterns of instantaneous vorticity of delta wing having 75° 

sweep angle, Λ, at higher angles of attack, α of 30° and 32° and at the value of 

Reynolds number of 1.07x10
4
 in water channel. They found that when angle of 

attack, α of the wing is 30°, the location of vortex breakdown occurs outside of the 

delta wing, on the contrary, at angle of attack, α of 32° the onset of vortex 

breakdown relatively moves upstream of tailing edge of the wing. They also 
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showed that the pattern of ωrms gets relatively higher vorticity level at the onset of 

vortex breakdown. 

Canpolat et al. (2009) examined structures of flow on the surface of non-

slender delta wing which has 40° sweep angle, Λ under  angles of attack, α=7°, 

10°, 13° and 17° at locations of X/C=0.6, 0.8 and 1.0. They concluded that when 

the delta wing had even a moderate yaw angle, β, macro scale symmetrical flow 

structures have vanished. Vortex bursting occurs earlier on the windward side with 

respect to the leeward side of the non-slender delta wing. They also discovered that 

main vorticity concentrations in crossflow planes occurred inside of main vorticity 

concentration close to the central axis of the delta wing. In addition, analyzing all 

images in side-view plane reveals that a high-scale Kelvin-Helmholtz instabilities 

take place at the bottom of unstable flow region, particularly for angles of attack of 

α=13° and 17°. 

Flow structures close to the surface of non-slender diamond wing studied by 

(Yayla et al., 2009) using techniques such as dye visualization and the Stereo 

Particle Image Velocimetry technique. Flow compositions and vortex bursting 

transformation were examined by altering yaw angle, β in the limit of 0°≤ β ≤15° 

for angle of attack of α=7° and Re=10
5
. They stated that when yaw angle, β 

increases, vortex bursting location on one side approaches to the wing apex, on the 

other side moves in the direction of free-stream flow towards the trailing edge. 

Also, Yayla et al. (2010) performed experimental studies on the aerodynamics of a 

non-slender diamond wing which has 40° sweep angle, Λ. They concluded that up 

to 4° of yaw angle, β there are no clear changes of vortex bursting locations, but at 

a higher yaw attack, β for example, after 4°, the point of vortex bursting moves 

towards the leading edge on the windward side, while this location travels further 

downstream on the leeward side of the delta wing. In additions, locations of 

asymmetrical vortex bursting are seen over the delta wing in plan-view planes. 

Furthermore, Yayla et al. (2013) examined flow characteristics over the 

lambda wing under variation of angle of attack within the range of 7°≤α≤17° using 
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dye visualization and the stereo PIV technique. They proved that flow structure and 

development of vortex breakdown profoundly are affected by angle of attack, α. 

Sahin et al. (2012) demonstrated that structures of vortex bursting and vortical flow 

over a non-slender diamond wing are sensitively effected by yaw angle, β  using 

dye visualization and the PIV technique and time averaged flow data over the wing 

surface changes profoundly increasing over the yaw angle, β=6°. 

 Karasu (2015) studied structures of leading edge vortices in side view 

planes. As shown in Figure 2.5, he showed that yaw angle, β influences flow 

structures in side view plane substantially. When yaw angle, β is increased to a 

value of 20°, a well-defined Kelvin-Helmholtz (K-H) instabilities appear on both 

sides of leading edge vortex before and after onset of vortex breakdown clearly. 

 Gursul and Xie (2000) performed an experimental investigation over a 

delta wing with 75° sweep angle, Λ to examine core of vortex breakdown. It was 

reported that the rms values at origin of vortex breakdown decrease at lower 

Reynolds numbers. Because shear layer does not exhibit Kelvin-Helmholtz (K-H) 

instability. But, it is observed that after a critical Reynolds number, shear layer is 

dominated by a vortical flow structure because of Kelvin-Helmholtz (K-H) 

instability. 

Despite the several years of study, effective vortex breakdown control 

method has not been developed for a long period. Sahin et al. (2001) examined that 

a delta wing with 75 degree sweep angle, Λ having angles of attack, α of 24° and 

30°. It was found vortical flow structure moves towards the flat plate which was 

placed downstream of delta wing with a distance of 73 mm. Akilli et al. (2001) 

tried to control the location of vortex breakdown by inserting a very thin wire (0.1 

mm) to the leading edge vortex axis as seen in Figure 2.6. Furthermore, same wire 

were placed along the axis of leading edge vortex by Akilli el al. (2003). In both 

experiment, effects of wire diameter, on the development of vortex breakdown 

were experimentally examined It is observed that in both cases, the location of 
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vortex breakdown moved in the opposite of flow direction towards the leading 

edge of the delta wing. 

 

 
Figure 2.5. Dye visualizations in side-view plane of same delta wing representing 

effect of yaw angle, β, on flow structures at angles of attack, α= 25°, 

30° and 35°  (Karasu, 2015) 
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Figure 2.6. Overview of delta wing and wire arrangement (Akilli et al., 2001) 

 

2.2. Response of Vortex Breakdown in the Case of Pitching Delta Wing 

In recent years, the flow structure has been researched excessively, but 

studies on flow structures of an oscillating delta wing has been relatively taken less 

attention. Dynamic behavior of the leading edge vortices over a pitching delta wing 

having sweep angle, Λ of 70° were examined by LeMay et al., (1988). They 

defined the reduced frequency as K=2πfeC/Uref , where f is frequency of oscillation, 

C is the wing cord and Uref is the free-stream velocity. In this study, the wing was 

sinusoidally pitched about its 1/2 cord position (mid-cord) at  Reynolds numbers 

between 9x10
4
 and 35x10

4
  based on the cord length at reduced frequencies, K 

varying from 0.05 to 0.30 and  angles of attack, α ranges from 29° to 39°. As seen 

in Figure 2.7, they determined that when the wing was sinusoidally pitched, a 

hysteresis was observed. This hysteresis was increased with increasing reduced 

frequency, K. Also, they detected phase lag between model motion and location of 

leading edge vortex breakdown and compared the static delta wing case with the 

dynamic delta wing cases. Also, they detected % 2 difference over flow 

characteristics between stationary and oscillating delta wings. 
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Figure 2.7. Chord wise location of vortex breakdown and hysteresis with different 

reduced frequencies, K, (LeMay et al., 1988) 

 

 Gad-el Hak and Ho (1985) sinusoidally pitched the delta wing with a 45° 

sweep angle, Λ at its the quarter chord position. Angle of attack, α ranging from 0° 

to 45° at reduced   frequencies, K varying from 0.10 to 6.0. During the portion of 

the cycle in which the angle of attack, α expands in the upstroke direction, a flow 

separation firstly occurs in the vicinity of the trailing edge and later propagates 

towards the apex. The propagation velocity of vortex flow separation towards the 

leading edge is approximately equal to that of the free-stream velocity. During the 

downstroke direction, it is observed that there is no movement of the separation 

point from the wing surface towards the apex. They also found the existence of a 

hysteresis vortex breakdown locations of the delta wing with 45° sweep angle, Λ 
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which was sinusoidally perturbed between 10° and 20° for Reynolds numbers of 

25x10
3
 to 35x10

4
 based on the cord length. The flow patterns at any particular 

dynamic angle of attack, α(t) are different in the case upstroke and downstroke 

motion of the delta wing. When the wing was oscillated at a reduced frequencies 

such as K= 0.50, 1.0 and 2.0, the hysteresis was measured from development to 

weakening of the leading edge vortex. 

Miau et al., (1992) observed occurrences of vortex breakdown positions 

under a pitching delta wing motion. In Figure 2.8, he specified that first delay of 

vortex berakdown was seen in all delta wings having sweep angles, Λ ranging from 

59° to 70° in spite of pitching up or down motion. Second delay is defined as after 

this delay, slope of the curves does not follow same trend with respect to stationary 

wing. Occurrence of second delay is observed only during pitching up. He pointed 

out that this finding directly depends on the pitching motion and sweep angle, Λ of 

delta wing. When K increases and sweep angle, Λ of delta wing decreases, the 

occurrence of second delay cases become. 

Rockwell et al. (1987) also reported that the existence of a substantial 

hysteresis in the vortex flow comparing to the static case. A 45° sweep delta wing, 

with a sharp leading edge, was sinusoidally pitched about its trailing edge from 5° 

to 20° at reduced frequencies of K = 0.16 to 10.68. Reynolds numbers based on the 

cord length was ranging from 5.8x10
3
 to 4.5x10

4
. When the position of vortex 

breakdown was determined as a function of instantaneous angle of attack, α(t), a 

hysteresis of vortex breakdowns became evident. They found hysteresis relative to 

the static delta wing case at a reduced frequency K = 0.16. The hysteretic behavior 

is generally the same for higher values of reduced frequency up to a value of K = 

1.75. At K = 1.75 the hysteresis effect becomes negative. That is to say, having 

reduced frequencies of K, as 4.77 and higher, the behavior of the hysteresis is 

opposite to that of the K <1.75 cases. 
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Figure 2.8. Variations of the instantaneous vortex breakdown positions for different 

sweep, Λ  in the pitch up motion, pitch center located at ½ chord 

length: a) With 59° sweep angle, Λ , at Re = 9x10
3
, K = 0, 0.01, 0.02, 

and 0.04; b) With 63.4° sweep angle, at Re = 9x10
3
, K = 0, 0.02, 0.03, 

and 0.04; c) With 67° sweep, Λ , at Re = 11x10
3
, K = 0, 0.03, 0.038, 

0.047, and 0.072; and d) With 70° sweep angle, Λ, at Re = 11x10
3
, K = 

0, 0.02, 0.031, 0.056, 0.064, and 0.073 (Miau et al., 1992) 

 

Gilliam et al. (1987) perturbed the delta wing at a constant pitch rate from 

0° to 60°. Flow field is described during the pitching motion by the vortical flow 

structures for a 30° sweep angle, Λ having a sharp leading edged delta wing. The 

unsteady flow field is generated near the leading edge when the angle of attack, α 

is increased. Also, the leading edge vortex remains more consistent and its 

diameter increases with increasing the pitch rate. No delay of vortex breakdown 
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was detected in the flow motion during the period of starting of the pitching 

motion. 

A similar experiment was performed by (Reynolds and Abtahi, 1987). A 

delta wing of aspect ratio was pitched at a constant rate of K= 0.06. The wing was 

pitched in range of 30°≤α≤ 51° about its half of chord position at Reynolds 

numbers between 19,000 and 65,000. Large time delays were detected related with 

the vortex breakdown position comparing to the static case and a hysteresis was 

observed in the response of the vortex flow between the pitching-up and pitching-

down cases. 

 Grismer and Nelson (1995) worked on the aerodynamic of double delta 

wing under yaw angle, β in order to investigate effect of oscillating motion. They 

found that the secondary wing vortex breaks down far away from the apex of wing 

during oscillations with increasing angle of attack, α comparing to   angle of attack, 

α under pitch down motion. The discrepancy of vortex breakdown locations 

between upstroke and downstroke pitching motion of the delta wing can be altered 

further by increasing reduced frequency, K. 

 LeMay et al. (1990) investigated the effects of pitching motion on 

aerodynamics of diamond, cropped and double delta wing. Ericson (1999) reported 

the results of pitching motion at a higher angle of attack, α for a double delta wing.  

 Magness et al. (1993) investigated the unsteady flow structure during the 

transient pitching maneuvers. They provided a new topological structure over a 

delta wing with sweep angle, Λ of 70° undergoing transient pitching maneuvers at 

a high angle of attack, α. They observed instantaneous vorticity structure and 

streamline topology in a flow field, when a delta wing was subjected to unsteady 

pitching motion. The existence of critical topological features such as unstable foci 

at leading edge vortices and phase lag of vortex evolution were specified over a 

delta wing. 

BOEING 1303 UCAV and SACCON configurations attracted the attention 

of researchers in recent years. Yılmaz and Rockwell (2012) investigated the effect 
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of oscillation with a lower amplitude on flow structures over the BOEING 1303 

UCAV employing the PIV technique. In addition, flow structures over X-45 

UCAV planform have also gain attention of researchers in recent years. Elkhoury 

and Rockwell (2004) performed dye visualization over this wing for different 

angles of attack, α and Reynolds numbers. Elkhoury et al. (2005) investigated time-

mean unsteady flow structures near the surface of the wing for different angles of 

attack, α and Reynolds numbers. Woodiga et al. (2015) defined flow separation and 

integration on the surface of wing via numerical methods for the delta wings 

having sweep angles, Λ of 65° and 76°/40°. 

In the work of Ozgoren (2000) delta wing was sinusoidally pitched about its 

half cord position. He observed five different vorticiy layers at a lower angle of 

attack, α before vortex bursting. He reported that structure of vortex core and 

vortex breakdown region depended on amplitude of angle of delta wing, αo. Also, 

in his experimental surveys, he investigated effect of reduced frequency, K and 

time lag. He defined the reduced frequency as K= πfeC/Uref. Also, Ozgoren and 

Sahin (2002) investigated vortical flow structures over the pitching delta wing 

having 75° sweep angle, Λ using the PIV technique and comparing to vortical flow 

development of stationary and oscillating wing with and without the impingement 

plate as shown in Figure 2.9.  

A similar experimental survey was performed by Ozgoren et al.  (2002a, 

2002b). They pitched the delta wing for three different values of angles of attack, 

such as α= 20°, 24° and 30° at an amplitude of perturbation, αo=10°, at a lower 

frequency. They observed that vortex breakdown, leading edge vortex and 

separation region severely influenced with a pitching delta wing and flow 

structures are changed as a function of oscillations. They searched the effect of 

characteristic of vortex bursting for a higher attack angle, α. Ozgoren et al.(2001a, 

2002a and 2005c) performed experimental work on the  vortical flow  structures  

while they perturbed delta wing giving sinusoidal motion with amplitude of , αo=± 

1°. 
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Figure 2.9. Comparison of static and dynamic hysteresis loops of onset of vortex 

breakdown versus attack angle, α. Oscillating period, Te=22.54 s and 

reduced frequency, K=0.74 and amplitude of pitching motion, αo=10° 

(Ozgoren and Sahin, 2002) 
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(a) 

 
(b) 

Figure 2.10. Schematic representation of stationary and pitching delta wing 

  

Canpolat et al. (2015) experimentally investigated the flow structure and 

turbulence statistics of non-slender delta and diamond wings having sweep angle, 

of Λ=40°. Wings are subjected to perturbation with the amplitude of αo=±0.5° and 

oscillating period of Te=0.5 s. They performed experiments using dye and the 

stereo PIV technique to observe vertical flow structures in plan-view plane by 

varying angles of attack, α at within the range of 7°≤α ≤17°.  Patterns of time 

averaged vorticity and contours of transverse velocity components of the perturbed 

delta wing shown in Figure 2.11 are compared with the case of a stationary delta 

wing for angle of attack, α of 10°. 
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Figure 2.11. Patterns of time-averaged vorticity, <> and contours of transverse 

velocity components, <V/U> of the delta wing under static and 

perturbed conditions having the mean angle of attack, α=10° 

(Canpolat et al., 2015) 

 

Yaniktepe and Rockwell (2004) reported the result of small amplitude of 

perturbations of delta wing, at a suitable frequency, which affects the time-

averaged pattern of the separated shear layer near the wing surface. They revealed 

that when the wing is perturbed with a small amplitude, significant changings in 

the magnitude and distributions of instantaneous and time-averaged flow structures 

take place.  

The reviewed studies were generally conducted to analyze and understand 

the physics of flow structures over the wings used for UCAV in recent years.



2. PRELIMINARY WORKS                                            MEHMET CAN PEKTAġ 

 - 22 - 



3. MATERIAL AND METHOD                                      MEHMET CAN PEKTAġ 

 - 23 - 

3. MATERIAL AND METHOD 

 

3. 1. Water Channel System 

Experiments on the aerodynamics delta wings were performed in the free 

surface water channel having length of 8000 mm, width of 1000 mm and height of 

750 mm. The channel was made from 15 mm thick Plexiglas. 

Water channel system has 2 tanks; one of them is situated at inlet and the 

other one at outlet of the channel as shown in Figure 3.1. Two sets of honeycombs 

were placed in water channel before the test region where contraction of 2:1 is 

present to regulate the upstream flow. This design of channel with a double 

honeycombs provide turbulence intensity lower 0.5 %. Circulation of water was 

provided with a water pump having frequency control unit and power of 15 kW. 

 

 
Figure 3.1. Schematic of closed circle water channel 

 



3. MATERIAL AND METHOD                                      MEHMET CAN PEKTAġ 

 - 24 - 

3.2. Experimental Apparatuses 

During the experiments, delta wing was placed in the water channel via 

special apparatus controlling   yaw angle, β as shown in Figure3.2. Servo motor 

was located on the angle apparatus to keep the wing stationary. Also, attack angle, 

α and period of oscillation, Te was set by means of servo motor. Rotational part of 

servo motor was connected to the rod which exists on the angle apparatus and this 

rod was attached to the midcord of delta wing. Servo motor system includes servo 

motor and its control unit as seen in Figure 3.3. Servo motor’s shaft angle can be 

adjusted in a right angular position according to the signal of control unit of servo 

motor. Angular location of output shaft can be altered by changing the signal code 

of control unit.  

 

 
Figure 3.2. Representation of special apparatus (angle apparatus) 
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Figure 3.3. Servo motor and its control unit 

 

3.3. Experiments Conducted by Dye Visualization and Particle Image 

Velocimetry (PIV)  

3.3.1. Dye Visualization Experiments 

The dye visualization technique is defined as the method which gives 

preliminary or qualitative information about flow structures over the delta wing. In 

the present study, dye experiments were performed by using fluorescent dye which 

changes color and shines under the laser sheet. Fluorescent dye is arranged by 

mixing powder of Rodamine 6G with water. Dye was injected in the test region by 

taking the advantage of fluorescent dye reservoir height. Furthermore, continuous 

laser source was used during the dye observations. 

 

3.3.2. Experiments Performed by PIV  

Particle Image Velocimetry is an optical method which provides 

information about flow structures by measuring instantaneous velocity vectors over 

a certain flow field at the same time. Also, the procedure of capturing two images 
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by the PIV technique at a specified time interval is shown in Figure 3.4. Bright and 

coated silver particles which have 10 micron diameter are mixed with water for 

instantaneous flow data measurements. Although density of particles (1100 kg/m
3
) 

is slightly higher than water density, they move at the same velocity with water to 

demonstrate particular movements of water flows. In the case of instantaneous 

velocity measurements since the distance between 2 pictures of the same particles 

in the flow field is known, instantaneous velocity vector is calculated with equation 

of    
  

  
.  

 

 
Figure 3.4. Measurement of PIV Principle (Dantec Dynamics, 2013) 

 

Laser sheet which is created by double pulse laser source, Nd: YAG Laser 

(Neodymium-Doped Yttrium Aluminum Garnet) has a thickness of 1-2 mm with a 

width via optical devices. A double pulse laser source and camera must work 

simultaneously without time shift. Therefore, synchronizer controlled by a 
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computer unit exists on the PIV system. Laser source must provide a laser light to 

illuminate seeding particles in the test region.   

CCD (Charged Couple Device) camera is used to capture images of 

observed flow field illuminated by a laser light. If the CCD camera works at a 

double frame mod, taking image 1 and image 2 which are used to determine 

instantaneous velocity vectors. According to instantaneous velocity, time averaged 

velocity vectors, patterns of streamlines, vorticity concentrations and turbulence 

statistics are calculated to provide physical characteristic flow structures. 

Flow field or measuring plane is divided into partial areas and every area is 

called as “pixel”. Distribution of seeding particles is vitally important parameter to 

measure the instantaneous velocity results accurately. Otherwise, a 

nonhomogeneous distribution of seeding particles may cause higher errors in 

readings.  

 

3.4. Experimental System of Dye Visualization 

3.4.1. Dimensions of Delta Wing and Related Information 

In the present work most part of the experiment were conducted using dye 

visualization to demonstrate flow structure qualitatively. The Delta wing is made of 

Plexiglas having cord, C length of 250 mm, and thickness of 6 mm, and sweep 

angle, Λ 70º for the experiments of dye visualizations as seen in Figure 3.5 

schematically. The leading edges of delta wing had chamfer of 45º.  Small holes 

were placed in close region of the apex on both sides of the central axis of wing to 

eject the Rodamine dye. The depth of water in water channel was kept as 53 cm 

and free-stream velocity is maintained as 80 mm/s. The Reynolds number was kept 

constant at a value of Re=2.10
4
 based on the cord length of delta wing. 
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Figure 3.5. Dimensions of the delta wing 

 

Dye experiments were carried out in side view plane as seen in Figure 3.6 

Laser sheet was set by passing through the center of leading edge vortex and laser 

sheet is perpendicular to the plane of the delta wing. Flow structure was observed 

by ejecting Rodamine 6G dye which was illuminated by laser sheet in the test 

region. A small size needle and plastic tube were used to eject dye. Images of 

hydrodynamic of flow structures were record with a SONY HD-SR1 video camera 

and Sony Play Memories Software was used to capture the picture of instantaneous 

flow data as shown in Figure 3.7.  
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Figure 3.6. Schematic representation of water channel during dye experiment in 

side view plane 

 

The delta wing was sinusoidally perturbed with the oscillation period, 

Te=2π/ωe, of 5s, 20s, 40s and 60s and lastly amplitude of pitching, αo was arranged 

in between ±5 and ±10°. Delta wing was oscillated according to the equation of 

α(t)=αm+αosin(ωet) via servo motor during the experiment. Figure 3.8 shows pitch 

up, pitch down motion and location of laser sheet in side and plan-view planes 

schematically. 
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Figure 3.7. Print screen of Sony Play Memories Software 

 

The values of mean angle of attack, αm of the delta wing were taken as 25°, 

30° and 35°. Yaw angle, β which was arranged manually by an angle operating 

apparatus considering the central axis of delta wing as a reference line which was 

0°, 4°, 8°, 12°, and 16°. Figure 3.9 shows us yaw angle, β and its effect on the 

onset of vortex breakdown locations over five different plan-view planes of the 

delta wing. 
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Figure 3.8. Schematic representation of pitching motion of the delta wing and 

experimental set up for dye experiment 

 

All specified yaw angles, β, period of oscillations, Te and amplitude of 

pitching, αo were taken into account during the experiment for each mean angle of 

attack, αm. Mean angle of attack, time period and amplitude of pitching were set by 

a servo motor and its control unit. Locations of vortex break down were 

investigated by a dye visualization technique. Lastly, obtained experimental results 

for static and dynamic cases of the delta wing were compared with each other. 
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Figure 3.9. Schematic representation of  varying yaw angle, β=0°, 4°, 8°, 12° and 

16° and changing location of vortex breakdown in side and plan view 

planes
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4. RESULT AND DISCUSSION 

 

4.1. Experimental Results of Pitching Delta Wing  

4.1.1. Flow Control Techniques 

Vortical flow on the delta wing causes a high rate of aerodynamic forces. 

There are many studies on vortex control to increase steady characteristic structure 

of the delta wing. 

For example; 

i.) Flow-momentum control. This is an active method to control vortex 

breakdown and flow characteristics with air blowing from the apex of delta wing or 

air suction from the trailing edge of delta wing. 

ii.) There are also some vortex control techniques called passive control 

methods. For instance; alteration of the delta wing geometry, addition of flap on 

apex and tail, change of sweep angle and aspect ratio of delta wing. 

In the present study, the aerodynamics of oscillating the delta wing is 

investigated to observe the location of vortex breakdown alterations and flow 

characteristics changes by employing the dye visualization technique. In dye 

visualization, it was demonstrated  that the location of both vortex breakdowns 

move toward the wing apex during the upstroke pitching motion as observed by 

many other researchers. But the objective of the present study was to examine the 

effects of the pitching motion of delta wing under yaw angle, β.  As it is known, 

detecting of vortex breakdown with instantaneous velocity vectors measured near 

the surface of the delta wing to determine flow characteristics needs special 

attention for a sensitive measurements. In additions, interactions between vortices 

as well delta wing which are formed after onset of vortex breakdown should be 

examined with special care. 
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4.2. Dye Experiments 

4.2.1. Visual Observations of Vortical Flow Using Dye 

The values of mean angles of attack, αm was taken as 25°, 30° and 35°. The 

yaw angle, β was varied over the range of 0°≤ β ≤ 16°. The delta wing was 

sinusoidally pitched within the range of oscillation periods, Te=2π/ωe,  of 5 s≤ Te 

≤60 s and lastly amplitude of the pitching motion, αo was arranged to be varied 

within the range of ±5°≤ αo ≤ ±10°.  

As it is known from the stationary delta wing, for the values of angles 

attack, α=40° and 45°, it is known that vortex breakdown starts from the apex of 

delta wing. As soon as the vortex breakdown occurs close to the apex of wing, the 

rate of flow unsteadiness dramatically increases. It was observed that dye 

completely covers the surface of wing, in the case of angle of attack, α, having 45°. 

It was seen that by pitching delta wing, flow structures on delta wing was 

noticeably dissimilar comparing to the static case of delta wing. When  angle of 

attack, α is set up to 40°, oscillation of delta wing controls the flow characteristic. 

After a certain distance vortex breakdown occurs. When yaw angle, β is given to 

the delta wing, it is seen that flow characteristics in the pitching delta wing is more 

stable than in the case of stationary delta wing. Due to the non-symmetric vortex 

breakdowns on in each side of central cord axis of the delta wing, lateral forces and 

moment on the delta wing may be different (Lin, 1998). 

 

4.2.2. Observation of Delta Wing Aerodynamics under Pitching Motion with 

High Rate of Amplitude and Oscillating Period Using Dye Visualization 

In this part of experiment location of vortex breakdown was determined 

with the dye visualization technique. A distance between vortex breakdown 

position and apex of the delta wing was defined by the symbol Xvb. The chord 

length of delta wing was denoted by C. Vortex breakdown position was defined by 

a dimensionless number, Xvb/C.  
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It is understood that in dynamic cases, dynamic angle of attack, α(t) of the 

wing is calculated according to the equation of α(t)=αm+αosin(ωet). Also, angle of 

attack, α of static delta wing in dye images is identified by adding values of 

amplitude of pitching motion, αo and the mean angle of attack, αm of the wing. As a 

result, static and dynamic cases are compared in the same angles of attack, α. 

In dye visualization, the effect of yaw angle, β, period of oscillation, Te, 

mean angle of attack, αm, amplitude of the pitching motion, αo and maximum-

minimum positions of vortex breakdowns are clearly seen. Vortex breakdown 

locations with maximum and minimum lengths are defined as maximum-minimum 

distances which means that the location of vortex breakdown changes arbitrarily 

when delta wing is fixed at any angles of attack, α. These minimum and maximum 

lengths of pitching delta wing were also defined during the experiment. Figure 4.1 

shows that vortex breakdown location in pitching delta wing motion for the 

maximum value of amplitude of the pitching motion, αo=+5° at a mean angle of 

attack, αm=25° does not proceed in accordance with pitching motion. Location of 

vortex breakdown moves towards the trailing edge of delta wing at the state of 

maximum dynamic angle of attack, α(t)=30°. On the other hand, dimensionless 

number, Xvb/C relatively increases in the case of pitching delta wing comparing to 

the stationary delta wing case. Onset of vortex break down occurs at about 

Xvb=0,75C at a static delta wing case, for angle of attack of α=25
0
+5

0
=30° and yaw 

angle of β=0° depending on the oscillation period, Te.  

The location of vortex breakdown moves towards downstream of trailing 

edge at Xvb =1.1C at period of oscillation, Te=5 s. On the contrary, enlarging the 

period of oscillation as Te=60 s, variation of flow characteristics becomes similar to 

the static delta wing case for αm=25° and αo=+5°. Application of 60 second 

oscillation period does not provide the delta wing to inforce fluid flow to 

restructure as a function of delta wing pitching motion. 

It is clearly seen that onset of vortex breakdown moves towards apex of 

delta wing by providing  yaw angle, β and increasing mean angle of attack, αm from 
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25° to 30° and 35°, dimensionless number of cord length, Xvb/C regularly are 

decreased. Also, effect of oscillation period on the vortex breakdown location, 

Xvb/C is seen in figures. Thus, it is understood that varying yaw angle, β and period 

of oscillation, Te effects the variation of vortex breakdown locations.  

As seen in Figure 4.2, setting the mean angle of attack, αm as 30° and yaw 

angle, β as 8°, onset of vortex breakdown appears at a location of Xvb=0.2C for 

stationary delta wing case, on the other hand pitching the delta wing with a period 

of Te=5 sec per cycle, flow separation starts at the middle of delta wing, 

Xvb=0.55C. But setting the oscillation period with Te=60 s per cycle, location of 

vortex breakdown moves towards the apex of delta wing and hence onset of vortex 

breakdown occurs at a location of Xvb=0.25C. Because of decreasing angular 

velocity of oscillation, flow characteristics settle down gradually without having 

the effect of perturbing delta wing and hence vortical flow structures of perturbing 

delta wing having period of 60s  become similar to the case of stationary delta 

wing. 

As seen in Figure 4.3, for mean angle of αm=35° and yaw angle of β=4°, the 

location of vortex breakdown take place at a location of Xvb=0.18C for stationary 

delta wing, but this onset of vortex breakdown moves from mid-point towards the 

apex of delta wing, namely, from the location of Xvb=0.4C to the location of 0.2C 

with the consequences of oscillation period upgrading from Te=5 s to 60 s. 

Furthermore, there is time lag between movement of location of vortex breakdown 

and oscillation of wing during the pitching of delta wing cycle. This period of time 

lag gets shorter by increasing oscillation period, Te. It is seen from experimental 

data that patterns of flow characteristics at Te=60 s resemble closely with flow 

characteristics of the stationary delta wing case. Formation of vortex breakdown 

towards the wake region losses energy and also pressure decreases at the rare side 

of the delta wing. 
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Figure 4.1. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 25°, amplitude of delta wing pitching motion, αo 

of +5° (upstroke) and dynamic angles of attack, α(t)  vary between 20° 

and 30°. All images are taken at angle of attack, α=30° 



4. RESULT AND DISCUSSION                                     MEHMET CAN PEKTAġ 

 38 

 
Figure 4.2. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 30°, amplitude of delta wing pitching motion, αo 

of +5° (upstroke) and dynamic angles of attack, α(t)  vary between 25° 

and 35°. All images are taken at angle of attack, α=35° 
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Figure 4.3. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 35°, amplitude of delta wing pitching motion, αo 

of +5° (upstroke) and dynamic angles of attack, α(t)  vary between 30° 

and 40°. All images are taken at angle of attack, α=40° 

 

As specified in the above Figure 4.1, 4.2 and 4.3 location of vortex 

breakdown is shown for maximum value of amplitude of the pitching motion, 

αo=+5° or the end of the portion of cycle in which the angle of attack, α increases 
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which is stated as upstroke. In addition, it is seen that location of vortex 

breakdown, Xvb/C moves outside of the delta wing in minimum value of amplitude 

of the pitching motion, αo= -5° or the end of the portion of cycle in which the angle 

of attack, α  decreases which is denoted as downstroke. To correctly compare 

stationary and dynamic cases of delta wing, the value of angle of attack, α for 

stationary delta wing  cases in dye images is similar with the  minimum value of 

dynamic angle of attack of pitching delta wing such as  α(t)=25°-5°=20°. 

Figure 4.4 demonstrate the formations of onset of vortex breakdown in 

downstream region of trilling edge of stationary delta wing at angle of attack, α of 

20° having yaw angles, β of 0° and 4°. But this onset of vortex breakdown is 

formed at a location of Xvb/C=1.0 at yaw angle, β of 8°
 
as seen in the first line of 

third images. Under yaw angle, β of 16° the location of this vortex breakdown 

moves towards mid-cord delta wing although angle of attack is quite small such as 

25° on the windward side of the wing. At is mentioned before leeward side leading 

edge vortex does not breaks down over the surface of the suction side of delta 

wing. Namely, leading edge vortex of leeward side move further downstream in the 

core flow direction without bursting for the ranges of angles of attack, α and yaw 

angle, β considered in Figure 4.4. 

Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range of 

0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean angle of attack, 

αm of 25°, amplitude of delta wing pitching motion, αo of ±5° are presented in 

Figures 4.3 and 4.4. Images of onset of vortex breakdown are presented for 

stationary delta wing for angle of attack, α of 25° under variation of yaw angle, β 

within the range of 0°≤β≤16°. But the rest of images presented in Figure 4.4 are 

visualized at a
 
dynamic angle of attack, α(t) of 20° for periods of oscillation, Te  

ranging from 5s to 60s
 
.  Images for oscillating delta wing at a

 
dynamic angle of 

attack, α(t)  of 20° (down-stroke) shown in the first column of Figure 4.4 indicate 

that   excluding the results of zero yaw angle, β and 5s period onset of vortex 



4. RESULT AND DISCUSSION                                     MEHMET CAN PEKTAġ 

 41 

breakdown occurs over the surface of delta wing for 4°≤β≤16° and 20s≤Te≤60s. 

Examining all images for pitching delta wing reveals that the time lag between 

angles of attack, α of delta wing and onset of vortex breakdown is higher. But this 

period of phase shift get smaller for a high time period, for example for the case of 

60s time period, the time lag between angles of attack, α of delta wing and onset of 

vortex breakdown becomes zero. This conclusion is derived from the comparisons 

of images presented in the first and last line of Figure 4.4. 

Considering mean angle of attack, αm and amplitude of the pitching motion, 

αo for dynamic case vortex breakdown location moved away from the rear of the 

delta wing to the location of  Xvb=1.2C. As dye experiments demonstrate in the 

cases of  amplitude of the pitching motion, αo=+5° (upstroke) and  αo= -5° (down 

stroke), it was determined that effect of yaw angle, β in the case of low period of 

oscillation, Te  in the motion of pitching delta wing in down stroke direction. 

Figures 4.4-5-6 show that the lower period of oscillation, Te causes a high rate of 

phase differences. These flow behaviors also occur for mean angles of attack, αm 

having αm=30° and 35°. But the level of phase shift gets smaller for a higher time 

period,  Te for example, in the case of 60s time period, the time lag between angles 

of attack, α of delta wing and onset of vortex breakdown becomes zero for αm=25°, 

30° and 35°. 

Figures 4.7-12 demonstrate the results of dye visualization experiments for 

the value of amplitude of the pitching delta wing, such as αo=±10°. In general, 

these figures provide partially similar evidences that are optioned in the case of 

αo=±5° for a smaller period of oscillation, Te. Increasing angle of attack, α while 

delta wing pitches in upstroke direction, namely, at α=+25°+10°=35° onset of 

vortex breakdown moves toward the leading edge of the delta wing. In other 

words, the region of flow separation expends in size towards the wing apex.  

Similarly, when the pitching motion of delta wing is in downstroke, say,  at a value 

of αo= -10°, the location of vortex breakdown moves further downstream from 

back side of the delta wing according to value of αo= -5°. This is due to the angular 
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speed of the delta wing at a state of amplitude of the pitching motion, αo=±10° is 

higher than the  state of αo=±5°.To develop an appropriate and effective flow 

control technique, it is substantially important to comprehend unsteady flow 

phenomena, especially from a fundamental fluid dynamics aspect. Vortex 

breakdown control still attracts attentions of engineers since onset of vortex 

breakdown have a significant influence on the aerodynamics of delta wing. Sahin 

et al. (2001) pointed out that a considerable detain or delay of the onset of vortex 

breakdown results  in attaining a growth of a large-scale concentration of vorticity 

when the impingement plate leading edge located downstream of vortex 

breakdown region is oscillated in accordance with at a frequency of vortex 

breakdown. Figures presenting the dye observations present locations of non-

dimensional onset of vortex breakdown as a function of angles of attack, α under a 

pitching delta wing along with static delta wing data measured over the same range 

free-stream velocity, U∞ and angles of attack, α. When the delta wing is subjected 

to a pitching motion with a sensible high reduced frequency, K a phase shift occurs 

between the delta wing motion and the onset of vortex breakdown. But, perturbing 

the delta wing with high period of time, Te, for example, Te=60s  the position of 

vortex breakdown moves continuously with the motion of delta wing having same 

locations with the fixed delta wing case. It is worth to mention that the value of 

mean angle of attack, αm is also a key parameter for the delta wing under pitching 

motions. That is to say, the period of time, Te may be increased to avoid the phase 

shift between locations of vortex breakdown comparing to the case of stationary 

delta wing. 

In figures, for some angle of attack, α and yaw angle, β locations of vortex 

breakdown cannot appear below the delta wing during upstroke or downstroke 

delta wing motions. In some images there were experimental difficulties to record 

the location of vortex breakdown using the dye visualization technique. 
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Figure 4.4. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 25°, amplitude of delta wing pitching motion, αo 

of -5° (downstroke) and dynamic angles of attack, α(t)  vary between 

20° and 30°. All images are taken at angle of attack, α=20° 
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Figure 4.5. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 30°, amplitude of delta wing pitching motion, αo 

of -5° (downstroke) and dynamic angles of attack, α(t)  vary between 

25° and 35°. All images are taken at angle of attack, α=25° 
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Figure 4.6. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 35°, amplitude of delta wing pitching motion, αo 

of -5° (downstroke) and dynamic angles of attack, α(t)  vary between 

30° and 40°. All images are taken at angle of attack, α=30° 
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Figure 4.7. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 25°, amplitude of delta wing pitching motion, αo 

of +10° (upstroke) and dynamic angles of attack, α(t)  vary between 15° 

and 35°. All images are taken at angle of attack, α=35° 
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Figure 4.8. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 30°, amplitude of delta wing pitching motion, αo 

of +10° (upstroke) and dynamic angles of attack, α(t)  vary between 20° 

and 40°. All images are taken at angle of attack, α=40° 
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Figure 4.9. Formation of onset of vortex breakdown in the cases of   stationary and 

oscillating delta wings under variation of yaw angle, β within the range 

of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at mean 

angle of attack, αm of 35°, amplitude of delta wing pitching motion, αo 

of +10° (upstroke) and dynamic angles of attack, α(t)  vary between 25° 

and 45°. All images are taken at angle of attack, α=45° 
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Figure 4.10. Formation of onset of vortex breakdown in the cases of stationary and 

oscillating delta wings under variation of yaw angle, β within the 

range of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at 

mean angle of attack, αm of 25°, amplitude of delta wing pitching 

motion, αo of -10° (downstroke) and dynamic angles of attack, α(t)  

vary between 15° and 35°. All images are taken at angle of attack, 

α=15° 
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Figure 4.11. Formation of onset of vortex breakdown in the cases of  stationary and 

oscillating delta wings under variation of yaw angle, β within the 

range of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at 

mean angle of attack, αm of 30°, amplitude of delta wing pitching 

motion, αo of -10° (downstroke) and dynamic angles of attack, α(t)  

vary between 20° and 40°. All images are taken at angle of attack, 

α=20° 
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Figure 4.12. Formation of onset of vortex breakdown in the cases of stationary and 

oscillating delta wings under variation of yaw angle, β within the 

range of 0°≤β≤16°, period of oscillation, Te ranging from 5s to 60s at 

mean angle of attack, αm of 35°, amplitude of delta wing pitching 

motion, αo of -10° (downstroke) and dynamic angles of attack, α(t)  

vary between 25° and 45°. All images are taken at angle of attack, 

α=25° 
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4.2.3. Vortex Breakdown Hysteresis of Delta Wing  

Aside from the dye pictures of pitching delta wing, it is shown that location 

of vortex breakdown, Xvb/C, changes as a function of angle of attack, α. The 

objective of this study was to determine the movement of the locations of vortex 

breakdown, Xvb/C, over a full period. For this purpose, consecutive locations of 

vortex breakdown are added in succession so the change of dynamic angle of 

attack, α(t), and movement of oscillation can be shown in the cyclic charts.  

Figures presented in this section provide a graphical representation of how 

the location of vortex breakdown differs not only between the downstroke and 

upstroke of a given motion, but also how it diverts from the results of fixed delta 

wing for three different mean angle of attack values, αm. 

A study of the dynamic behavior of the leading edge vortices on a slender 

delta wing undergoing oscillatory pitching motion with a reduced frequency, K 

ranging from K = 0.16 to 1.96 was presented  in the present work.  An unsteady 

model of a vortex system was developed to simulate the phenomena of 

aerodynamic hysteresis of sinusoidally perturbed delta wings.  

The detachment of the boundary layer on the wing surface considerably 

bounded up with the period of oscillation, Te or the reduced frequency, K and 

direction of the pitching motion either upstroke or downstroke. In  the present case 

as the wing pitches up, the detachment of boundary layer causing flow separation 

on the delta wing surface is suppressed because angles of attack, α gets smaller. On 

the other hand, as the wing pitches down, the detachment of boundary layer 

causing flow separation on the delta wing surface is facilitated, because, angle of 

attack, α gets higher. In both cases, there are phase shifts depending of oscillating 

period, Te or the level of reduced frequency, K. In summary, Ozgoren and Sahin 

(2002) reported that the time delay that occurs in the flow field strongly depends on 

the dimensionless reduced frequency, K compared with the case of stationary delta 

wing. In the experiment of Ozgoren and Sahin (2002) inconsistency between the 
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results of static and dynamic (pitching) delta wing cases is considerably high 

because of the high-reduced frequency K. They have had a delta wing experiencing 

cyclic motions, with K=0.74. 

In the present, a hysteresis of the location of vortex breakdown flow with 

high rate of discrepancy relative to the stationary condition is developed similar to 

the work of Ozgoren and Sahin (2002). During the experiment of static delta wing 

with certain angles of attack, α a large amount of time was given to allow the flow 

structures to attain the equilibrium state. Red solid lines in all figures present the 

results of stationary delta wing as a function of angle of attack, α and blue solid 

line present the results of pithing delta wing based on mean angles of attach, αm 

and dynamic angle of attack, α(t). 

Also from the charts of hysteresis, it can be seen that there are time delays. 

For example, minimum and maximum distances, Xvb/C between the apex of delta 

wing and locations of vortex breakdown, correspond the amplitude is minimum 

and maximum for stationary wings. However, since the wing is in motion, vortex 

breakdowns occur at an angle between maximum and minimum dynamic angles of 

attack, α(t). Hysteresis presented in Figures 4.13 and 4.42 demonstrate the record 

of locations of vortex breakdown, Xvb/C, during pitching motion of delta wing in a 

closed loop. When the delta wing under perturbation with a high amplitude, αm and 

time period, Te a time delay takes place between the position of delta wing and 

locations of onset of vortex breakdown comparing to the stationary delta wing. 

During this pitching of delta wing dynamics of angles of attack changes from a 

higher angles of attack, α and lower angles of attack, α. In both extreme cases there 

is leading edge vortex bursting with time delay. If we think of this unstable effect 

as an advantage, high performance aircraft can make certain maneuvers faster and 

more efficiently (LeMay et al., 1990). Aerodynamic hysteresis mechanism of the 

sinusoidal pitching delta wing is also observed. The unstable model of the vortex 

system is developed to describe the phenomenon of the aerodynamic hysteresis in 

the case of sinusoidal pitching delta wing. Huang et al. (1994), have shown that the 
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split of the flow on the surface of the wing is related to dimensionless reduced 

frequency, K and the direction of the wing oscillation.  

In this study, the pitching movement of delta wing is shown for the 

dimensionless reduced frequency, K from the geometrical center of the delta wing, 

K=0.16, 0.25, 0.49, 1.96 and αo=±5° between the range of dynamic angles of 

attack, α(t) = (20°-30°), (25°-35°) and (30°-40°).The reason for the inconsistency 

between the constant and oscillating hysteresis is the high dimensionless reduced 

frequency, K. As it is shown in Figure 4.13, when the mean angle of attack is, 

αm=25°, amplitude of pitching motion is, αo=±5° and yaw angle is, β=0°, at the 

period of oscillation, Te =5s, there is a discrepancy between static and oscillating 

wing cases caused by the dimensionless reduced frequency, K. When period of 

oscillation, Te, increases so the dimensionless reduced frequency, K, decreases, the 

large discrepancies between the locations of vortex breakdown, Xvb/C and 

dynamics angle of attack, α(t)   disappear. Perturbing the delta wing for period of  

Te =5s onset of vortex breakdown happens at  a location of Xvb/C=1.05 for the 

dynamic angle of attack, α(t)=30°, on the other hand for the same angle of attack, α  

the onset of vortex breakdown take place at a location of Xvb/C=0.75  for  

stationary delta wing. When the period of time, Te  is taken as 60s and the dynamic 

angle of attack, α(t) is set to a value of 30° for the oscillating state, vortex 

breakdown occurs at  Xvb/C =0.8. In summary, the location of leading edge vortex 

breakdown of delta wing gets closer to the tip of the wing as angle of attack, α, 

increases. So the minimum value of Xvb /C, should take place at the maximum 

angle of attack, α. However during the pitching motion of delta wing at Te= 5s, this 

situation didn’t occur at maximum amplitude of pitching motion, α(t)=30°. The 

difference is because of the time delay. The minimum dimensionless length of 

Xvb/C can be seen at a dynamic attack angle of α(t)=20°. At Te=60s, the minimum 

dimensionless length of Xvb/C occurs at the dynamic angle of attack of α(t)=27°. 

However, we can conclude that the time delay decreases as the period of 

oscillation, Te increases. 
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In a similar way if we examine Figure 4.20, when the mean angle of attack 

is, αm= 30°, amplitude of the pitching motions of delta wing is αo=±5° and yaw 

angle is, β=8°, at the period of oscillation, Te =5s with the dynamic angle of attack, 

α(t)=35° for the static delta wing case, the length of dimensionless Xvb/C is  0.22, 

but  in the case of  the oscillating delta wing  the value of , Xvb/C is 0.5 under 

similar conditions of pitching delta wing. When the period time, Te is taken as 60s 

having dynamic angle of attack as α(t)=35° the value of dimensionless length of 

Xvb/C is 0.25 for the oscillating delta wing case . In additions, if we examine other 

cases of delta wing, for example,  the time delay of occurrence of vortex 

breakdown, at a period of Te=5s, during the pitching motion of delta wing, the 

minimum dimensionless length of Xvb/C does not occur at the maximum 

amplitude, αa. However, the minimum Xvb/C can be seen at a dynamic angle of 

α(t)=25°. On the other hand, when the period of oscillation, Te is expended to a 

value of 60s, the minimum dimensionless length of Xvb/C occurs at the dynamic 

angle of α(t)=33°.  

If we analyze experimental results presented in Figure 4.27 we can see more 

or less similar time delay that happens in the other case examined above. For 

example, when the mean angle of attack, αm is to a value of 35°, amplitude of the 

pitching motion, αo is set to a value of±5° and setting yaw angle, β as 16°, at the 

period of oscillation, Te =5s with the dynamic angle of attack, α(t)=40°, for the 

constant state of delta wing, the dimensionless of delta wing is taken as Xvb/C 

=0.03, but, having identical conditions for the oscillating state of delta wing  the 

dimensionless of delta wing is taken as Xvb/C is 0.28. When expending the period 

oscillating, Te  to a value of 40s with the dynamic angle of attack, α(t)=40°, for the 

of oscillating state of delta wing, the dimensionless of delta wing, Xvb/C  increases 

to a value of 0.06. Furthermore, the time delay of occurrence of vortex breakdown 

in the oscillating and stationary delta wing case are needed to be examined.  For 

instance,  taking the period of oscillating delta wing  Te as 5s, during  pitching 

motion of the delta wing, the minimum dimensionless length of Xvb/C does not 
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occur at a maximum dynamic angle of the delta wing such as α(t)=40°. But the 

minimum value of Xvb/C =0.19, can be seen at the dynamic angle of α(t)=32°. In 

additions, at Te=40s the minimum length of Xvb/C is 0.03, for the dynamic angle of 

attack of α(t)=37°. As a result, the effect of the dimensionless reduced frequency, 

K=πfeC/Uref is proven and it is shown that the effect of the time delay is related to 

the period of oscillation, Te.  

The hysteresis charts presented in Figures 4.28- 4.42, are constructed with 

the amplitude of the pitching motion of delta wing such as αo=±10°. An increase of 

the amplitude of the pitching motion delta wing, αo, alters the locations of vortex 

breakdown. If the amplitude of the pitching motion of the delta wing is set at αo= 

±10°, the angular speed is higher than those cases with amplitude of the pitching 

motion of delta wing of αo= ±5°. Since the delta wing scans more space at the same 

amount of time during the delta wing oscillation. These angular speed differences 

alter the hysteresis of locations of vortex breakdowns, Xvb/C. 
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Figure 4.13. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=0°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.14. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=4°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.15. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=8°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.16. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=12°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.17. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=16°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.18. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=0°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.19. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=4°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.20. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=8°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.21. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=12°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.22. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=16°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.23. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=0°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.24. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=4°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.25. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=8°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.26. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=12°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.27. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±5°, yaw angle is β=16°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.28. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=0°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.29. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=4°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.30. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=8°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.31. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=12°, period 

of oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 

0.16, 0.25, 0.49, 1.96 
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Figure 4.32. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=25°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=16°, period 

of oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 

0.16, 0.25, 0.49, 1.96 
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Figure 4.33. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=0°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.34. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=4°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.35. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=8°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.36. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=12°, period 

of oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 

0.16, 0.25, 0.49, 1.96 
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Figure 4.37. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=30°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=16°, period 

of oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 

0.16, 0.25, 0.49, 1.96 
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Figure 4.38. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=0°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.39. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=4°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.40. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=8°, period of 

oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 0.16, 

0.25, 0.49, 1.96 
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Figure 4.41. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=12°, period 

of oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 

0.16, 0.25, 0.49, 1.96 
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Figure 4.42. Comparisons of static and dynamic loops of vortex breakdown as a 

function of angle of attack, α. Mean angle of attack is αm=35°, 

amplitude of pitching motion is αo=±10°, yaw angle is β=16°, period 

of oscillation is Te=5s, 20s, 40s, 60s and reduced frequency is K= 

0.16, 0.25, 0.49, 1.96 

 

A graphical representations indicated in Figures 4.43 and 4.44 present 

variations of vortex breakdown locations as a functions of yaw angles, β within the 

range of 0
0
≤β≤16

0 
compared with the case of stationary delta wing. During the 

experiment, three different mean angle of attack values, αm and five different yaw 

angle values, β are taken. Amplitudes of the delta wing pitching motion, αo are +5° 

(upstroke) presented in Figure 4.43 and +10° (upstroke) presented in Figure 4.44. 

Mean angle of attack of the delta wing are taken as αm=25°, 30°, 35° presented in 

similar figures. As clearly seen positions of vortex breakdown move towards the 

apex of the delta wing with increasing yaw angle, β from 0° to 16°. Also, when 

period of oscillation, Te increases, flow characteristics get closer to the stationary 

delta wing case. As seen in Figures 4.43 and 4.44, due to experimental difficulties a 

record of flows were not obtained at some locations of the delta wing. Those points 

are shown with dashed lines.  In summary, small yaw angle, β is more effective in 

altering the location of vortex breakdown in both cases either the stationary or 

oscillating delta wing.    
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Figure 4.43. Comparisons of static and dynamic cases of vortex breakdown as a 

function of yaw angle, β. Amplitude of pitching motion is αo=+5° 

(upstroke), reduced frequency is K= 0.16, 0.25, 0.49, 1.96 
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Figure 4.44. Comparisons of static and dynamic cases of vortex breakdown as a 

function of yaw angle, β. Amplitude of pitching motion is αo=+10° 

(upstroke), reduced frequency is K= 0.16, 0.25, 0.49, 1.96 
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4.3. Instantaneous Velocity Measurements Using PIV 

Effects of pitching motion on the windward side leading edge vortex are 

presented quantitatively by capturing instantaneous velocities over side-view 

planes by The PIV technique. During the experiment, mean angle of attack, αm was 

selected as 30° and yaw angles, β was set as 0°. Amplitude of pitching motion, αo 

was chosen as 10° and period of oscillation, Te was varied over the range of 0s ≤ Te 

≤ 40s. Laser reflection region near the apex and trailing edge of the delta wing was 

masked in order to avoid misreading. Data in first images shown in Figures 4.45-

4.47 are averaged using 1000 images of instantaneous velocity vectors.  Since the 

delta wing is under perturbation or moving continuously, it not possible to take 

average data from 1000 instantaneous images. Only ten instantaneous images are 

averaged for the rest of other images presented in Figures 4.45-4.47. 

 

4.3.1. Time-Averaged and Instantaneous Vectors, Streamlines and Vorticity 

Patterns 

Figure 4.43 presents time-averaged velocity vectors <V>. Patterns of 

streamlines, <Ψ>   indicated i Figure 4.44 and lastly vorticity contours <ω> are 

presented in figures 4.45. It is worth to mention that a large numbers of experiment 

were performed using the PIV technique. But, only a selective experimental results 

are presented in the text of thesis. As can be seen in figures, streamlines with 

varying period of oscillation, Te, flow characteristics changes in this side-view 

plane. Moreover, interactions of leading edge vortex with the delta wing can be 

seen in the cinema of instantaneous flow data. In this side-view plane vortex 

breakdown takes place where positive and negative vorticity interchange the 

locations. When a mean angle of attack αm was arranged as 30°, dynamic angle of 

attack, α(t)becomes 40° in upstroke direction at yaw angle β equal to 0° for 

stationary wing, a divergent bifurcation line, Li and a saddle point, S occur in the 

observed flow region. At a period of oscillation, Te=5s, a divergent bifurcation line, 

Li and a saddle point, S also occur. Enlarging this period of oscillation to a value of 
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Te=20s, a saddle point, S and focus F, but,  at a period of oscillation, Te=40s, a 

bifurcation line, a saddle point S and two foci points F take place in the measuring 

flow region. 

Although we have only used ten images of instantaneous velocity vectors to 

determine vorticity, [<ω>], the onset of vortex breakdown is clearly evident. Here, 

a solid line indicates positive vorticity and dashed lines indicate a negative 

vorticity. Locations of vortex breakdown indicated by the PIV results agree well 

with the results of dye visualizations.  

 

 
Figure. 4.45. Patterns of time-averaged velocity vectors, <V> and instantaneous 

velocity vectors, V for the stationary and oscillating wing under yaw 

angle, β of 0°, period of oscillation, Te ranging from 5s to 40s at 

mean angle of attack, αm of 30°, amplitude of delta wing pitching 

motion, αo of ±10° and dynamic angles of attack, α(t) of 40° in side 

view plane 
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Figure. 4.46. Patterns of time-averaged streamline, <ψ> and instantaneous 

streamline, ψ for the stationary and oscillating wing under yaw 

angle, β of 0°, period of oscillation, Te ranging from 5s to 40s at 

mean angle of attack, αm of 30°, amplitude of delta wing pitching 

motion, αo of ±10° and dynamic angles of attack, α(t) of 40° in side 

view plane 
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Figure. 4.47. Patterns of time-averaged vorticity, <ω> and instantaneous vorticity, 

ω for the stationary and oscillating wing under yaw angle, β of 0°, 

period of oscillation, Te ranging from 5s to 40s at mean angle of 

attack, αm of 30°, amplitude of delta wing pitching motion, αo of ±10° 

and dynamic angles of attack, α(t) of 40° in side view plane. 

Minimum and incremental values of vorticity, ω are ωmin=±0.5 sec
-1

 

and Δω=0.5 sec
-1
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5. CONCLUSION AND FUTURE STUDIES 

 

In the present investigation, a delta wing which has 70° sweep angle, Λ was 

oscillated on its midcord according to the equation of α(t)=αm+αosin(ωet). This 

study focused on understanding effect of pitching and characterize the interaction 

of vortex breakdown with oscillating leading edges under different yaw angles, β 

over a slender delta wing.  

The values of mean angle of attack, αm was taken as 25°, 30° and 35°. The 

yaw angle, β was varied the interval of 4° over the range of 0°≤ β ≤ 16°. The delta 

wing was sinusoidally pitched within the range of period of time 5 s≤ Te ≤60 s or 

reduced frequency was set as K=0.16, 0.25, 0.49, 1.96 and lastly amplitude of 

pitching motion was arranged as αo= ±5° and ±10°. Formations and locations of 

vortex breakdown were investigated by using the dye visualization technique in 

side view plane. 

The following conclusions can be derived: 

 

1. Structure of vortex breakdown by changing angle of attack, α 

under different yaw angle, β 

Breakdown position of leading edge vortex on the windward side 

moves towards to the apex of the delta wing and vorticity 

concentrations spreads over majority of the delta wing surface. But the 

other side of leading edge vortex moves in forward direction without 

bursting underneath the delta wing for a higher yaw angle, β. Dye 

visualizations show that with increasing angle of attack, α and yaw 

angle, β, a strong Kelvin-Helmholtz instabilities form and leading edge 

vortices breakdown earlier causing a large scale vorticity concentrations 

and these vorticity concentrations interact with the surface of the delta 

wing  leading to unsteady loading or buffeting the delta wing surface on 

the windward side of the wing. 
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2. Hysteresis effect 

Pitching delta wing in upstroke or downstroke motion causes hysteresis 

loop onset of vortex breakdown locations. There is a time lag between 

movement of location of vortex breakdown and dynamics angles of 

attack, α(t) during oscillation of the wing cycle comparing to the case of 

stationary delta wing. This period of time lag gets shorter by increasing 

oscillation period, Te. or decreasing reduced frequency, K. It is seen 

from the experimental data that patterns of flow characteristics does not 

normally behaves in equilibrium position of the pitching delta wing. 

Aerodynamics of these perturbing delta wings with a oscillation period 

of Te=5 s and at Te=60 s resembling with flow characteristics of the 

static delta wing case. As a result, the effect of the dimensionless 

reduced frequency, K is proven and it is shown that the effect of the 

time delay is related to the period of oscillation, Te.  Formation of 

vortex breakdown towards wake region, losses energy and also pressure 

decreases at the rare side the delta wing. 

3. Effect of amplitude of pitching motion 

Increasing the amplitude of the delta wing pitching motion, αo causes 

alterations in locations of vortex breakdowns for angles of attack, α. 

The area of flow separations expands in size with the amplitude of 

αo=+10° and the locations of vortex breakdown travels towards the apex 

of the delta wing more closer compared with the amplitude of αo= +5° 

Similarly, when the amplitude of the pitching delta wing is taken αo= -

10°, the location of vortex breakdown moves further down in the flow 

direction comparing to the case of αo= -5°. The angular speed of the 

delta wing at an amplitude of the pitching delta wing, αo=±10° is higher 

than the case of of αo=±5°. This differences causes alteration in the 

hysteresis of location of vortex breakdown at the same dynamic angles 

of attack, α(t). 
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When the delta wing is under pitching motion in upstroke or downstroke 

directions, a time delay between dynamic angles of attack, α(t) and dimensionless 

length of Xvb/C, that is to say,  a delay of vortex breakdown formation occurs in 

both  high and low dynamic angles of attack, α(t). In summary, small yaw angle, β 

is more effective in altering the location of vortex breakdown in both cases either 

the stationary or oscillating delta wing. Leading edge vortex breakdown can be 

controlled partially using active or passive control techniques in order to delay 

onset of vortex breakdown to improve aerodynamic performance and decline 

unsteady loading effects on the surface of delta wing. In conclusions, an 

experimental work should be performed to control the windward side of leading 

edge vortex breakdown either to delay leading edge vortex bursting process or to 

induce onset of leading edge vortex breakdown at an earlier stage.  
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