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University of Washington 

Abstract 

A Digital Particle Image Velocimetry Investigation 
of Delta Wing Vortex Flow and Vortex Breakdown 

by Jeremy D. Wimer 

Chairperson of the Supervisory Committee 

Professor Mitsuru Kurosaka 
Department of Aeronautics and Astronautics 

The vortical flow over the suction side of a 65° sweep delta wing at high angles of attack 

is investigated in the University of Washington water tunnel using digital particle image 

velocimetry (DPFV). The method is first validated and then used to qualitatively and 

quantitatively describe the development of the leading edge vortex (LEV) both upstream 

and downstream of vortex breakdown. The circulation and azimuthal velocity profile in 

the vortex are measured and reveal that the maximum circulation of the LEV increases 

nearly linearly in the downstream direction up to the point of vortex breakdown. 

Circulation and velocity measurements in the solid-body rotational part of the LEV core, 

however, reveal that once the core is formed near the apex of the wing, the circulation 

there remains constant until just prior to breakdown, and no further vorticity is added to 

the core from the shear layer. The secondary vortex is found to be the key player in 

separating the primary vortex core fi-om the shear layer. This model of the flowfield 

contradicts the generally accepted conical nature of delta wing flow. Current vortex 

breakdown suppression methods are analyzed in light of this new model. A numerical 

simulation based on the vortex filament method is also used to further the self-induction 

theory of vortex breakdown. 
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1     Introduction 

Swirling fluid flow often called a vortex is both common and important in nature as 

well as man-made machines. Some common examples of a vortex include the airflow in 

a tornado or hurricane, or the swirling water pattern that develops as a bathtub is drained. 

It is the vortex's prevalence and potential benefit fi-om its motion that make it the subject 

of much study and intrigue. The current study focuses on a specific type of vortex flow: 

the aerodynamic flow in the leading edge vortex (LEV) over a delta wing. 

1.1    Fundamentals of Vortex Flows 

In order to study vortex flows, it is first necessary to define some basic properties 

of a vortex and how they relate to the fluid dynamic equations of motion. The cylindrical 

coordinate system lends itself well to the study of vortices because the primary motion in 

a vortex is in the direction of one of the principal axes. The three principal axes point in 

the f,0, and z direction. The fluid velocity vector, M , has components M^,M^,and M^,or 

the radial, azimuthal, and axial velocities respectively. An important property of rotating 

flow is its vorticity, cb. The vorticity is a measure of the fluid element's rotation about 

its own axis and differs slightly fi"om the angular velocity of the fluid. The vorticity field 

is defmed as the curl of the velocity field and has units of 1/time. Eqns. (1-1) through 

(1-4) define vorticity and its components in cylindrical coordinates. 

(h = curl\ji) = Wy.u (1-1) 

_\_du^_dug (1-2) 

_dug__du^ (1-3) 
ft/a  "~" 

dz     dr 

®z = 
1 a(rMe)    1 du^ (1-4) 

r    dr       r dQ 

Since vorticity is simply the curl of the velocity, if the entke vorticity field is known, the 

velocity field everywhere can be found to within a constant of mtegration. If a fluid flow 



has vorticity, it is said to be rotational. An irrotational flow is defined as having no 

vorticity. A typical vortex contains both regions of rotational flow and regions of 

irrotational flow. It is helpful to examine the azimuthal velocity profile of a vortex and 

define some common terms that arise. The profile for a Rankine vortex is shown in 

Figure 1-1. This is also called an ideal vortex as it has a core region (0< r < re) where the 

fluid rotates like a solid-body. The velocity in that region is u^ = Qr where Q is the 

traditional measure of angular velocity. At radii larger than re, the velocity varies 

inversely with the radius. This is referred to as the irrotational region. The transition 

fi-om the rotational region to the irrotational one also takes place at the point of maximum 

azimuthal velocity. The vorticity profile is such that there is a finite amount of vorticity 

in the solid-body rotational core, and zero vorticity outside of the core. The vorticity in 

the core can be shown to be equal to 2Q by Eqn. (1-4). 

Maximum 
azimuthal velocity — Irrotational region 

 ► 

Solid-body rotational region 

Figure 1-1: Ideal or Rankine vortex velocity and vorticity profiles (ref. 1) 

Although it rarely occurs in natural flows, the Rankine vortex provides a good model for 

examining real vortices. A real vortex has a velocity and vorticity profile similar to that 

in Figure 1-2. There is still a radius, re, where the maximum azimuthal velocity occurs, 

however, the velocity profile inside the core is not quite like that of a solid-body, and the 

profile outside the core is not quite irrotational either. While the Rankine vortex model is 

not exactly like a real vortex, it is convenient to use the same terminology when speaking 

of a core region and outer irrotational region. 
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Figure 1-2: Real vortex velocity and vorticity profiles {ref. 1) 

Another useful property of a vortex is its circulation, F, which is a measure of the 

strength of the vortex. It is defined as the line integral of velocity around a closed curve 

(Eqn. (1-5)). It can be related to the vorticity flux through a surface A using Stokes' 

theorem in Eqn. (1-6). 

T = Qu-dI (1-5) 

F = jcurl(u) •dA= j^-dA (1-6) 
A A 

With these definitions it becomes clear that the circulation taken about a circle of radius r 

in the solid-body rotational region of the Rankine vortex is 

F = \Ugrd6 = Inrug = Inr^Q. while the circulation taken about a circle with radius 
0 

larger than Vc will still be Inr^Q. because no circulation is added to the vortex in the 

irrotational region. The same does not quite hold true for real vortices because the 

azimuthal velocity does not fall off exactly as \lr. 

As was mentioned before, if the vorticity is known, the velocity field can also be 

determined. The equation governing this relationship is the Biot-Savart law. It relates 

the vorticity at point {x \y\z') to the velocity at a different point, {x, y, z). The Biot- 

Savart law for incompressible flow is developed from the momentum and continuity 

equations in detail in ref. 2 and is simply stated here in Eqn. (1-7). 



471 •'•'•' D (1-7) 
\R\\ ^    ' 

Here R is the position vector from {x\y\z'^ to {x,y,z). This relationship is useftil in 

numerical simulations of vortex flow as it describes the velocity that is induced at every 

point in a flow from the vorticity that exists at every point around it. 

1.2    Delta Wing Flow 

Vortex flows are prevalent on the suction side of a delta wing operating at a high 

angle of attack. The delta wing shape is important in the field of aeronautics as it is 

found on many past and present fighter aircraft as well as some designs for unmanned 

aerial vehicles (UAVs). The benefits of the delta wing shape are numerous. High 

leading edge sweep angles have the benefit of reducing the Mach number of the flow 

relative to the wing leading edge serving to lessen or delay the supersonic effects such as 

wave drag (ref. 3). Also, in the high angle of attack flight envelope, the vortices formed 

by the separated flow over these wings will still contain high axial and azimuthal 

velocities resulting in a low pressure region and generation of lift where a traditional 

unswept wing would stall. As a result, the lift curve for a delta wing is lower than that of 

an unswept airfoil in the low angle of attack region, yet it continues to increase well into 

the high angle of attack region beyond the point where an unswept wing would stall. 

1.2.1   Aspects of the Leading Edge Vortex 

The LEV flow over the suction surface of a sharp edged delta wing operating at a 

high angle of attack is inherently complex, unsteady, and three-dimensional. Studies 

dating back to the 1950s and too numerous to list have been accomplished to shed light 

on the flow pattern over a delta wing in general. It is safe to say that no smgle equation 

or model yet exists which can accurately predict the flow over a given delta wing, leading 

one to believe that the only thing simple about a delta wing is its shape. The basic pattern 

of the flow, however, is well known. The LEV forms when the flow over the sharp 

leading edge separates from the wing surface and forms a free shear layer. This shear 



layer rolls up into a vortex structure and more fluid is fed into the vortex over the length 

of the leading edge. A traditional conceptual representation of this flow is found in ref. 3 

and shown in Figure 1-3. The shear layer forms a vortex sheet that feeds into the primary 

vortex which in turn induces a secondary vortex outboard of the primary one. 

Cro.ssfiow plane 

Primary vortex core 

Secondary vortex 

Secondary atiachmcnt line lAj) 

Axiatly attached flow 

Attachment streamline 

Primary separation line (.Si)/ 

Mmary attachment line (Aj) 

Secondary separation line {Si) 

Figure 1-3: Schematic of shear layer roll-up on a delta wing {ref. 3) 

High axial velocities of 2-3 times the freestream value are typically found near the apex 

of the wing, which then decrease in the downstream direction. This is indicative of an 

adverse axial pressure gradient, much like that of a conventional two-dimensional airfoil 

operating at a high angle of attack. 

1.2.2    Vortex Breakdown over Delta Wings 

As the angle of attack of a delta wing is increased beyond a certain threshold, 

which is highly dependent on wing sweep, the LEV becomes unstable for the length of 

the wing and vortex breakdown will exist at a certain chord location. The phenomenon 

of vortex breakdown is another widely studied yet elusive topic. Many researchers still 

readily admit that a comprehensive theory to predict vortex breakdown and an exact 

understanding of the observed flow does not exist {refs. 4, 5, and 6). The point of 

breakdown has generally been defined as a stagnation point along the vortex axis 

followed by a region of reversed flow. Two types of breakdown are generally 



considered: the nearly axisymmetric bubble type and the asymmetrical spiral type. 

Breakdown has also been commonly found and studied in swirling pipe flows. 

The study of vortex breakdown is of great importance because of its detrimental 

effects on the lift produced by a delta wing and the possibility of interactions between the 

extremely unsteady breakdown wake and other control surfaces of the aircraft such as the 

vertical tails. One aircraft where this has been found to be a profound problem is the 

F/A-18. A high G turn or pitch up maneuver in which the au-craft operates at a sustained 

high angle of attack has been found to produce vortex breakdown of the LEV emanating 

from the highly swept leading edge extension. The unsteady oscillations in the flow have 

been found to impinge on the twin vertical tails and cause problems with high-cycle 

fatigue and ultimately lead to failure. Figure 1-4 shows smoke introduced into the LEV 

of an F/A-18 operating at a 20, 25, and 30° angle of attack respectively. As angle of 

attack is increased, breakdown moves towards the leading edge due to the increased 

strength of the LEV. It is obvious from this figure that the vertical tail lies directly in the 

path of the breakdown wake. 

Figure 1-4: Smoke visualization of vortex breakdown on the F/A-18 at a 20,25, and 30° 
angle of attack {ref. 7) 

The same phenomenon of vortex breakdown can be investigated in slow water 

turmel flows. Erickson [ref. 8) has investigated the correlation between high speed vortex 

flow in air and water tunnel vortex flows. His findings indicated a good qualitative 

correlation between the two due to the similarities in flow separation points and behavior, 

and little variance in the structure of breakdown with Reynolds number. This being the 

case, a water tunnel provides an excellent tool to investigate the LEVs and vortex 

breakdown in general. Figure 1-5 shows an example of breakdown on a delta wing 



illustrated by food coloring dye in a water tunnel. Both the bubble (top) and spiral 

(bottom) forms of breakdown are evident in the figure. 

Figure 1-5: Example of delta wing vortex breakdown in a water tunnel 

The ability to control the LEV and the breakdown location associated with it is a 

topic of great importance. The focus of current research is to delay breakdown imtil 

further aft portions of the wing, or suppress it altogether. The ability to control 

breakdown could lead to methods of cpntrolling and maneuvering aircraft without the use 

of conventional control surfaces. 

1.3    Motivation and Method of Study 

1.3.1    The Self-induction Theory of Vortex Breakdown 

One of the goals of this study is the fiirtherance or modification of the self- 

induction theory of vortex breakdown presented in a numerical simulation done by Cain. 

The details of Cain's simulation using the vortex filament method are contained in ref 2, 

and it is highly recommended that the reader be somewhat familiar with it before 

proceeding with the simulation results portion of this study (section 4). Cain showed that 

through sunple Biot-Savart law self-induction, a vortex tube can undergo breakdown if a 

pre-existing axial vorticity gradient is m place. This vorticity gradient is a key 

component of breakdown. It was found that the this gradient alone could induce vortex 

filament pile-up, radial expansion of the filaments, an azimuthal vorticity sign switch, 



and a turning point with a region of reversed flow. Ail of tliese components are readily 

observable in breakdown experiments in pipes as well as over delta wings. 

Vorticity gradient 

Steady vortex 
breakdown 

Figure 1-6: The self-induction theory of vortex breakdown from ref. 2 

Cain's simulation shows the transient formation of breakdown, meaning it does not reach 

a steady state or stable solution. This is unsatisfactory m that breakdown does reach a 

stable position if upstream conditions are held constant. A major thrust of this part of the 

current study was then to modify the simulation in order to reach some constant and 

sustainable position, and ultimately expand the self-induction theory from the transient 

formation of breakdown to the steady state position. 

1.3.2    Questions Under Consideration 

Several gaps remain in the understanding of delta wing flows and vortex 

breakdown. The purpose of this study is then to fill in some of these gaps by using both 

an experimental and numerical approach. The questions under consideration in this study 

are as follows: 

1. How is vorticity fed into the solid-body core of the LEV by the shear layer as the 

vortex travels downstream? 

2. How can vortex breakdown be controlled? 

3. Are the parameters used in the current vortex filament method similar to a 

realistic flow situation where vortex breakdown occurs? 
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4.   How relative is this simulation to real LEV flow, and how should the vortex be 

modeled? 

The answers to these questions will lead to a greater understanding of vortex flow over 

delta wings in general, and provide insight into the methods of modeling these flows in 

the future. 

1.3.3   Method of Study 

In seeking answers to the above questions, the method of digital particle image 

velocimetry will be employed in order to experimentally obtain full field velocity and 

vorticity measurements of two-dimensional slices of the delta wing flow. The results of 

this will be compared with the traditional view of a conical vortex flow field, and show 

where this view may be flawed. A numerical simulation will also be used in an attempt 

to achieve a steady state breakdown solution, and infer more about the formative 

mechanisms of vortex breakdown. 
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2    Experimental Setup 

2.1    Water Tunnel and Delta Wing Description 

A horizontal recirculating water tunnel with a 3.0m x 0.7m x 0.7m glass test section 

located at the University of Washington Fluid Dynamics Laboratory was used for the 

experiments in this thesis. The tunnel is capable of speeds from 0 to 50cm/s with a 

freestream turbulence level of less than 1% for speeds above 5cm/s. A full description 

with freestream turbulence data is included in Appendix A. 

Two clear plexiglass delta wings were the main objects used in this study. Each 

had a leading edge sweep of 65 ° and a 30° edge bevel angle. The larger wing had a 

centerline chord length of 45cm and thickness of 0.9cm while the smaller wing had a 

30cm chord and was 0.5cm thick. Drawings of the two wings are shown in Figure 2-1. 

Large Wing A = 65deg Small Wing 

30deg 

^ 
Vo. 9cm 

30 deg 

Figure 2-1: Drawing of large and small delta wings 

Dye visualization was accomplished with a gravity feed system through small 

diameter surgical tubing and metal injection tips. The gravity feed system was found to 

produce much steadier sfreaklines than the existing elecfric pump setup. Steady 

sfreaklines were best seen when the dye flow velocity was matched with the local water 
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flow velocity. This was accomplished by simply raising or lowering the dye reservoir 

to change the pressure head at the dye injection tip. 

2.2    DPIVSystem Description 

The Digital Particle hnage Velocimetry (DPIV) system used in this study was 

installed in the UW Fluid Dynamics Laboratory in June of 2002. A brief overview of 

PIV theory is presented followed by a detailed description of the experimental setup. 

2.2.1   DPIV Theory 

The book Particle Image Velocimetry-A Practical Guide by Raffel et al. provides 

an excellent overview of the PIV method and considerations for setting up any PIV 

experiment, and most of the background given here is directly from that source {ref. 9). 

The basic premise behind PIV is that small particles located in the flow, which move with 

the local fluid velocity, can be captured at two successive times. The two images can 

then be evaluated by observation or statistical methods to obtain a displacement or shift 

of the particles in the image pair. Knowing the time lapse between the two images then 

allows for calculation of a velocity vector. Major advantages of the PIV method over 

other flow measurement techniques include it being a whole field and non-intrusive 

method. That is, information about a large area of the flow field can be obtained 

instantaneously, and unlike a hotwire or pitot probe, the observation method used does 

not disrupt the flow in any way other than the small particles which are located in the 

flow itself Applications of the PIV technique are broad and range from microscopic 

cellular movement to slow water turmel flows to high-speed compressible flow fields and 

shock waves. Considerable variation of the experimental setup is required in each of 

these cases, but the principle is the same. 

Any PIV experiment will contain several key components. One is a light source 

which is generally a controllable laser necessary to illuminate a plane of the seeded flow. 

The laser output is sent through an arrangement of optics to form a light sheet at the 

desired plane of interest. The imaging camera is synchronized with the laser pulses so 

that successive images can be acquired. These are both usually controlled with a central 
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computer which can also be used for statistical processing of the images to produce the 

velocity and vorticity fields. 

Modem hardware and computational power has allowed the acquisition, storage, 

and analysis of the particle images to be digitized allowing for rapid data reduction and 

results. A common way to acquire the images is through single exposure / double frame 

PIV which was used in this study. The common statistical method used to measure the 

particle shift in the two images is a cross-correlation. The two digital images referred to 

as an image pair each have a grey level intensity which is a fiinction of the position, 

I(x,y). Figure 2-2 shows an image pair and an interrogation window which is a small 

subset of each image. 
Image 

Time = 

1 
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Simple 1 Sunple 2 
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\ / 
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Field of estimated displacements 

Figure 2-2: Conceptual acquisition of image pairs for correlation (ref.9) 

This window is chosen to be small enough so that the effects of velocity gradients and 

accelerations inside the window can be minimized since it is impossible to obtain a 

curved path or acceleration data from one interrogation window. The two windows are 

then correlated to yield a displacement field d(m,n). The discrete cross-correlation 

function is defined as 

^ ^ (2-1) 

i=-Kj=-L 

Essentially this means that when sample /is shifted around inside of a larger subset, /', 

the sample shift (x,y) where the samples' particles align the best with each other will have 
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the highest cross-correlation value. This shift value is then the particle displacement 

between the two images. This method is very intuitive, however there is a quadratic 

increase in the required number of multipUcations with sample size, requiring excessive 

computational time. This calls for a more efficient way of computing the correlation 

function. This is accomplished through the use of fast Fourier transforms (FFT), which 

can be rapidly processed on a computer by widely available routines. Taking advantage 

of the correlation theorem relating correlation in the real domain to multiplication in the 

frequency domain, the cross-correlation of two fimctions becomes equivalent to complex 

conjugate multiplication of their Fourier transforms, or 

Rj,<^I-r* (2-2) 

where the ^ denotes the Fourier transform and the * is the complex conjugate. With this 

the correlation between the samples can be found by calculating the FFT of two equally 

sized interrogation windows. This greatly speeds up the process, reducing the number of 

computations from 0[N^ ] to 0[Nlog2N]. The inverse Fourier transform will then reveal 

the particle shift in the real domain. This process is summarized in Figure 2-3. 

t+At 
FT- ^ 

Figure 2-3: Flow of statistical analysis of an image pair {ref. 9) 

While the peak of the correlation fiinction will occur at one pixel location, the particle 

displacement can be determined to fi-actions of a pixel by considering the heights of the 

peaks surrounding the highest peak. This is called sub-pixel accuracy which improves 

upon the accuracy of the displacement measurement, and is described in chapter 5 of 

Raffel {ref. 9). 

After the displacement field for the entire image has been computed, the velocity 

field in the pixel domain is then calculated by simply dividing by A? for the two images. 

Then, fiirther processing of the data can be done including outlier removal, smoothing. 
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converting to the real domain from the pixel domain, and the calculation of the 

vorticity field or streamlines from the velocity field. 

DPrV has proven to be an accurate and convenient way to obtain frill-field 

instantaneous fluid velocity measurements. For this reason it is well suited to measure 

the instantaneous velocities in the non-steady flow over delta wings, and in the vortex 

breakdown region in particular. A further description of the specific DPIV hardware 

used in this study follows. 

2.2.2 Laser and Optics 

A dual-headed Solo PIV (model: Solo 120) Neodym-yttrium-aluminum-gamet 

(Nd:YAG) laser manufactured by New Wave Research was used to illuminate the plane 

of interest. The laser operated at a wavelength of 532nm using 115V, lOamp power input 

for a maximum energy output of 120mJ. The laser was secured to a breadboard and table 

behind the tunnel test section. A dual-headed laser was needed because the required 

A? between pulses was smaller than the shortest pulse rate for one laser head. The 

outputs from the two lasers were combined into one beam using beam-combining optics 

provided by New Wave. The laser beam immediately passed through a concave 

cylindrical spreading lens (CVI model RCC-25-15-10.2-C-532) and then a convex 

cylindrical lens (CVI model RCX-40.0-30.0-50.9-C-532) spaced so that the width of the 

laser beam could be controlled in the plane of interest. A series of Nd:YAG coated 

mirrors (CVI model Y2-2037-45-S) directed the beam underneath the test section and 

then up and through a final cylindrical lens (CVI model RCC-40-30-30.5-C-532) which 

spread it out into the plane of interest inside the test section. Specific dimensions for 

optimizing the setup are included below. 

2.2.3 Digital Camera 

A charge-coupled device (CCD) camera manufactured by Uniq and with 

progressive scanning was used. The camera could capture a 1024x1024 pixel area, and 

record those images to a hard disk in real time. A C-mount was used to couple the 

camera with an Olympus 85mm manual focusing lens with an adjustable aperture so that 
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the brightness of the picture could be controlled. The gain of the camera signal could 

also be controlled to adjust the brightness of the image, with care not to clip the signal at 

the brightest points of the image. 

2.2.4   Seeding Particles 

hi order to obtain the most accurate results, the particles used to seed the flow 

should be neutrally buoyant so as to truly follow the local flow. From past experience, 

the seeding particles that work best with the described setup are Sphericel® hollow glass 

spheres manufactured by Potters hidustries hic. (designation: 11 OPS). The particles have 

a mean particle size of 9-13 microns and a density of about 1.1 g/cc which closely 

matches that of water. Silver coated glass spheres are also available and commonly used 

with some DPIV systems. These tend to reflect more light for brighter images, but are 

also slightly denser than water. Since the region of interest here involves highly 

rotational flows, matching the particle and water density is of utmost importance. The 

non-coated spheres reflected a more than sufficient amount of light for a good signal-to- 

noise ratio when the laser was operated at full output. 

Assuming a spherical and neutrally buoyant particle that is operating in the Stokes 

flow regime, Merzkirch {ref. 10) gives the equation of motion as 

du       18// (2-3) 
—f- = ——{Uf-u) = K{u^-u) 
dt     p/^ 

where u^ is the particle speed, u^ is the local fluid speed, p^ is the particle density, d^ is 

the particle diameter, and pi is the fluid viscosity. The solution to this equation for a 

constant u. is 

u=uA\-e-''''"'''] + ue-'^'-'^\ (2-4) 
P /■- J        Po 

For a particle released into a flow at ? = 0 with zero initial velocity, the particle speed is 

Up=Uf{\-e-'"). (2-5) 

For the Sphericel® particles used in this study, K «1.65 -lOVsec and the response time of 

the particle (the time to reach 63% of the fluid speed) is approximately 6//sec. 
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Although Eqn. (2-3) can only be used for small Reynolds number, it has been shown 

that even when the fluid and particle velocity difference exceeds a Reynolds number of 1, 

the particle's approach speed to the fluid velocity will be even faster than predicted by 

Eqn. (2-5) (refll). Thus, for the particles chosen in this study, the particle speed and 

motion can be assumed to closely match that of the fluid. 

Roughly four tablespoons of seeding particles were enough to initially seed the 

entire tunnel. Re-seeding was done before each experiment with about one tablespoon of 

particles to make up for the particles that had settled after the timnel was stagnant for 

more than one day. Past researchers in this same tunnel found it necessary to use 

hydrogen bubble seeding to get a sufficient amount of light reflection for image 

acquisition due to the less powerfiil Argon-ion laser used in their setup (Edmunds, ref.l2, 

Srigrarom, ref.lS). This made the particles positively buoyant which raises questions on 

their ability to accurately follow the flow. The Nd:YAG laser used in this study was 

much more powerfiil and allowed the use of nearly neutrally buoyant particles which is 

considered to be a major advantage over the past research. 

2.2.5    Computer and Software 

A Bitflow Road Runner (2.50) fi-ame grabber was used in conjunction with the 

digital camera. PixelFlow™ 2.1 software developed by General Pixels was used as the 

operating software to setup and run the experiments, as well as process the raw images, 

gather statistical averages, and plot the results. The PixelFlow™ Installation and User's 

Guide provides a detailed system description and parameters {ref. 14). 

2.3    Specific DPIVExperimental Setup 

When one dissects a flow with a laser sheet, a two-dimensional planar view of that 

flow is produced. This section will describe some of the past flow plane views observed 

by other researchers, and give a detailed description of the current flow planes, along 

with details of the parameters and method used in this study to capture each flow plane. 
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2.3.1    Previous and Current PIV Measurement Planes 

A study of delta wing vortex flows using PIV was accomplished by Shih and 

Ding (ref. 15). Their study involved two different flow planes; the vortex core plane and 

the cross-steam plane. The vortex core plane was aligned with the center of the LEV core 

and allowed for the measurement of axial velocity and azimuthal vorticity along the axis 

of the leading edge vortex. The cross-stream plane was aligned completely normal to the 

freestream velocity and used to measure the azimuthal or theta velocity, Ug, along with 

the axial component of vorticity, co^. 

Figure 2-4: PIV measurement planes used by Shih and Ding {ref. 15) 

The vortex core plane and the cross-stream plane were also used in the present 

study, with one difference being that in the cross-stream measurements, the plane was 

angled such that it was perpendicular to the vortex core instead of being totally normal to 

the freestream flow. The present study is mainly aimed at measuring Ug in the vortex 

core, and the measure of the circulation in the primary vortex. To achieve this as 

accurately as possible, a third plane was used which was set up exactly normal to the 

apex vortex core itself This will be called the cross-core plane, and allows for the most 
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accurate measurement of velocities that are truly the azimuthal components of the 

vortex. Figure 2-5 shows the three planes used for the present study. 

, Freestream 

Figure 2-5: PIV measurement planes used in this study 

2.3.2   Detailed Physical Description of Experiments 

The specific arrangement used to capture fluid velocities in the above three planes 

will be discussed here. In order to obtain data for the plane of interest, illumination of 

that plane is critical. Arrangement of the optics to properly do this proved to be one of 

the most time consuming and difficult tasks of this experiment. The three different 

measurement planes each required a significant variation in optics arrangement. Each 

was chosen so that the distortion of the field of view was minimized, and so that the 

scattering of laser light by the plexiglass wing did not interfere with the region of interest. 

Figure 2-6 shows the orientation of the light sheet in relation to the delta wing, water 
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tunnel, and camera view. All three drawings are from the view of a person standing in 

front of the main tunnel test section. Placing the delta wing upside-down in the test 

section allowed for the optics to be easily arranged on the ground and for the sheet to cut 

the plane of interest before passing through the plexiglass wing surface which would 

scatter the light and distort the image. 

The mirror used with the camera in the cross-stream and cross-core planes was a 

circular, 20cm diameter, flat front-surface coated and polished mirror which minimized 

distortions and allowed for the best camera focusing on the particles. A common rear- 

surface coated mirror was initially used, but it was found that focusing the camera lens on 

the plane of interest was impossible due to distortions of the light as it traveled through 

the glass to the reflective surface. Previous studies {ref. 16) have shown that objects in 

the near wake of a delta wing increase the adverse pressure gradient, and cause 

breakdown of that vortex to occur farther upsfream. With this in mind, the mirror was 

placed about two wing chord lengths downstream of the wing. As observed with dye, the 

breakdown location for the vortex with the mirror behind it was the same as that of the 

vortex without the mirror in its wake. It was concluded that two chord lengths allowed 

enough spacing between the wing and the mirror such that it had little effect on the actual 

flow field. 

For the cross-stream and cross-core plane, the camera was positioned so as to get 

the best view of the illumination plane, and be as normal to the plane as possible so that 

the entire region could be brought into focus. Li setting up the cross-core plane 

experiment, dye was first injected at the leading edge into the core of the LEV, and the 

mirror and camera were adjusted so that the dye in the core appeared in the camera view 

as a single circular point. Using this technique, it was assured that the camera view was 

directly down the core of the vortex. 
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Figure 2-6: Overview of experimental setup for capturing all three planes 
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When viewing the vortex core plane, dye was also injected at the tip of the 

delta wing so that it entered the core of the vortex. The concentrated dye reflects laser 

light very well, so the laser sheet was then aligned so that it illuminated the entire length 

of the vortex core up to, and including, the breakdown location. The camera was then 

aligned perpendicular to the laser light sheet plane. 

The distance between the camera and the plane of interest illuminated by the laser 

sheet averaged 1.2m for all planes of study. This allowed for a viewing area of about 

12cm X 12cm which was large enough to capture all the significant flow features. This 

distance was adjusted slightly based on the individual requirements of each plane. The 

camera aperture was generally set in the full open position to allow for a maximum of 

reflected particle light to enter the device. The gam of the camera was set so that the 

brightest particle image signal was not clipped. The laser was generally operated at low 

power for the purpose of aligning the sheet, but then the high power setting was used 

when collecting data allowing for the brightest images. 

The thickness of the laser sheet was controlled in order to minimize the error due 

to out of plane movement by the particles, which leads to a high number of outliers once 

the images are processed. The distance between the two cylindrical lenses described in 

section 2.2.2 was set to achieve the desu-ed thickness of the sheet in the area of interest. 

For all three planes, a sheet thickness of about 2mm was found to produce images with 

the least number of out of plane losses. This was larger than the minimum thickness 

possible, so in effect the sheet was defocused slightly to produce the best results. Figure 

2-7 shows the arrangement of the optics. A spacing of about 8cm between the two 

cylindrical lenses allowed the sheet to focus in the region of interest, approximately 

4.75m from the second lens. 

Laser source 
Concave 

lens 
Convex 

lens 

Mirror 
arrangement 

Region of 
interest 

Figure 2-7: Diagram of cylindrical lenses to control light sheet thickness 
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Since the images seen by the camera are used to produce real velocity vectors, 

it is important that the images are not distorted in any way so that the vectors accurately 

reflect what the real fluid velocity vectors of the flow are. When viewing a grid of 

orthogonal lines placed in the region of interest, the camera unage after it has passed 

through the water, the reflective mirror, and the glass sides of the water tunnel, should be 

the same orthogonal set of Imes. To ensure distortion free camera views, a grid was 

placed exactly where the laser light sheet was in each of the three planes discussed above. 

The sample camera view of the grids is shown in Figure 2-8. These images reveal that 

there is no distortions or skewing of the image, and the entire region can be brought into 

focus. 

 Cross-core plane grid Vortex core plane grid 
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Figure 2-8: Grids showing distortion free unages 

These grids were also used when calibrating the DPIV system so that the pixel domain 

could be converted to the real domain. The grids had known spacing, and the software 

allowed for measurement of this spacing in pixels so that the conversion factor of 

cm/pixel could be determined. The software's final step was to convert the domain, and 

then rotate the image if required so that the data could be presented in a traditional view. 

Figure 2-9 captures a sample firing of one of the lasers and illumination of the 

particles. Red dye is included just to show the relative position of the LEV and 

breakdown. In general, dye was not used, and the dye probe was pulled out of the tunnel 

when collecting actual data for processing. The particles in the picture are not entirely in 
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focus as this was taken with a conventional color digital camera which focused on the 

wing itself instead of the illumination plane. 

Figure 2-9: Sample picture of laser firing and particle illumination 

The actual CCD camera used for acquiring the raw images was synchronized with 

the laser pulses, and was therefore able to focus entirely on the particles in the plane of 

interest. A sample raw image acquired by each of the three planes described above is 

shown in Figure 2-10. 
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Figure 2-10: Sample raw images from each of the capture planes 
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As can be seen in Figure 2-10, laser light passing through plexiglass placed at 

any angle causes a scattering of the light. This scattering showed up in the images, and 

could at times be enough to interfere with the region of interest. This is why it was 

important to place the wing upside-down in the tuimel and shine the light up from the 

bottom so that any scattering that took place happened outside of the region of interest. 

The DPrV method is unable to distinguish between small impurities inside the plexiglass 

wing and the actual fluid particles. This makes it necessary in post-processing of the data 

to distinguish between actual fluid velocity vectors, and erroneous vectors which are 

sometimes placed inside where the wing should be. Fortunately, these vectors are small 

in magnitude and can easily be distinguished from the fluid flow vectors. However, slight 

misaligimient of the two laser heads can lead to perceived particle shifts in the images. 

Every effort was made to align the laser heads as close as possible, and minimize this 

effect. Also seen in the cross-stream and cross-core plane are the mirror-like reflections 

of particles in the wing surface itself Interestingly, that portion of the image looked like 

an exact mirror image of the actual vortex after processing. All of these vectors were 

edited out after processing, and all vectors shown in the results section are actual fluid 

velocity vectors. 

2.3.3    Detailed Processing Parameter Description 

Many parameters of each experiment can be chosen and modified through the 

PixelFlow^'^ software. The most commonly used parameters are described in this 

section. 

The manual suggests choosing the interrogation window size such that at least 

seven fiiU particles are present in the image pair for correlation. After observing the 

particle density in the flow and based on the distances from which the camera viewed the 

region of interest, a window size of 32x32 pixels was chosen for all experiments. This 

allowed for good correlations and a high degree of certainty in the velocity vector 

resulting from the correlation. A step size of 16 pixels between interrogation windows 

was taken which led to a 50% overlap of the interrogation windows. Overall, this choice 
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had the least number of outHers, and a resolution of vectors which could accurately 

illustrate the flow field. 

A critical parameter in any PIV experiment is the choice of the pulse separation 

time. Too short of a pulse separation will make it difficult for the correlation to detect 

any particle shift, and too long of a separation will cause a bad correlation between the 

two images of the pair because of the shift of particles outside of the interrogation 

window. The manual calls for a particle shift to be no larger than one-third of the 

window size. The pulse separation was varied based on the freestream velocity of the 

tunnel so that an average image shift was between one and two full pixels, meeting this 

criterion. For example, in the cross-core plane when a freestream speed of lOcm/s was 

used, the pulse separation was 2 microseconds. Slower freestream speeds meant that the 

pulse separation time could be increased. For all experiments, pulse separations between 

1 and 4 microseconds were used. 

hi the processing of the images, the software allows for a variety of steps so that 

an accurate vector field is captured. The following sequence was used on all image pairs 

captured, unless otherwise noted.   First, a cross-correlation as described above was done 

on the image pair to get a raw vector field in the pixel domain. Next, outliers were 

identified and replaced using a threshold value of 3 pixels. Then, a second cross- 

correlation with window shifting was run based on this first correlation. This method has 

been shown to reduce the uncertainty of DPIV cross-correlations to within 1% and aid in 

noise reduction, {ref. 17). After this step, outliers were again replaced, and a smoothing 

routine was run to remove high-frequency jitter that is inherent in DPFV processing. The 

manual claims this smoothing can be done without the loss of information in the field. 

The pixel domain was then converted to the actual physical domain using a conversion 

factor specific to each experimental run. The image could also be rotated in this step for 

presentation purposes, as was necessary for the cross-core plane data. The vorticity of 

the field was then calculated based on the velocity vectors. An integration approach 

using the eight surrounding vectors is used to calculate circulation, which is then divided 

by the area to arrive at a mean scalar vorticity value at each point. The whole process 
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was relatively quick, as a sequence of 30 image pairs could be processed in about one 

minute. 

2.3.4    Vector Post-processing and Circulation Calculation 

The PixelFlow^'^ software includes a plotting package that was used to plot all 

velocity and vorticity fields. However, for obtaining plots of axial and azimuthal 

velocity, as well as circulation of the vortex, it was convenient to export the data into an 

ASCII format with x,y location and u,v components of each vector. This data could then 

be read into Matlab and processed with specific code to generate the required plots.   The 

method used to calculate the velocity components and circulation is really quite standard 

and straightforward, but it is presented here for clarity and reference. 

When the velocity vector field is known, much msight can be gamed from 

calculating the velocity components tangent and normal to a line drawn in the field. To 

do this, a customized program is used where the starting and ending points of the line are 

chosen: (xi,yi) and (x2,y2)- The number of vectors m the field, n, is known, so the number 

of rows and columns is 4n since the vector field is square. The length of the chosen line 

is calculated, and then the number of discrete points, N, where the tangent and normal 

velocities to the line are found is calculated as 

X 

where X is the real size of one dimension of the velocity field. The distance between one 

point and the next, dl, is then set equal to L/N. The unit vector in the direction of the line 

at the point of interest (xp,yp) is then calculated knowing the slope of the chosen line, m, 

as: 

(2-7) 

(2-8) 
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The program then chooses the velocity vector with its origin closest to the point of 

interest. This vector is at (xuyi) with velocity components (uuVj). The tangent and normal 

components are then the dot product and cross product of this vector with the unit 

directional vector respectively. This is done for all points on the chosen line, and the 

velocities are plotted. A diagram is included in Figure 2-11 for clarity. 

Velocity vector field 

Ending point: 
(X2,y2) 

Closest velocity vector: 
(Xi,yi),(Ui,Vi) 

Unit vector: 

(Xp'yp)'("w.ii.Vu„it) 

Starting point: 
(Xi,y,) 

I  X  \ 

Figure 2-11: Calculation of tangent and normal velocities to a line 

Much insight can also be gained by knowing the circulation of a vortex. The 

circulation around a closed path was defined in the introduction as: 

r = (^u-dl (2-9) 
c 

This study will use the standard convention of traveling in the counter-clockwise 

direction for evaluating this integral. For calculating the circulation of the LEV, a similar 

method to the above was used. A circular path of radius R and center point (Xo,yo) was 

chosen with its center at the center of the vortex core. This center point was chosen by 

observation of the velocity field.   The number of discrete points on the circle where the 

dot product was calculated was chosen similar to above, and then the distance, dl, was 

found as dl = R-d6. The vector, dl, was then calculated as 

dl = -dl ■ sin Oi + dl • cos 9j. The dot product, w. • dl^, was then evaluated at each chosen 
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point as 9 was varied from 0 to2;T. The integral in Eqn. (2-9) was then discretized 

such that 

Af N 

r = Zr,=2«,.4 (2-10) 

1=1     (=1 

A diagram is included in Figure 2-12 for clarity. 

Velocity vector field 

/, Closest velocity vector: 
(Xi,yi),(Ui,Vi) 

Figure 2-12: Circulation calculation around a closed circular path 

The cu-culation was found to vary greatly with the radius at which the closed path was 

formed. That being the case, R was made an input parameter and the circulation as a 

function of/? could be plotted. The maximum ckculation occurring inside the vortex 

core could then be inferred from plots of circulation vs. radius of integration. 
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3     Experimental Results 

Vortex core plane and cross-stream plane results of the DPIV investigation will first 

be presented and compared with other similar studies that have been accomplished in the 

past. This will serve to validate the current DPIV method and setup, as these are the first 

formal results to come from this particular PIV system. It will also be used to vaUdate 

the current results fi-om the cross-core plane, as this plane has not been studied in the 

past. Then, the cross-core plane data will be used to look deeper into the nature of the 

LEV, and will seek to qualitatively and quantitatively define parts of the vortex.   Dye 

visualization is also presented to support the DPIV results. This analysis will seek to 

provide further insight into the contributing factors of vortex breakdown in general, and 

above delta wings in particular. 

3.1     Vortex Core Plane Results 

The vortex core plane, as defined in the experimental setup section, has been 

studied in the past using similar PIV techniques by Shih and Ding {ref. 15) and Towfighi 

and Rockwell {ref. 18). When looking at the vortex core plane of a delta wing at high 

angles of attack, it is expected to find an axial velocity gradient along the vortex axis. 

The velocity increases from the wing's apex to a maximum of a 2-3 times the freestream 

velocity depending on the angle of attack. After this, there is a general slowing of the 

flow due to an adverse pressure gradient, and if vortex breakdown occurs, a stagnation 

point develops which is usually used to define the point of breakdown. Prior to vortex 

breakdown, it is expected that the axial velocity will have a jet like profile, and after 

breakdown, a wake hke profile will be seen {ref. 13). These aspects of delta wing flow 

have long been known. Werle' {ref 16) used intermittent dye emissions to measure the 

axial velocities in the LEV of a 75 ° sweep delta wing at various angles of attack. He 

found that axial velocity rapidly decreased to zero at the vortex breakdown stagnation 

point. A plot of the axial velocity normaUzed with freestream velocity is shown next 

where i stands for wing incidence or angle of attack. 
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Figure 3-1: Axial velocity profile for various angles of attack (re/! 16) 

This result was reproduced in the present study using DPIV on a 65° sweep delta wing at 

angles of attack fi-om 10 to 40° and a chord length of 30 cm. Time averaged vectors are 

shown in Figure 3-2, and the related axial velocity profile as measured along the 

centerline of the vortex core is shown in Figure 3-3. The color of each vector represents 

its magnitude as given in the color bar. 
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Figure 3-2: Velocity field for a 65° sweep delta wing at various angles of attack, 
t/„=10cm/s, c = 30cm, vortex core plane 
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2.5 
Axial velocity profile for a 65 deg sweep delta wing at various angles of attack 
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Figure 3-3: Axial velocity in vortex core vs. angle of attack 

The jaggedness of the axial velocity plot is due to the discretization effects in how 

the velocities were calculated along the vortex axis, since a finite number of vectors exist 

and they are not exactly located along the centerline. A smaller window step size than 

that of the rest of the data presented in this study was used in the processing of these 

images in an attempt to smooth out this effect. As a result, the individual velocity vectors 

are not easily seen, but the general effect of angle of attack on axial velocity is the 

emphasis here. The axial velocity increases along the axis, tends to level off, and then 

falls to zero at the point of vortex breakdown as seen in the 30, 35, and 40° angle of 

attack case. The 20 and 25° case also lead to vortex breakdown, but it occurred outside 

of the camera view area which is only to about mid-chord, and thus not seen here. It 

should also be noted that even in cases where breakdown does not occur over the wing, 

there is a maximum axial velocity point, and then a general slowing of the flow due to the 

axial adverse pressure gradient caused by the high angle of attack. This is seen in both 

Werle's study and the present one. The delta wing is no different from a conventional 
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two-dimensional airfoil at moderately high angles of attack in this aspect. Plots of the 

pressure coefficient on the surface of the wing can be used to see this effect. 

Shih and Ding used a PIV technique similar to this study and looked at flow over a 

delta wing with a leading edge sweep of 75° at a 35° angle of attack in a water towing 

tank. Their resuhs showed a high axial velocity in the vortex core prior to breakdown, 

dropping rapidly to stagnation in the area of breakdown. They also found mainly steady 

flow prior to breakdown, along with unsteady and recirculating flow in the wake of 

breakdown. A sample of their results is shown in Figure 3-4. The non-dimensional times 

included show the non-steadiness of breakdown. 
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Figure 3-4: Vortex core PIV results from Shih and Ding (ref. 15) 
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The data captured from the vortex core plane using the current method of DPIV 

shows much the same results. To ftirther describe the aspects of the delta wing that the 

vortex core plane is capturing, dye was injected during the laser firing and image 

acquisition process. Figure 3-5 shows the dye and particles, which are illuminated by the 

laser, the velocity vectors that result from processing, and the superposition of the two 

images to correlate what is seen in dye visuaUzation and DPIV. It can be seen that the 

radial expansion of the dye in the center of the core is just slightly upstream of the point 

where the axial velocity stagnates, and a region of reversed flow exists. Also, a boundary 

layer effect is evident in the small region surrounding the wing surface itself This is 

probably more of an artifact of the cross-correlation technique used to process the 

images, as it is unable to distinguish fluid particles from the wing surface. Since the 

surface is stationary, a true particle shift will not be detected from one image to the next 

if the surface is part of the image window that is processed. This being the case, it is 

important to filter out these effects, and only rely on the results that spring from areas 

sufficiently far away from the wing surface. From experience, it was observed that only 

about one extra row of vectors outside the surface was affected by it, so these regions are 

blocked out in subsequent velocity and vorticity fields. The region of interest which is 

the core of the vortex and the breakdown region remain unaffected. 
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Figure 3-5: Dye and DPIV vector field superposition, 65° sweep wing, 30° angle of 
attack, U^= 8.5cm/s, vortex core plane 
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Shih and Ding's study along with previous PIV research in this water tunnel {ref. 

13) also find that the vorticity contours show an azimuthal vorticity sign switch slightly 

upstream of vortex breakdown. This aspect is characteristic of the breakdown location, 

and a well recognizable phenomenon. It also supports the idea of a transition fi"om jet- 

like to wake-like flow during vortex breakdown. This aspect was obvious in the current 

study also. Figure 3-6 shows typical instantaneous velocity vectors and azimuthal 

vorticity contours fi^om the vortex core plane of the c = 30cm delta wing. The region of 

highly non-steady reversed flow around the breakdown location is also seen. 

Figure 3-6: Instantaneous velocity vectors and vorticity field for 65° sweep delta wing at 
a 30° angle of attack, c = 30cm, J7„= 8.5 cm/s, vortex core plane 
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The non-steadiness of the flow inside the LEV is well documented. The vortex 

breakdown position has been found to oscillate and jump axially, even when upstream 

conditions are maintained constant. In this study it was observed using dye that the 

oscillations usually happened on fairly large time scales. That is, the breakdown position 

remains constant for a period of time before migrating up or downstream. This being the 

case, it is useful to average out the non-steadiness in the flow to obtain a picture that 

reveals the bulk flow properties of the vortex with breakdown in a relatively constant 

position, but averages out the small fluctuating velocities. This was accomplished by 

taking pictures of the flow over a two second interval. At a camera fi-ame rate of 30 Hz, 

this meant that 60 images, or 30 pairs were obtained, processed, and then averaged to 

produce the mean velocity and vorticity fields. An example of the averaging effects is 

shown in Figure 3-7 for comparison with the instantaneous image in Figure 3-6. One 

aspect that is missing in the averaged images is the actual reversal of flow in the 

breakdown region. This is because the actual recirculating regions moved around 

rapidly, and so the net effect is just very small average velocities in the wake of 

breakdown. 
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Figure 3-7: Two second average (30 image pairs) of vectors and vorticity field for 65° 
sweep wing at a 30° angle of attack, c = 30cm, U^= 8.5 cm/s, vortex core plane 

The freestream velocity was increased to briefly study the effects of Reynolds 

number on the flow qualities around the wing. The wing used in Figure 3-7 had a 

U c 
Reynolds number based on chord of about —^— = 2.3x10". Increasing the velocity to 21 

V 

cm/s gave a Reynolds number of about 5.75x10'*. The two second average of the 

velocity field is shown next in Figure 3-8. 
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Figure 3-8: Two second average (30 image pairs) of vectors and vorticity field for 65° 
sv^^eep wing at a 30° angle of attack, c = 30cm, U^=2l cm/s, vortex core plane 

The velocity fields at the two different Reynolds numbers are nearly 

indistinguishable; the only difference being the magnitude of the velocity vectors. This 

would suggest that the flow field will be qualitatively the same, regardless of what 

freestream speed is chosen from the speeds that are capable in this water tunnel. 

Erickson (ref. 8) provides information m his study on vortex flow correlations in a water 

tunnel and real world applications that suggests the flow over a delta wing is relatively 

invariant with Reynolds number. 

Focusing on the vortex breakdown region will reveal aspects of breakdown that are 

evident in experiments, and predicted by the self-induction theory. As has been 

documented before by Cam and Srigrarom (refs. 2,13), the breakdown region contains a 

pile-up or slowing of the flow before breakdovra, radial expansion of the flow, an 

azimuthal vorticity sign switch, and a turning point all leading to a stagnation and 

recirculation region. This can be seen in the DPIV results in Figure 3-9. 
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Figure 3-9: Close-up of vortex breakdown for 65° sweep wing at a 30° angle of attack, 
f/„= 21 cm/s, vortex core plane 

The vortex core view gives helpful insight into the nature of LEVs and the 

character of the flow both before and after vortex breakdown. However, to get a better 

view of the swirling component of the flow, including its formation and strength, the 

vortex needs to be viewed from behind the wing m a plane that is normal to the core 

itself Other researchers have looked for this by using the cross-stream plane, which is 

presented next. 

3.2    Cross-stream Plane Results 

The cross-stream plane has been previously viewed by Shih and Ding using PIV, 

and by Mitchell et al. (ref. 19) using Laser Doppler Velocimetry. Each pointed out the 

cross-stream axial vorticity contours that are present at different chord locations with 

varymg angle of attack. Sample results from Shih and Ding's experiment are shown in 

Figure 3-10, and Mitchell's results are in Figure 3-11. 
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Figure 3-10: Sample axial vorticity results from Shih and Ding's study (ref. 15) 
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Fig. 9: 3-D LDV results showing the axial vorticiiy (£1,) at a = IT and U™ = 24 m/s (a) X = 500 mm (b) 
X = 600 mm (c) X = 700 mm (d) X = 800 mm. 

Figure 3-11: Sample axial vorticity contours from Mitchell's study (ref. 19) 

As can be seen, Shih et al. looked at one axial location and raised the angle of attack to 

get pictures before and after breakdown, whereas Mitchell used a constant angle of attack 

and varied the axial location of interest to see the same basic effect. Both studies 

concluded that there was a tight concentration and high value of vorticity inside the 

vortex core before breakdown, and that the vorticity was much more dispersed and 

random in the post-breakdown field. 

In the present study, the cross-stream plane was briefly investigated to reproduce 

the general results found in the past, while most of the effort was put into the cross-core 

plane presented in the next section. A composite picture of velocity vectors was 

assembled using cross-stream plane data at four different axial locations. In the first two 

stations, both sides of the delta wing were visible in the camera's field of view. However, 

in the last two, only the right side LEV was visible, so the left hand side images presented 

in Figure 3-12 are simply mirror images of the right for completeness. The view is of the 

suction side of the 30cm chord length delta wing at an angle of attack of 30°, and a 



44 

freestream velocity of 8.5 cm/s. Vorticity contours are also easily produced, and 

matched the results found in the past, however, their presentation will be saved until the 

next section. 

Figure 3-12: Composite velocity field for 30° angle of attack, cross-stream plane 

While the cross-stream plane proves useful for looking at both LEVs, the view is 

not truly normal to the axis of either vortex. One of the questions that this study seeks to 

answer is how much vorticity and circulation is fed into the LEV, and especially into its 

core as one travels down the chord of the wing. The best way to do this is to look straight 

down the axis of the vortex, in an orientation that is normal to the vortex itself and not 

necessarily the wing or the fi-eestream velocity. This view plane is termed the cross-core 

plane, as it dissects the core of the vortex itself The actual vorticity and circulation of 

the vortex is then represented as accurately as possible using this plane. 

3.3    Cross-core Plane Results 

The analysis of the leading edge vortex has been purposely postponed until the 

present cross-core plane results section because it is believed to be the most accurate 

plane in which to measure circulation, vorticity, and the azimuthal velocities of the 
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vortex. As the delta wing sweep angle increases and approaches 90°, the cross-core 

and cross-stream plane become nearly the same plane. However, for more modest sweep 

angles, like the delta wing of this study at 65°, there is a measurable difference in the 

angle of the two planes. When looking in the cross-stream plane, the laser sheet dissects 

the core of the vortex obliquely and at some mean location, and the view for the inboard 

part of the vortex is farther upstream, while the outboard part of the vortex is seen at a 

location farther downstream than the mean location. This could cause confusion when 

drawing conclusions about the nature of the vortices. For this reason, the cross-core 

plane is used to analyze the vortex, and specifically the solid-body rotational core of the 

vortex. 

As mentioned in the introduction, an ideal or Rankine vortex will have a core of 

fluid that behaves like a rotating solid-body, i.e. the azimuthal velocity (ug) increases 

linearly with the distance from the center. At some radius, re, the velocity will fall off, or 

vary inversely with the radius, eventually falling to zero. Real vortices, and in general 

the LEVs of a deha wing, also behave in much the same way. The azimuthal velocity 

increases up to a certain radius, reaches a maximum value, and then falls off as radius is 

further increased. For this study, the part of the vortex in which the azimuthal or theta 

velocity is increasing will be referred to as the core of the vortex. This is the part of the 

vortex where most of the vorticity is contained. The region outside of this core, where 

velocity tends to decrease with increasing radius, will simply be called the outer region. 

As mentioned, two different size delta wings were used in this study, which was 

done mainly for ease of experimental setup. The wing for each different view was 

chosen based on the required camera view area, and the size of the LEV at the chord 

location of interest. In general, the larger wing worked out better for measurements at 

high angles of attack because vortex breakdown happened near the apex for these angles, 

and the larger wing area allowed for a bigger area which the camera was able to see in 

more detail. For the smaller angles of attack, the wings could be used interchangeably. 

Since it has been shown that changes in Reynolds number have a very small effect in this 

region of interest, no adjustment is necessary for each wing. For clarity, data is generally 

presented with the chord location normalized by the entire chord length. 
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3.3.1    Velocity and Vorticity Fields 

The velocity vectors and vorticity contours will first be presented for the small 

wing at a 20° angle of attack and a freestream velocity of 10 cm/s. At this angle of 

attack, the core of the vortex was seen to breakdown between 58% and 67% chord. This 

data was taken over a two second interval, and then averaged. This again made it 

possible to see the bulk flow properties, and to ignore small scale fluctuations and non- 

steadiness. The velocity field is seen in Figure 3-13. In the first fi-ame, the core of the 

LEV is beginning to form. The shear layer seen on the left of the image is feeding into 

the vortex. As one travels in the x-direction down the wing chord, the overall size of the 

vortex is seen to grow as this shear layer continues to feed fluid into the vortex. 

Presumably the size and strength of the vortex grows, which will be analyzed later. Upon 

reaching the location of vortex breakdown, between 58 and 67% chord, the velocities in 

the core of the vortex are seen to diminish, while the outer regions of the vortex remain 

relatively unchanged immediately. Traveling farther downstream, the breakdown region 

is seen to grow and encapsulate a greater portion of the vortex. Although not shown here, 

the instantaneous velocity fields reveal the non-steadiness of the post breakdown region. 
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Figure 3-13: Velocity vector field for 20° angle of attack, cross-core plane 
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Figure 3-13(cont.): Post breakdown region, cross-core plane 

The time averaged vorticity contours are shown next in Figure 3-14. They are 

only shown up to 67% chord since in the wake of breakdown, there is no longer a 

concentration of vorticity in the core. Since the core vorticity is then much more spread 

out, the non-steadiness causes the average value to be near zero. 
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Figure 3-14: Axial vorticity contours for 20° angle of attack, cross-core plane 
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The vorticity contours confirm what is intuitive for a vortex with a solid-body 

rotational core. There is a maximum (or minimum here due to the sign convention) value 

of vorticity in the core of the vortex, which decreases as one travels radially outward. 

This concentrated vorticity is seen to be destroyed in the wake of breakdown as there is 

no longer a peak of vorticity in the core. The shear layer, which is initially connected to 

the vortex core, also has vorticity of the same sign and comparable magnitude to the 

vortex itself In between the vortex core and the shear layer, a region of oppositely 

signed vorticity begins to develop and grow as one travels in the x-direction. This is the 

secondary vortex which forms either by the eruption of the boundary layer over the 

suction surface, or by the fluid reattaching itself, then separating again from the surface. 

There is, of course, a line of zero vorticity as the contours change from negative vorticity 

in the primary vortex to positive vorticity in the secondary vortex. The secondary vortex 

is weaker than the primary one as the color bar indicates the maximum value of vorticity 

there is about one-third that of the primary vortex for this case. Theoretically, the 

secondary vortex would also produce a third and smaller yet tertiary vortex, and so on, 

however, this investigation was not focused on this area, and thus not able to see the 

formation of one. As the secondary vortex grows, it is seen to come between the axial 

vorticity in the shear layer and that in the core of the primary vortex. Between 16% and 

25% chord, the secondary vortex is seen to begin to sever the contour of vorticity 

between the shear layer and the vortex core. Going downsfream, the secondary vortex 

grows and is completely between this shear layer and the solid-body core of the primary 

vortex. By about 33% chord, the shear layer seems to only be feeding into the outer 

region of the vortex. This characteristic will be commented on fiirther in the discussion 

section. 

An investigation of the larger chord wing at a 25° angle of attack and lOcm/s 

freestream speed showed much the same behavior, with breakdown occurring slightly 

more upstream at about 50% chord. The maximum azimuthal velocities obtained were 

also greater, indicating a stronger vortex than the previous case. A frill view of this wing, 

along with small slices of the breakdown region, is shown in Figure 3-15. 
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Figure 3-15: Velocity field for 25° angle of attack, cross-core plane 
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Figure 3-15 makes it possible to see the rapid transition from a small and tight 

vortex core with high velocities before breakdown, to a growing "dead" region where the 

average azimuthal velocities in the core have fallen to nearly zero. The whole process is 

seen to happen in less than 10% of the chord. 

The attention of this study will now focus on the azimuthal velocities and the 

measurement of circulation of the LEV, and specifically the circulation of the core of the 

vortex. This will provide valuable insight into the nature of the vortex, and the reasons 

for its breakdown. 

3.3.2   Azimuthal Velocity Determination 

The cross-core plane was chosen for ftirther investigation of the azimuthal 

velocity and circulation in the vortex due to its accurate representation of the LEV. 

Section 2.3.4 describes the method used to calculate the velocities normal and tangential 

to a line after the DPIV process has produced a velocity field. For this case, a horizontal 

line segment was drawn which passes through the center of the LEV core, and the 

velocity component normal to this line was taken to be the azimuthal velocity of the 

vortex at a given radius. Figure 3-16 shows an example vortex and the line used to 

calculate the said velocities. 

Figure 3-16: Example of line used for azimuthal velocity calculation 
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It should be noticed that the far left of the line passes through the shear layer 

which feeds into the vortex. When one moves from the shear layer on the left to the right 

along the line, there will initially be high normal velocity components that fall off as the 

line passes through the secondary vortex region. Then, the normal component will 

increase to its maximum before falling to zero and switching signs as it passes through 

the core of the vortex. This line was drawn and calculations were done at each wing 

chord station presented in Figure 3-13 and Figure 3-15 as well as for a 15 and 30° angle 

of attack. The origin of the vortex (radius = 0) was centered at the vortex core. The 

results of these calculations are presented in the next section. 

3.3.3   Azimuthal Velocity Plots 

The next four plots will show the velocity profile for the larger 45cm chord length 

wing at 15, 20, 25 and 30° angles of attack and a freestream speed of lOcm/s. When 

looking at these plots, it is advised to keep in mind that the left hand side (negative 

radius) includes data from the shear layer which rolls up to form the vortex. The right 

hand side of the plot (positive radius) gives a better picture of the actual velocity profile 

of the vortex itself, up to the point where it interacts with its twin from the other side of 

the wing. All profiles were shifted slightly to line up with each other so that their point 

of zero velocity was at the vortex core (radius = 0). Figure 3-17 shows these plots, which 

again are data for a two second average of the velocity fields. 
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Azimuthal velocity profile 65 deg sweep delta wing at 15 deg angle of attack 

and 10cm/s freestream velocity 
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Azimuthal velocity profile 65 deg sweep delta wing at 20 deg angle of attack 
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Figure 3-17: Azimuthal velocity profile for 45cm chord wing 
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Azimuthal velocity profile 65 deg sweep delta wing at 25 deg angle of attack 

and lOcm/s freestream velocity 
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Azimutlial velocity profile 65 deg sweep delta wing at 30 deg angle of attack 
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Figure 3-17 (cont.) 
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The solid red line in each plot, corresponding to the measurement location at 

about 11% chord, shows that the vortex core is not fully developed. That is, the 

maximum azimuthal velocity has not yet been reached at this chord location for all the 

angles of attack. At stations aft of this, the velocity profiles, up to the point of maximum 

azimuthal velocity, are nearly identical for the given angle of attack. The maximum 

velocity reached is between 10 and 15cm/s, just over the freestream velocity of lOcm/s. 

This region has been previously defined as the core of the vortex. These figures show 

that once fully developed, the core of the vortex remains unchanged, up to the chord 

location where vortex breakdown starts to occur. It can be seen that at a 15° angle of 

attack, there is no breakdown over the wing surface. The velocity profile shows a 

constant core, with the velocity outside of that region falling rapidly for upstream chord 

locations, and dropping off less rapidly for each successive chord location. This shows 

that the size of the outer region of the vortex is growing, as the shear layer feeds into it. 

This feeding, however, does not make it to the core itself The core region for each angle 

of attack has about the same slope, size, and maximum velocity point for each chord 

location. For the 20° angle of attack, vortex breakdown is observed to occur between the 

55% and 67%) chord station. Evidence of breakdown can be seen in the velocity profile 

plots as the slope in the core of the vortex is much lower, and the core seems to be much 

more spread out. This confirms what is seen in the velocity vector fields of the post- 

breakdown region in Figure 3-13 and Figure 3-15. There, a dead region occurred in the 

core of the vortex where there was no longer a distinct solid-body rotational core. 

To further illustrate this transition at breakdown, the data from the 30cm chord 

wing at a 20° angle of attack is shown in Figure 3-18. A few more chord locations were 

chosen for data points making the transition at breakdown easier to see. The resuh 

corresponds well with data from the larger wing. The velocity vector field for this 

smaller wing was shown in Figure 3-13. 
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Azimuthal velocity profile for 65 deg sweep delta wing at 20 deg angle of attack 

and 10cm/s freestream velocity 
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Figure 3-18: Azimuthal velocity plots for 30cm chord wing 

The velocity profiles for this wing show that by about 16.7% chord, the core of 

the vortex is fully developed, but the outer region's velocity falls off rapidly with radius. 

Going downstream, the effect of the shear layer feeding into the outer region is evident as 

the velocity there increases, while the velocity profile of the core up to the maximum 

velocity point remains imchanged. This is true up to the point of breakdown which starts 

at about 58% chord. The core is now seen to have lower swirlmg velocities, and 

encompass a larger region. The outer region appears to remain initially unaffected as the 

velocity there is the same as upstream. Farther in the wake of breakdown, at about 75% 

chord, the outer region's swirling is also seen to drop off as the effects of breakdown 

spread to this region. It should also be noted that the 30cm chord wing had a core 

diameter of about 0.75cm, while the 45cm chord wing's core size scaled up to about 

1.2cm in diameter. Faster and slower fi-eestream velocities were also run, but the effect 
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was just an increase in the magnitude of the maximum azimuthal velocity. No relevant 

changes in the structure of the velocity profile were observed. 

The azimuthal velocity profiles provide valuable insight into the core and outer 

region of the vortex. Next, the circulation around a circle centered at the core of the 

vortex will be calculated to quantify how much circulation is being fed into the vortex, 

and what part of the vortex it is going into. 

3.3.4    Circulation Measurements in the Cross-core Plane 

The circulation of the LEV was numerically determined using the method 

described in section 2.3.4. The LEVs are roughly circular in shape, so a circle was 

chosen as the path over which to calculate the circulation. The circulation of any real 

vortex will change depending on the radius of this circle. This study is concerned 

primarily with two measurements of circulation in the vortex: the circulation of the core 

of the vortex, and the maximum value of circulation achieved inside the entire vortex. 

This maximum value gives insight into the overall strength of the vortex. Since the 

azimuthal velocity of the LEVs outer region does not fall off as l/r, there will be some 

addition to the total circulation of the vortex from this region. The radius at which the 

maximum circulation of the vortex occurred was simply determined by trial and error. 

The circulation of the vortex was plotted versus the circle radius, and the maximum value 

was chosen from the graph as the one data point for that particular chord location. In 

general, since the azimuthal velocity falls off slower than l/r, the maximum circulation 

occurred at the maximum radius of the vortex. This radius (r^^) is the same as the 

distance from the center of the vortex core to the wing surface, since velocity vectors 

occurring artificially below the wing surface were ignored. 

A few past studies have measured the circulation of the LEVs such as Visser and 

Nelson {ref. 20) and Moreira and Johari (ref. 21). The total strength of the circulation of 

the vortex has also been proposed as a reason for vortex breakdown (ref. 22), meaning 

there exists a certain threshold value of circulation, above which the vortex breaks down. 

The results below suggest otherwise. 
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Moreira and Johari have made the observation that total circulation increases 

approximately linearly with chord location prior to the vortex breakdown location {ref. 

21). They used an ultrasound method to investigate different delta wing sweeps at angles 

of attack similar to the present study. 

For this study, the LEV circulation was in general found to increase linearly with 

freestream speed. It is common practice for the circulation to be normaHzed by the 

freestream speed and the wing root chord length to make it a non-dimensional number for 

comparison, which was done in the following figures. Figure 3-19 shows the composite 

data for the maximum circulation of the LEV at different chord locations and for four 

different angles of attack. It should be noted that the absolute value of circulation is 

shown, since by convention the circulation of the vortex shown in the velocity vector 

fields above would be negative. The circulation is indeed seen to increase linearly with 

the wing chord up to the location of vortex breakdown. After that, a non-linear trend can 

be seen as the circulation tends to level off. The observed breakdown location is noted 

on each curve. It should again be noted that for an angle of attack of 15°, breakdown did 

not occur over the wing surface, so its position is not shown here. 



60 

0.4 

0.35 

0.3 

'0.25 

1   0-2 

e 
o 0.15 

■o o 
N 

s 0.1 

0.05 

Normalized maximum circulation vs. chord location 
5 and 10 cm/s freestream velocity 

 ±     .    ' 

..■ 

Observed breakdown location   r-~ 
,-'i ,.'•-'- 

\. ■ •'"""" '7- 
._•/. • .>'''' 

.<■■" ,-i 
■ ^^ 

*•■' 

u ,.•■•"' 
..--■*' 

"^" Alpha = 15 deg, lOcm/s 

■ Alpha = 20 deg, lOcm/s 

• Alpha = 25 deg, lOcm/s 

• Alpha = 30 deg, lOcm/s 

■^ ■ "Alpha = 15 deg, 5cm/s 

■ ■" Alpha = 20 deg, 5cm/s 

—Alpha = 25 deg, 5cm/s 

• • • "Alpha = 30 deg, Scm/s 

0.1 0.2 0.3 0.4 

x/c(.) 
0.5 0.6 0.7 

Figure 3-19: LEV maximum circulation vs. chord location for various angles of attack 

The radius corresponding to the maximum circulation value for each angle of attack and 

each chord location is shown next in Table 3-1 for reference. 

Table 3-1: Radius of maximum circulation (r„^) vs. x/c for all angle of attacks tested 

''max vs. x/c « = 15° a = 20° a = 25° a = 30° 

x/c = .lll 0.6 (cm) 0.6 0.7 0.6 

x/c = .222 0.9 1.0 1.0 1.1 

x/c = .333 1.3 1.4 1.5 1.7 

x/c = .444 1.6 1.8 2.2 2.2 

x/c = .555 2.0 2.4 2.7 

x/c = .666 3.2 

It becomes clear now that circulation does increase approximately linearly with 

chord location, and that a higher angle of attack leads to a faster rate of increase of this 

circulation. By observation of the curves for the 20 and 25° angles of attack in Figure 

3-19 it is seen that vortex breakdown happens at nearly the same value of normalized 
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circulation. This would lend support to the idea of some limiting value of circulation, 

above which the vortex breaks down. However, an increase to a 30° angle of attack 

shows that breakdown happens at a station where the normalized circulation is 

considerably lower than the previous two. This suggests that there is no real limiting 

value of total circulation in the vortex which causes vortex breakdown. Another 

argument against a limiting value of circulation is that the maximum circulation values 

plotted above occur at a radius which is near the outside edge of the vortex, relatively far 

away from the vortex core. From the velocity vector fields, it was seen that breakdown 

first happens in the core, and that its effects eventually spread to the outer region. Since 

the core is the region where breakdown first occurs, the circulation and strength of this 

region should be of primary concern. This will be discussed further in the discussion 

section. 

Previously it was shown that the azimuthal velocity profile for the core of the 

vortex from the point where it is fully developed to just prior to breakdown is nearly 

constant. The measurement of the circulation about the core will support this claim. 

From the velocity plots, it can be seen that the core for this particular wing has about a 

0.6cm radius. Figure 3-20 shows the circulation calculated about a circle of this radius 

for all the chord locations. As expected, the circulation rises fi^om the wing tip to just aft 

of the first station (11% chord). After that it remains constant until just prior to vortex 

breakdown, where there is a rapid decrease in core circulation. This result makes 

intuitive sense since it was seen from the azimuthal velocity profile plots before that in 

the immediate post-breakdown region, there is a dead zone in the core where the 

azimuthal velocities, and hence the circulation in the core, is much less than upstream of 

breakdown. 
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Figure 3-20: Circulation inside the LEV core 

The existence of a constant velocity, solid-body rotational core from the point of 

formation to just prior to vortex breakdown leads to the conclusion that, at least to first 

order, there is no feeding of vorticity or circulation into the core of the vortex once it is 

formed. This finding is thought to be new and significant in that it differs greatly from 

the idea that delta wing flow is mostly conical. This will be expanded on in the 

discussion section. 

3.4   Dye Visualization Experimental Results 

After completing the DPIV investigation of the vortex core, cross-stream, and 

cross-core planes, it was decided that it would be beneficial to obtain dye visualization 

data to remforce the idea of a constant rotational LEV core. It was also hoped that a 

picture of breakdown of the vortex core with relatively undisturbed flow outside of the 

core could be obtained. To do this, red dye was injected at the tip of the wing such that it 

entered the center of the LEV core. Then, blue dye was injected at different locations 

near the wing leading edge, but farther aft of the tip to illustrate how the fluid that is 

initially in the shear layer feeds into the core or the outer region of the vortex. 
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Figure 3-21 shows first the delta wing at a 15° angle of attack and a freestream 

speed of 5cm/s with dye just injected into the core (A). Breakdown is seen to just start to 

form in the near wake. Next, blue dye is added just off center so that it can be seen 

swirling around the core (B). Then, the blue dye probe is moved farther aft so that it 

enters the LEV at an even larger radius (C). 
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Figure 3-21: Dye visualization of 65° sweep delta wing at 15° angle of attack 

As can be seen in frame B, the blue dye forms a nearly constant period sine wave shape. 

This shape is due to the ratio of the azimuthal velocity to the axial velocity of the vortex 

core, Uglu^, commonly referred to as the swirl number. Figure 3-3 showed that for a 15° 

angle of attack, the axial velocity along the core was nearly constant and unchanging 

along the chord. This would then suggest that the azimuthal velocity at the radius where 

the blue dye is injected is constant along the length of the wing. Also, frame B and C 

suggest that the fluid stays near the radius where it enters the vortex. If the flow were 

conical, it would be expected that this dye would diverge and end up at a larger radius 
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than where it started. This dye visualization further supports the idea that the flow is 

not conical, and that the LEV has a constant core. 

Increasing the angle of attack to 30°, the breakdown location moves up the wing 

chord. The red dye is again injected into the core and marks the breakdown location. As 

the blue dye is injected farther and farther away from the core, there is less immediate 

mteraction between the blue dye and the vortex breakdown region. Figure 3-22 shows 

this. 
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Figure 3-22: Dye visualization of 65° sweep delta wing at 30° angle of attack 

Frame D shows blue dye that is injected at such a radius that it completes nearly 

one full revolution before it is drawn into the turbulent wake of the vortex breakdown. 

This provides further evidence that the flow outside of the breakdown region remains 

initially unaffected by breakdown of the core. The same evidence was presented by 

Sarpkaya {ref. 23) in which the flow around the core of the vortex in swirling pipe flow 

remained unaffected (Figure 3-23). 
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Frame A in Figure 3-22 shows the period of the aforementioned sine wave 

made by the blue dye to increase in the downstream direction. Referring back to Figure 

3-3 again, the axial velocity for this angle of attack is seen to increase rapidly from the 

apex and then fall to zero at breakdown. The observed stretching of the sine wave 

suggests a decrease in the swirl number. This is due to the fact that the axial velocity is 

increasing, while the azimuthal velocity remains unchanged. This fact lends further 

support to the idea of a constant vortex core. 

\- 

Figure 3-23: Dye visualization of breakdown ki pipe flow (ref. 23) 



66 

4     Numerical simulation results 

Up to this point, the self-induction theory of vortex breakdown and the vortex 

filament method have explained and simulated the transient formation of vortex 

breakdown with a high degree of success. However, a large gap remains to be filled in 

that none of the cases run by Cain {ref. 2) have reached any form of a steady state 

solution in which there is a stationary vortex breakdown location. This is an 

unsatisfactory aspect of the foregoing simulation because all vortex breakdowns attain 

some equilibrium stage if the upstream flow conditions are steady. Also, there has not 

been any proof offered that shows the numbers used in the previous simulations actually 

represent any type of real physical flow situation, whether it be in a pipe or above a delta 

wing. This section will offer proof of the simulation representing an actual possible flow 

condition, and will also offer one possible solution for making the simulation reach a 

steady state. 

4.1    Analysis of Simulation Used by Cain 

A quick analysis of the baseline case used by Cain will be first done to see where 

the simulation needs to be modified in order to fiirther the self-induction theory. 

4.1.1   Analysis of Simulation Input Parameters 

As mentioned before, the study by Cain offered no proof that the parameters used, 

specifically the swirl distribution and the circulation values, actually reasonably represent 

any flow condition where vortex breakdown is likely to exist. He recognized that his was 

a qualitative study, and more work was needed to quantify the results. It is yet unknown 

if the numbers are even the right order of magnitude for some possible flow condition. 

One way to prove that these numbers are reasonable is to measure the actual flow 

properties upstream of vortex breakdown on a delta wing, and use those numbers as input 

parameters to the simulation in order to see if all the elements of vortex breakdown 

described by Cain are still evident. This was done in one of the early DPIV 

investigations using data fi^om the cross-stream plane. The 65° sweep delta wing was set 

at a 30° angle of attack in 8.5 cm/s flow and the velocity field at 50% chord, slightly 
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upstream of vortex breakdown, was measured using the techniques described in section 

2.3.4. It was observed that the core diameter of the vortex for this particular wing was 

about 1cm. Cain uses units of length that are not any specific unit, however, the diameter 

of the vortex filament tube in his simulation is 1. This being the case, centimeters were 

chosen to be the unit of reference. This greatly simplified the problem as the total 

circulation of the vortex, C, could then be adjusted without having to resize or 

redistribute the vorticity in the core. The azimuthal velocity of the vortex in the 

simulation is defined based on C and b as 

C(l_e-*^^) (4-1) 
Ug =■ 

2nr 

where C is the circulation of the vortex, r is the radius from the center, and b is set to 10.9 

to represent unbounded swirling flow based on past experimentation (Nakamura, ref. 24). 

Using this equation, the real azimuthal velocity profile from DPIV was plotted versus the 

assigned profile for different values of C. It was found that for this particular case, a final 

C value of 20 cm^/s allowed for the real and assigned velocity profiles to closely match. 

Figure 4-1 shows how the two profiles relate. 

Azimuthal Velocity Profile of Vortex Core 
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Figure 4-1: Real and simulation input azimuthal velocity profile comparison 

Knowing the approximate circulation distribution and axial velocity of some real vortex, 

these parameters were input into the exact code used by Cain. The final C value was set 
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to 20, and the freestream velocity was set to 8.5. It should be noted that these values 

are not far off of the final numbers used by Cain when analyzing his results. The 

circulation of the vortex tube emanating fi-om the vorticity source (z = 0 plane) is shown 

in Figure 4-2 as a function of time. 
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Figure 4-2: Circulation of vortex tube from the z = 0 plane vs. time 

A time history of the vortex tube as it convects downstream from its source is 

shown next in Figure 4-3. A surface plot of the filaments initially located at r = .12 is 

used to see the motion.  Just as Cain used, the blue shaded regions have low circulation, 

the green shaded regions have the final high value of circulation, and the red region in 

between is the linear ramp area where the circulation is changing due to the superposition 

of the vortex lines. The radial spokes are not shown here, but were included in the 

simulation calculation. It should be noted that the initial pile-up, radial expansion, 

azimuthal vorticity sign switch, and turning point are all visible in this simulation. The 

actual turning point happens in less time due to the higher value of circulation used (20 

vs. 15 in the previous study). Since the numbers in this simulation and Cain's are very 

close, it is reasonable to conclude that his optimized parameters could in fact be a 

realistic flow situation where breakdown would occur. This leads to the conclusion that 

the parameters used in Cain's study which he called the optimized parameters are 

physically reasonable, and that the self-induction caused by the vorticity gradient of a real 

sample flow is enough to begin the process of fransient vortex breakdown. 
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Figure 4-3: Streaklines resulting from experimental values being used as input 
parameters, C = 20, C/„ = 8.5 

4.1.2   Problems Arriving at a Steady Breakdown Location 

While Cain's simulation gave great insight into the transient formation of vortex 

breakdown, there remains the problem of making the simulation settle on a steady vortex 

breakdown position. In flow where breakdown occurs, such as rotating fluid in a pipe or 

over a delta wing, the stagnation point along the vortex axis characteristic of breakdown 



70 

does not continually travel downstream, but settles into some mean location. This will 

be called steady vortex breakdown. In actuality, the flow is by no means truly steady, 

especially in the wake of the breakdown. However, the mean position of the breakdown 

bubble does reach a steady state. Cain's code in its present form is unable to simulate 

this. This can be demonstrated by simply letting the simulation run for a longer period of 

time and attempting to observe some steady condition. The Figure 4-4 will show the 

results starting from a time of 1.8 and ending at 3.4. The inputs are exactly the same as 

used by Cain (C - 15), and the freestream or convective velocity is set at 5. The formerly 

green filaments representing the final value of circulation are now rendered transparent so 

that the inside of the bubble can be seen from this head on view. 
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Figure 4-4: Extended time evolution of vortex filaments from Cain 
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Figure 4-4 (cont.) 

It should be noticed in the above figure that from the first fi*ame to the last, the 

breakdown bubble continually moves downstream. There is no stationary position into 

which it settles. Also, inside the bubble there is a seemingly garbled accumulation of 

filaments making interpretation difficult. The distances between the filaments become 

very small, making the induced velocities on each other very large. This simulation is 

robust enough to handle distances between two filaments approaching zero, however the 

accuracy is questionable. While there does exist an instantaneous stagnation point on the 

vortex axis, it quickly convects downstream and the breakdown location becomes 

difficult to define. It should be remembered that this is an inviscid simulation, so the 

normal smoothing effects of viscosity are not included. This result points out the 

problem that this code in its current form needs modification in order to arrive at a steady 

vortex breakdown position. 
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4.2    From Transient to Steady State Breakdown 

4.2.1    Convective Velocity Gradient 

A first attempt at making the simulation able to represent a steady vortex 

breakdown was the addition of a spatially varying convective velocity. The previous 

study always had the axial velocity at which the filaments emerge from the vorticity 

source at z = 0 and convect downstream set to a constant value everywhere. The change 

here is to make the filaments at the vorticity source convect at a high velocity, and then 

slow as their z-position increases. This is done by simply making the convective velocity 

assigned to each filament a function of the axial distance, z. Li theory, this is modeling 

an adverse pressure gradient which is a common ingredient for vortex breakdown. The 

decreasing convective velocity makes it more likely that a stagnation point will form on 

the axis, and the breakdown bubble will remain in one position. The goal is to see the 

bubble structure form and stay in one position, while the fluid represented by the vortex 

filaments pass through it and then convect downstream. An example of this type of 

profile would be a diverging pipe, such as that used by Sarpkaya (ref. 23), where the axial 

velocity of the fluid is decreasing along the length of the pipe. The axial fluid velocity 

over a delta wing also reaches a maximum near the vorticity source or tip, and then falls 

rapidly towards the trailing edge as was shown in section 3.1. This measured axial 

velocity profile over a delta wing is a steady state condition. It is difficult to then 

separate out what part of that profile is due the convection of the fluid due to the pressure 

gradients that exist just like on a conventional wing at a high angle of attack, and what 

part is due to vortex induction. This then makes the task of deciding what kind of 

convective axial velocity profile to put into the simulation very difficult. Some 

experimentation was done before arriving at the presented solution. The plots here are 

for a prescribed convective axial velocity that starts out with a value of 5, and then drops 

linearly to half its value, 2.5, by a z-position of 5. The axial velocity then remains at 2.5 

for every z-position greater than 5. This profile is shown in Figure 4-5, and the result is 

Figure 4-6. The axisymmetric property of the vortex tube was retained for simplicity. 
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Figure 4-5: Assigned convective axial velocity profile for simulation in Figure 4-6 
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One puzzling feature of this simulation is the seemingly sudden change from red to blue 

colored filaments inside the clear bubble region between times of 2.4 and 2.8. Looking at 

smaller time steps of this interval, the blue region is seen to slowly overtake the red 

region as the outermost filaments. Since these are the only ones that show up in this solid 

surface rendering, this means that there is a constant recirculation of the filaments within 

the bubble region. The red and blue filaments soon become garbled as before indicating 

that their locations are very close to one another. The simulation here was also set up 

with fewer filaments in the low circulation region before the ramp-up than were in the 

baseline case. Similar runs were done with the same number of filaments as the baseline 

case, and the results were undistinguishable, so it was concluded that smce these 

filaments are assigned such a low value of circulation, there really is no added value to 

having them included. In the interest of computational time, only three units of these 
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filaments were included at the front of the vortex tube for continuity purposes. In 

theory, these filaments extend to infinity for the satisfaction of Helmholtz's laws. 

In this run it is noticed that the breakdown region forms exactly as in the baseline 

case, only sooner and farther upstream due to the decreasing velocity. By a time of 2.4 

the red ramp-up region has been entrained into the bubble which is then followed by the 

blue low circulation region. This shows that there is a negative axial velocity being 

induced on the downstream filaments by the bubble structure. After this, the filaments 

remain inside this bubble and mix together making interpretation difficult. Taking a look 

at the axial velocity profiles of the filaments will help in interpreting when a stagnation 

point first forms and what happens to the filaments after the formation. The following 

graphs show the time evolution of the induced axial velocity at three different radii of the 

tube. The assigned convective axial velocity profile is also shown, as is the combination 

of the convective and induced velocities at r = .12. This combined velocity represents the 

actual fluid velocity of the filaments. 
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Figure 4-7: Induced velocity profile for velocity gradient run 

A stagnation point is identifiable when the combined velocity first reaches zero. 

This is seen at a time of about 1.6. The jet like velocity profile upstream and wake like 
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profile downstream of the bubble is identifiable in these plots. The entrainment of the 

red ramp-up region is seen by a time of 2, and then the filaments become compressed 

together making for induced velocities that vary rapidly inside the bubble region. This 

region is responsible for preventing the simulation from reaching a steady state 

breakdown position. Even with the lower convective velocities, this bubble will still 

travel downstream due to some of the induced axial velocities being positive. Upstream 

of this region, however, the simulation is quite stable as the induced velocities there have 

reached a definite steady state. The main problem that has been identified with the 

simulation is that there is no mechanism for the vortex filaments to leave the bubble 

region and travel downstream. In real breakdown, a stagnation point and some 

recirculation of the fluid does occur, but the fluid then leaves the bubble area or spirals 

out and into the non-steady breakdown wake, hi the simulation, there is currently 

nothing to prevent the filaments from continually wrapping around each other and 

destroying the structure of this bubble. The next step is to try to implement a mechanism 

into the code that will allow this bubble to empty so that the filaments may flow through 

it. 

4.2.2   Filament Turn-off Case 

As was mentioned in the DPIV results (section 3.3), before breakdown there 

exists in the vortex a tight core with soUd-body like rotation and thus a high value of 

axial vorticity. However, through the process of breakdown it was seen that the 

azimuthal velocity in this core is lost, and the vorticity becomes more spread out. This 

would suggest that at the point of breakdown there is a self-sustained negative axial 

vorticity gradient, meaning there is high vorticity upsfream, and low vorticity 

downstream of breakdown. This is not evident in the current simulation as the vorticity 

of the filaments remains constant, but more and more filaments wrap themselves up into 

the bubble of the core. To put this into the simulation requires a process that may seem 

very artificial at first, but it will become evident that there is good physical reasoning for 

this method. 
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Up to this point, the initial vorticity gradient has been sufficient to develop a 

turning point and a breakdown bubble. In order to make this stationary, the filaments are 

then turned off after they have been through the bubble and are in the recirculation zone. 

This turn-off means that they no longer receive or induce velocities in any direction, but 

merely convect downstream with the locally prescribed convective velocity for the 

remainder of the simulation time. This is exactly the same as the "turn-on" plane located 

at z = 0 where the filaments' induction on each other is activated. The only difference is 

that it is not a spatially defined plane where this happens, but relative to the breakdown 

bubble. First, the simulation is run just as in the baseline case up to the point where a 

recirculation region first forms (time = 1.6). Then, the filaments at every radius in this 

zone and everything downstream are turned off. Next, as the simulation progresses and 

new filaments enter the recirculation zone, they are turned off as well and the simulation 

continues. Considerable trial and error went into defining which filaments to turn off and 

the rate at which they are turned off The filaments themselves are left in the rendering of 

the vortex tube for clarity, but they have no effect on the tube itself The convective 

velocity gradient similar to the previous case is left in to aid in development of a 

stagnation point. All filaments behind the ramp-up zone are rendered clear except for 

some regularly spaced filaments that are colored with different colors to serve as markers. 

The intent is to show how the filaments travel through the breakdown structure and into 

the wake, with the structure itself remaining stationary. In creating this location where the 

filaments are turned off, a self-sustained vorticity gradient has been created, just as 

happens in real vortex breakdown. 
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Figure 4-8: Simulation results from turn-off case 
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Figure 4-8 (cont.) 

To see the filaments traveling through the bubble region, track for example the 

blue colored filament which is emitted from the source at time of 2.2. It travels through 

the steady part of the vortex up to the radial expansion region by a time of 2.6. It then 

travels through the breakdown bubble and recirculation zone, and then into the wake by a 

time of 4.4. 

The results from this run have shown that the breakdown bubble is a stationary 

and steady structure if a self-sustained axial vorticity gradient exists. Vortex filaments 

travel through the tube into the radial expansion zone, have a turning point and enter the 

recirculation zone, and then are turned off to simply convect downsfream. This structure 

remains relatively constant and in a fixed location while the filaments themselves pass 

through. 
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The process of turning off these filaments may seem artificial, but it is justified 

if it is assumed that when two filaments with equal vorticity vectors that point in the 

opposite direction come close to one another, they have a canceling effect. This is 

essentially what happens in the wake of breakdown. As the filaments wrap up on each 

other, the simulation used by Cain was unable to distinguish the fact that two opposite 

vectors would actually cancel themselves out. The sum of the effects from these two 

filaments is what makes the simulation wrap up and become garbled. In real flow, the 

viscosity of the fluid would have a smoothing effect and the mixing in the recirculation 

zone simply cancels out the effect of those vortex filaments on the rest of the flowfield. 

4.3    Further Variations of the Vortex Filament Method 

Several other modifications of the vortex filament method were made over the 

course of this study. The results thus far have been marginal, and they are presented here 

mostly for documentation in the hopes of providing ideas and inspiration for fiiture work 

4.3.1    Core Interaction with Outer Region 

The dye visuaUzations presented in section 3.4 showed that flow inside the core of 

the vortex or very close to the core would xmdergo vortex breakdown and have a 

recirculating region, while dye introduced at a slightly larger radius into the outer region 

of the vortex would simply swirl around the vortex breakdown location and retain its 

original path and swirl until it finally was mixed with the core flow somewhere in the 

wake of the breakdown. The point being that at the location which is usually referred to 

as vortex breakdown, it is only the small core region of the vortex that actually has a 

recirculation zone, while the outer region of the flow remains relatively undisturbed for a 

significant amount of time. It was thought that this same phenomenon could be seen with 

the vortex filament simulation by placing one ring of the filaments at about twice its 

original radius fi-om the baseline case, and observing the interaction of this ring with the 

core where breakdown forms. The circulation distribution was not changed, so the 

azimuthal velocity profile would appear slighfly different firom what was presented in 

Cain. This was assumed to have minimal effect though since the contribution fi-om this 
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one outer ring to the whole circulation of the tube is minimal. In Figure 4-9, the red 

filaments are just like those that have been presented in the original case run by Cain. 

The blue filaments are those that are placed at a radius of .84. 
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Figure 4-9: Filaments at r = .12 (red) and r = .84 (blue) 

It is interesting to note that while the red filaments have an obvious recirculation 

region which is indicative of breakdown, the blue outer filaments do not have that same 

turning point and recirculation. There is relatively little disturbance to the blue filaments 
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in the region where the red ones undergo breakdown. It is not until some distance 

downstream that the blue filaments reach what looks hke a turning point. This confirms 

what is seen in the dye visualization, and gives greater importance to the velocity profile 

in the core of the vortex in setting up and determining vortex breakdown. 

4.3.2   Dual Apex Vortex Interaction 

The vortex filament method in its current form simulates a straight axisymmetric 

vortex tube. The best physical relation to this simulation would be that of a swirling flow 

in a pipe. In this study it was desired to make the vortex filament method able to 

simulate the flow in the two leading edge vortices of a delta wing. From dye 

visuaUzations of breakdown over delta wings, it has been observed often that the position 

of breakdown seems to oscillate even when upstream flow conditions remain constant. 

This has been observed and termed longitudinal wandering by Payne et al.(re/ 25). It was 

hoped that this simulation could provide insight into this phenomenon. The modeling of 

the core of these vortices by a constant value of circulation is justified by the DPIV 

results. Section 3.3.3 showed that no vorticity or circulation is added into the vortex's 

core once it is formed above the wing. 

In attempting to simulate the flow over a delta wing, several things must be 

modified firom the original code. The most significant consideration is that the vortex 

tubes are no longer axisymmetric. This code must now be able to calculate induced 

velocities at every node inside of it instead of just at one slice of the tube. Two vortex 

tubes are initialized upstream of the z = 0 plane. Once they emerge fi-om the plane, they 

induce velocities on each other as well as themselves. This quadruples the computational 

time. Each is given its own convective velocity which carries them over the imaginary 

delta wing surface with an angle between them that would be typical of a common delta 

wing.   Also, the two vortices are assigned equal but opposite values of circulation, just as 

the two opposing vortices of a delta wing. For best results it was found that the tubes at 

the origin should be shifted slightly away fi-om each other to prevent the filaments from 

initially inducing very high velocities on one another and disturbing the tube for the rest 

of the simulation. Also, the induction on/off plane was made normal to each vortex tube 
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and not simply the z = 0 plane to eliminate initial non-symmetries caused by cutting 

the vortex tube at an angle. A diagram of the initialization setup of these two tubes is 

shown next in Figure 4-10. 

,\aX\o^' 

' '"^^^^o. 

y-shift 

2 (Side View) 

Figure 4-10: Setup of dual apex vortex interaction simulation 

In the presentation of these results, a top, side, end, and angled view of the vortices will 

be presented because of the difficulties of seemg the non-symmetries with just one view. 

The surface of the filaments at r = 0.3 are shown to make the vortices larger and easier to 

see. Also, the magnitude of circulation of each vortex was set to 25 in order to make the 

effects of each vortex on each other more evident. The radial spokes are left out of this 

run as it was determined they had a relatively small effect even in the symmetric cases 

above. 
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In this case, the longitudinal wandering that was sought did not occur. The 

most prominent result is that the vortex tubes induce a downward (-;c-direction) velocity 

on one another due to their sense of rotation. This illustrates how the pair of LEVs are 

able to stay attached to the wing surface of a delta wing operating at a high angle of 

attack. Relatively little could be inferred from the vortex breakdown region of the 

vortices because the inherent non-symmetry made the results difficult to interpret. A 

radial expansion region and vorticity sign switching is, however, still evident. 

The conclusion of this simulation appears to imply the following: the oscillatory 

wandering of the two vortex breakdowns is not so much related to the mutual interference 

between the two vortices, but rather due to some periodic instabihty of the flow near the 

vicinity of the apex region including the pressure surface and the beveled leading edges. 
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5     Discussion of DPIV and Simulation Results 

The focus of this section will be to present the newly discovered aspects of the 

leading edge vortices along with ideas on how the vortices should be modeled in 

numerical simulations. The traditional view that the flow over a delta wing is mostly 

conical in nature will be challenged. A discussion of the simulation results is also 

presented along with how the new findings add to the self-induction theory of vortex 

breakdown. Finally, vortex breakdown suppression and control methods are reviewed in 

light of this new information. 

5.1    A New Model of Delta Wing Leading Edge Vortices 

This section will seek to describe some of the new aspects of delta wing flow that 

were found through the use of DPFV. 

5.1.1    Traditional Views 

It seems to be a widely held view that the flow over the lee-side of a delta wing 

can be considered to be conical. That is, fluid properties are constant along rays 

emanating from the tip of the wing. Visbal (ref. 26), for example, described the core of 

the LEV as being circular in shape and growing "linearly in the downstream direction 

forming a vortical region of 'conical' shape". The same conclusion was arrived at by 

Visser and Nelson (ref. 20) using a hot wire study of flow about a 75° sweep delta wing. 

They observed near conical flow for the majority of the pre-breakdown region. It should 

be remembered that the delta wing used in this study had significantly less sweep (65°) 

which could account for some of the differences in observation. Nevertheless, the 

difference in observation between the current study and the widely held conception of a 

conical flow field is undeniable. The assumption that the flow field is nearly conical is 

significant in that it greatly simplifies the flow field. If the flow at one chord location of 

the wing is known, it allows the extrapolation of the rest of the flow over the wing. In 

high speed flow, it would also allow the use of well-known mathematical methods such 

as complex variable theory to analyze the flow {ref. 27). 
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5.1.2   Deviations From and Additions to Traditional View 

A major finding of this study is that the flow over a delta wing is largely non- 

conical, especially in the soUd-body rotational core of the LEV. As was shown in section 

3.3.3, once the core of the vortex is formed, it retains its same shape and azimuthal 

velocity profile over the length of the wing, up to the point of breakdown if it occurs. If 

the flow were conical, the profile in the core would change with x-location. The size of 

the core would increase as the point of maximum azimuthal velocity would continually 

occur at a larger radius. This would also cause the circulation in the core to grow 

proportionately. Neither of these aspects were observed in this study, however. The core 

size and circulation remained the same after being established at some distance firom the 

wing apex. Another requirement of conical flow is the lack of any axial pressure 

gradients. The axial velocity must remain constant along rays emanating firom the tip. It 

was seen in Figure 3-3 that this was definitely not the case as the axial velocity was seen 

to vary a great deal, especially for angles of attack above 15°. This fact alone raises 

questions about assuming that delta wing flow is largely conical. 

One of the questions that this study set out to explain was how much vorticity and 

circulation was fed into the core of the vortex as it traveled downstream. The simple 

answer to this question is that no vorticity enters the solid-body rotational core of the 

vortex once it is formed slightly downstream of the wing apex. At least to first order, this 

fact is seen in both the plots of circulation in the core (Figure 3-20), and the plots of the 

azimuthal velocity profile for the whole vortex (Figure 3-18). It would seem that all of 

the fluid which feeds into the vortex downstream of the core formation point enters the 

outer regions of the vortex and causes the azimuthal velocities there to increase, but not 

beyond the maximum azimuthal velocity which is found at the edge of the core. A 

simple sketch illustrating this result is shown in Figure 5-1. 
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Figure 5-1: Feeding of circulation into the vortex core and outer region 

The existence of a constant vortex core has been experimentally shown, and now 

the physical reasons for its development will be explained. A conceivable reason why 

the vortex core does not continue to grow downstream of a certain point is the vorticity 

cancellation: the secondary vortex having a sign opposite to that of the primary vortex 

becomes entrained deep into the primary vortex, resulting in the severance of the vortex 

core from the vortex sheet by cross-vorticity neutralization. 

A sequence of the development of the primary and secondary vortices is sketched 

in Figure 5-2 on successive cross-core planes along the wing chord. In (a), the boundary 

layer over the suction surface is driven towards outboard by velocity induction from the 

primary vortex. A fluid particle, p, within the boundary layer moving with outboard 

velocity is subject to the adverse pressure gradient due to its position relative to the 

vortex core where the pressure is lowest. Thus in (b) the particle/? separates from, and 

lifts off, the wing surface. In (c), the secondary vortex starts to be entrained into the 

primary vortex. As the secondary vortex is enfrained deeper into the primary vortex, as 

shown in (d), a localized region of zero vorticity is formed near the junction between the 

vortex core and the vortex sheet emanating from the leading edge, due to vorticity 

cancellation. 
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Figure 5-2: Sketch of vortex sheet and secondary vortex cancellation 

In other words, the secondary vortex severs the umbilical chord of the primary vortex 

sheet feeding vorticity to its core. Once the vorticity feeding stops, the vortex core ceases 

to grow. Thereafter, the size of the vortex core and its circulation remains unchanged. 

The secondary vortex thus plays an active role in shielding the primary vortex core from 

the shear layer and vortex sheet. 

Such regions of zero-vorticity near the junction between the vortex core and the 

vortex sheet are clearly present in Figure 3-14. Examples of secondary vortex 

entrainment are also observable in numerical simulations done by Gordnier and Visbal 

(ref.lS). Figure 5-3 shows two examples from their study of unsteady entrainment of the 

secondary vortex into the vortex sheet feeding the primary vortex. The left side depicts a 

frill chord view of the unsteadiness, while the right side focuses on one chord location. 

Deep in the primary vortex and vortex sheet, pockets of oppositely signed vorticity (red) 

are readily observed, however, the aforementioned role of the secondary vortex in 

limiting the growth of the vortex core appears to have gone unnoticed. 
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Figure 5-3: Numerical simulation of unsteady vortex structure and secondary vortex 
entrainment from re/28. 

A question may immediately arise: once the vortex sheet is severed from its core, 

does the vortex sheet ending in a fluid violate Helmholtz'a law? One possible scenario of 

how this law is upheld is shown in Figure 5-4 where a vortex filament from the secondary 

vortex is aligned with the open end of the vortex sheet, although other scenarios may be 

quite possible in this complex three-dimensional imsteady flow. 
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Figure 5-4: Sketch of the development of the core and eventual vorticity cancellation by 
secondary vortex 

A second question concerns the connection of the finite core size and the 

downstream increase of axial velocity from the apex until breakdown that is usually 

associated with delta wings (Figure 3-1). Upon severance from the vortex sheet, there is 

no additional feeding of fluid or vorticity from the vortex sheet to its core, so there can be 

no net increase in velocity of the core to satisfy continuity in this incompressible flow. 

The current study found that for a wing with less sweep (65° compared to 75° in Figure 

3-1), the axial velocity at the center of the core increases from the apex up until the point 

where the core is completely formed, and then levels off in the region where the constant 
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core was located before dropping at the point of breakdown. The reader is referred 

back to Figure 3-3 for confirmation of this. 

This idea of a constant circulation core has great importance. It would suggest 

that the entire profile of the vortex core is established near the wing tip. hi the case of the 

45 cm chord wing used in this study, the core was established between 5 and 10cm fi-om 

the apex, or by about 15% chord. How it convects downstream then is just a matter of 

the axial pressure gradient that is imposed on the core due to the angle of attack of the 

delta wing. This, then, gives a great amount of importance to the wing tip, with it being 

the source of all of the vorticity within the vortex core. It has already been established 

that the vorticity of the core, and especially the transient formation of a vorticity gradient, 

is a cause of vortex breakdown. This would suggest that changes to the tip of the delta 

wing would have far greater effects on breakdown and the flow field in general than 

r 
changes anywhere else. The normalized circulation inside of this core, T* = , is 

then solely a fimction of the wing tip shape and orientation to the flow {a,A,/3). 

The circulation of the vortex taken at a larger radius encompassing the outer 

region of the flow was observed to increase linearly with x-location. This is due to the 

fact that a straight edged delta wing was used, and thus the radius where the shear layer 

fluid enters the vortex is linearly growing with x-location also. This is because the local 

X 
semi-span of the wing, 5 = , grows linearly with x for a constant sweep angle. The 

tan A 

total circulation of the vortex was also noticed to grow or remain nearly constant 

immediately after the breakdown location. It was not imtil far in the wake of breakdown 

that a drop in the total circulation was noticed, suggesting that the effects of breakdown 

start initially just in the soUd-body rotational core, and take some time to spread and 

affect the outer regions of the vortex. 

It remains unclear what establishes the distance required to completely form the 

core of the vortex. For both the 30 and 45cm chord wings tested, the core was formed 

and remained constant fi-om about 15% chord up to vortex breakdown. This was 

invariant with the angle of attack tested. The wings had a common sweep angle 
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suggesting that the required distance measured in percent chord scales with the sweep 

angle, or more accurately the semi-span of the wing. More testing is warranted for wings 

of different sweep to obtain how the formation point varies with sweep. It is expected 

that wings with greater sweep would require a greater distance to form the core due to the 

smaller distance between the center of the core and the wing leading edge where the 

shear layer is located. This small distance makes it easier for the shear layer to feed 

vorticity into the core and not just into the outer region. It is suspected that this would 

make the flow field for higher wing sweeps more conical in nature since the size of the 

core is increasing over this region. 

It can be argued that the existence of a constant size and strength vortex core in an 

LEV explains the similarities in the structure of vortex breakdown on delta wings and in 

pipes. The core of a LEV and swirling pipe flow closely resemble each other, and as has 

been noted, breakdown first forms in this core. Also, it is speculated that the shielding of 

the primary vortex core from the vortex sheet by the secondary vortex helps to limit the 

circulation in the core, and could serve to delay breakdown due to the lower circulation 

and induced backflow caused by self-induction. The breakdown location in this case 

would then be farther downstream than if the vortex sheet continually fed into the vortex 

core causing the circulation there to be stronger. 

5.1.3   Suggestions for Modeling the LEV 

Several attempts have been made to model delta wing flow numerically (refs. 24, 

28, 36, 37, 38, and 39), and to infer from that the causes of vortex breakdown. An 

excellent review is provided in Levinski (re/ 40). It has generally been the case that the 

vortices have been modeled as having increasing strength traveling along their axis. 

There have also been attempts to link some critical circulation value of the vortex to the 

onset of breakdown in order to develop a criterion for breakdown {ref. 22). The research 

here suggests a slightly different and simpler way of modehng the important regions of 

the vortex for obtaining breakdown information. The dye visualization and DPIV 

experiments here suggest that the solid-body core is the critical region where breakdown 

is first formed. The vorticity assigned to this area should be set to a constant value 
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(except for a starting portion where there is initially an axial vorticity gradient). The 

circulation of only this solid-body region is seen to have the greatest effect on 

breakdown. The greatest amount of attention should be paid to the circulation and 

natural axial pressure gradients in this core, with the outer region assumed to have only a 

secondary effect. It has been shown through simulations with the vortex filament method 

(section 4.2.2) that a constant value of circulation upstream of breakdown combined with 

a vorticity gradient in the region of breakdown is enough to reproduce all the components 

of breakdown. 

5.2    Discussion of Simulation Results 

5.2.1    Results from Simulation 

The vortex filament method has already proved effective at simulating the 

transient formation of vortex breakdown based on an axial vorticity gradient. First, it was 

shown in section 4.1.1 that the numerical values of circulation and vorticity assigned to 

the vortex filaments were reasonable values and represented a reaUstic physical flow 

condition where breakdown was likely to occur. While this simulation is still not 

expected to give accurate quantitative results due to the inviscid nature of the vortex 

filament method, it does prove that the inviscid effects of a vorticity gradient are 

sufficient to induce breakdown. 

This study focused on making the breakdown location of the simulation reach a 

steady state position. This proved difficult to do as the filaments of the existing 

simulation continued to roll up inside one another and gave nonsensical results. The 

DPrV results were examined and revealed a definite self-sustained axial vorticity gradient 

in the core of breakdown as evidenced by the dead core region. This is presumably due to 

the vorticity vector being rotated in a non-axial direction, or the cancellation of vorticity 

altogether. When this self-sustained vorticity gradient was entered in the simulation as in 

section 4.2.2, it showed that it was indeed sufficient to make the vortex filaments 

upstream of the gradient undergo pile-up, radial expansion, and vorticity sign switching. 

There was also enough negative induced axial velocity at the point of breakdown for the 



100 

breakdown bubble to remain in a stationary position, while the individual filaments 

themselves would flow through the bubble and into the wake. This made for a quasi- 

steady form of breakdown. Admittedly, the turn-off of the filaments in the wake of 

breakdown is somewhat artificial in that it violates the Helmholtz theorem that a vortex 

cannot end in a fluid. However, there is some justification for it in that two oppositely 

signed filaments placed next to each other would have no combined effect on the tube. 

By turning the filaments off in the wake, it is assumed that the vorticity contained in each 

filament is cancelled out by a filament in close proximity and with opposite sign. With 

this finding, some modification to the self-induction theory presented by Cain is 

warranted. 

5.2.2   Modified Self-induction Theory 

None of the aspects of the transient formation of vortex breakdown contained in 

Cain's self-induction theory are being questioned. This study found it to be an accurate 

representation of the factors leading up to breakdown. However, Cain's theory basically 

says that once the turning point has formed, viscosity effects take over and a stationary 

breakdown location is reached. With the current turn-off case showing a stationary form 

of breakdown with still no viscosity included, this theory needs some modification. The 

basic modification is that once a turning point is developed and the breakdown bubble is 

present, all of the vorticity inside of the recirculation zone cancels itself out. This in turn 

makes a self-sustained negative vorticity gradient from just upstream of breakdown 

where there is high axial vorticity, to the wake of breakdown where there is no vorticity. 

This gradient feeds back into the inviscid feedback mechanism causing a continual pile- 

up, radial expansion, and vorticity sign switch as the filaments flow through the bubble or 

vorticity gradient region. It is then argued that viscosity does play a role in smoothing 

out the velocity gradients found in the recirculation zone in the simulation. This also aids 

in the cancellation of vorticity. A side-by-side comparison of the original and modified 

theories is presented in Figure 5-5. 
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Figure 5-5: Self-induction theory of vortex breakdown. Original (left) vs. Modified 
(right) 

5.3    Vortex Breakdown Suppression and Control 

The motivation for this work is to ultimately be able to suppress or control vortex 

breakdown in some way. Many studies have focused on this as it is as fiindamental to the 

field of aerodynamics as controlling boundary layer separation and stall on a traditional 

rectangular airfoil. As stated m the introduction, it is very desirable to be able to control 

or eliminate breakdown as it can have several negative effects on an aircraft such as a 

loss of lift or buffeting and high cycle fatigue leading to failure. A brief review of some 

control methods is presented along with analysis of these methods and recommendations 

in light of the results of this study. 

5.3.1   Review of Some Breakdown Control Methods 

A wide variety of vortex breakdown control methods have been previously 

investigated. The investigations seek to do one of two things; delay or weaken the onset 

of vortex breakdown, or move the LEV in a way that breakdown cannot adversely affect 

other structural components. The methods used mclude active control such as constant 

blowing or suction, or periodic blowing and suction. Passive control techniques such as 

stationary vortex generators or wing surface shaping have also been investigated. 
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Shah (ref. 29) and Thompson {ref. 30) showed that a stream-wise fence 

mounted on the wing leading-edge extension on an F/A-18 caused the separation of the 

LEV into two counter-rotating vortices. This effectively moved the vortex away from the 

vertical tails and reduced the effects of breakdown on tail. 

Sheta et al. {ref. 31) used a multi-disciplinary computational investigation to see 

the effects of tangential blowing on vortex control. Their work found that blowing 

directly into the LEVs was the most effective in delaying breakdown or reducing the 

buffeting response. The blowing tangential to the vortex core itself, and provided in such 

a way as to weaken the vorticity in the core, proved the most effective. This result agrees 

with the current study in that the solid-body core has been identified as the critical area 

where all of the physical aspects that set up breakdown are present. Significant 

modification of this core will prove to have the greatest effect on breakdown. 

Moeller and Rediniotis {ref. 32) used pneumatic vortex control (PVC) actuators 

on a deha wing in a low speed wind tunnel to control the position of vortex breakdown 

and resulting pitching moment on the wing. The study found that by using actuators 

located near the trailing edge and blowing parallel to the core, the position of breakdown 

could be modified. By blowing opposite to the axial velocity of the LEV, the breakdown 

position moved upstream, and blowing with the axial velocity delayed the breakdown 

downstream. This method essentially just modifies the axial pressure gradient and 

resulting velocity profile that the LEV travels through. It was shown in section 3.1 that 

the axial velocity profile is largely dependent on the angle of attack, and that a stagnation 

point is seen at the point of breakdown. The simulation has shown that for a given 

vorticity gradient, a certain amount of backflow will be induced at a point on the vortex. 

If this backflow is greater than or equal to the convective axial velocity set up by the 

pressure gradient, then a stagnation point and resulting breakdown will occur. By 

blowing along this line, the convective velocity is being changed, and thus the position of 

breakdown can be modified. It should again be emphasized that blowing directly along 

the core of the vortex is likely to have the largest effect since that is where the largest 

induced axial velocities are located. 
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Periodic blowing and suction has also been investigated by Guy et al. {ref. 

33). Flow excitation along the leading edge of the delta wing showed that a delay in 

breakdown by as much as 20% chord and a significant increase in lift were possible. It 

was shown that this method also altered the axial velocity profile. It is unclear whether it 

changed the circulation of the vortex by excitation of the shear layer which feeds into the 

vortex. This type of actuation is slightly different because it is zero net mass flux, 

meaning that no source of fluid is needed to maintain the blowing or suction.   This could 

be beneficial as creating sources of high pressure fluid often involves added complexity 

and weight. 

Maines et al. used leading edge suction on a 65° delta wing and measured the 

effect on breakdown position. They found that suction near the wing apex had the largest 

effect on breakdown over suction anywhere else along the leading edge. Upper surface 

suction moved the breakdown upstream, while lower surface suction moved it 

downstream. This result also agrees well with the current study as it has been shown the 

apex of the delta wing causes the formation of the core of the vortex which in turn 

induces breakdown. Modifications to this apex region are boimd to have the most 

significant effect on the flow field. 

Husain et al. (ref. 34) studied vortex breakdown in swirling flow inside a cylinder 

with a rotating endwall. A small rod was also placed through the axis of the cylinder and 

the rotation direction of the rod could be controlled. They found that rotating the rod in 

the same direction as the swirl of the flow suppressed any vortex breakdown bubble at 

the core, while rotation of the rod in the opposite direction of the swirling flow caused the 

formation of multiple breakdown bubbles. This can be understood in light of the vortex 

filament simulation. A counter-rotation of the rod would cause significant vorticity 

gradients due to the no-slip condition at the rod surface which has been shown to induce 

breakdown. However, co-rotation of the rod would tend to create positive axial vorticity 

everywhere along the rod and would negate any gradients. 

Srigrarom and Kurosaka (ref. 35) also attempted to suppress breakdown by means 

of modifying the leading edge shape of the deha wing from a straight line to a wavy 

planform. This transformed the vortex core itself from a straight line to a wavy shape 
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which was shown to induce less backflow and resulted in a lack of a stagnation and 

reversed flow region. They found that the effect of the waviness of the wing was the 

same for one wave near the apex as for waviness along the entire leading edge of the 

wing. This study has shown that the effects would indeed be the same because all of the 

properties of the core are formed near the apex of the wing. The waviness for the rest of 

the chord would have only a secondary effect on the LEV core. 

5.3.2   Recommendation for Control in Light of Current Work 

It has been established that the geometry and orientation of the wing tip is what 

establishes the core circulation of the vortex and sets up the flow pattern for the rest of 

the wing. Also, the angle of attack of the wing establishes both the circulation in the 

vortex and the convective axial velocity profile which the LEV is subjected to. These 

two things determine the location of breakdown along the core. With this in mind, any 

alteration of the vortex core circulation or the axial velocity profile will modify the 

breakdown position. The most effective place to change the circulation of the vortex core 

has been shown to be the very tip of the wing as it is the location where all of the feeding 

into the core takes place. Any alterations further down the wing chord will only have a 

secondary effect on the vortex core as it has been shovm that there is very little feeding of 

circulation into the core past the wing apex. 
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6     Conclusions and Recommendations 

6.1    Conclusions 

Vortex breakdown and delta wing flow in general remains a highly complicated 

topic still worthy of much research effort. The goal of this study has been to answer four 

questions related to delta wing flow and the simulation of vortex breakdown. 

1. How is vorticity fed into the solid-body core of the LEV by the shear layer as the 

vortex travels downstream? 

2. How can vortex breakdown be controlled? 

3. Are the parameters used in the current vortex filament method similar to a 

realistic flow situation where vortex breakdown occurs? 

4. How relative is this simulation to real LEV flow, and how should the vortex be 

modeled? 

It is believed that this study found good answers to questions 1,3, and 4, while question 2 

remains an area where much work is still needed. Each question is addressed below. 

6.1.1    Vorticity Feeding into the Core 

This study found that essentially no added vorticity enters the sohd-body 

rotational core of the vortex after the core is formed near the wing apex. All the 

circulation and vorticity added subsequently remains at a radius larger than the radius of 

maximum azimuthal velocity. The core is then seen to have constant circulation and a 

constant radius from the point of formation to just upstream of breakdown. The physical 

reason for this is that the secondary vortex interacts with the shear layer severing the 

attachment between the feeding vortex sheet and its core. The growing size of the 

secondary vortex allows it to serve as a shield between the shear layer and core, forcing 

the fluid into the primary vortex at radii larger than the limits of the soUd-body rotational 

core. This view of the core differs significantly from the conical theory of delta wing 

flow. It is thought that for high sweep angles and relatively low angles of attack that the 

flow could be nearly conical as the distance from the core center to the feeding shear 
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layer decreases with increasing sweep angle. Under these circumstances, the shear 

layer could feed into the core for a large portion of the wing and not just near the tip. 

6.1.2 Vortex Breakdown Control 

Proposed breakdown control methods vary widely and have shovm varying 

degrees of success. This is an area that needs much more research as the benefits of 

being able to control the vortex are great. This study has shown that control methods 

should focus on the core of the LEV as this is the key region where breakdown develops. 

The best area to modify in order to alter the vortex core is the apex of the delta wing as 

this is where the core forms and all vorticity in the core is produced. Active as well as 

passive control methods could have the most significant effect if applied in this area. All 

control methods which focus on the outer area of the core are suspected to have only a 

secondary effect on the vortex core itself hi summary, to get the most 'bang for the 

buck' fi-om whatever control method is used, its effect should be focused on the vortex 

core and especially the apex where the core forms. 

6.1.3 Vortex Filament Simulation Parameters 

The DPIV used in this study showed that the parameters used by Cain in the 

previous work were realistic for simulating an actual flow condition where vortex 

breakdown was likely to exist. The magnitude of the vorticity gradient in relation to the 

axial velocity of the vortex was similar to that of common delta wing flow. While the 

simulation did not have all of the components necessary to arrive at a stationary 

breakdown location, it does model the transient formation of breakdown well. 

6.1.4 Simulation and Delta Wing Flow Comparison 

The vortex filament simulation, even with its simple geometry and inviscid 

assumption, does a reasonably good job of modehng the LEVs of actual delta wing flow. 

As was shown in the DPIV study, the core of the vortex remains constant and does not 

really change throughout the length of the wing. This is very similar to the present 

simulation in that once it emerges from the source, the vortex has constant circulation and 
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size. Also, filaments placed farther outside of the vortex core in the simulation were 

shown to not breakdown until far in the wake of the core breakdown location. This effect 

was confirmed by dye visualization over the delta wing. Future numerical simulations 

could be effective by just concentrating on the core of the vortex as this has been shown 

to be the critical area responsible for breakdown. 

6.2    Recommendations for Future Work 

Based on the findings in this study, several suggestions for future work are 

warranted: 

1. Extend the DPIV investigation to a wider range of delta wing sweep angles to 

study how vorticity is fed into the core for these wings. 

2. Initiate a three-dimensional PIV study of the vortex breakdown region and the 

flow near the delta wing apex. 

3. Investigate in detail the effects of different apex geometries to control breakdown 

such as the blow-in door application. 

4. Investigate ways to include viscosity effects in the numerical simulation of 

breakdown in order to arrive at a stationary breakdown location. 
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Appendix A - University of Washington Water Tunnel 

A.l   Water Tunnel Description 

A horizontal recirculating water tunnel with a 3.0m x 0.7m x 0.7m glass test section 

located at the University of Washington Fluid Dynamics Laboratory was used for the 

experiments in this thesis. A 30 horsepower electric motor, controlled through a variable 

frequency drive, drives a centrifugal pump for variable freestream flow speeds of 0 to 

50cm/s. Several modifications to the tunnel were made over the course of this study. 

These include a new power supply unit so that the tunnel speed can be digitally 

controlled, an out-of-line filtration system for dye and particle removal, and top covers to 

protect the water from light and prevent algae growth. The main diffuser pipe was also 

redesigned to allow for better diffusion of the water and a better top seal to prevent water 

from splashing over the sides of the tunnel during high-speed operation. A layout of the 

tunnel is seen in Figure A-1. 

Filtration 
System 

Pump and Electric Motor 

Figure A-1: Water Tunnel Layout 
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A.2   Turbulence Level Determination 

Hot film tests to determine the turbulence level of the water tunnel were performed 

in August of 2002. A Dantec constant temperature anemometer (CTA) bridge was used 

in conjunction with a TSI1210-20W water probe. The probe was placed in the center of 

the test section and aligned perpendicular to the flow. Freestream flow speed was varied 

from 2 to 17 cm/s and the turbulence level was measured at each speed. Although the 

water turmel is capable of approximately 50cm/s, tests were not conducted at higher 

speeds for fear of breaking the film. According to the Dantec manual, the output voltage 

from the bridge, E, will vary with U, the local velocity as is given by King's law: 

E'=(A + BU")a (A-1) 

where a is the overheat ratio, and A, B and n are experimentally arrived at and are found 

when calibrating the probe. The Dantec manual recommends n = .45 for their bridge and 

setup. If the aim is only to quantify the turbulence level of the turmel, it is not required to 

find A and B, and the turbulence level may be found as follows (ref. 41). For U = 0, 

E'=Aa = El (A-2) 

Substituting into Eqn. (A-1) gives: 

E^-El=aBU\ (A-3) 

Differentiating both sides gives: 

_,„        ^..dU _^dU        lEdE (A-4) 
lEdE = naBU => = ; r-. 

U        U     n{E^-El) 

Assuming E = <E> + e' and U = <U> + u', let dE = e' and dU = u' and take the root 

mean square of both sides of the equation to give an expression for the turbulence level 

{U)    n{E'-El) 

where Ve' is the root mean square (rms) value of the bridge voltage signal when the test 

is conducted at one freestream velocity. The mean output voltage was measured on a 

Fluke 8842A multimeter set on the DC setting, while the rms value of the signal was 

obtained by switching to the AC setting. The overheat ratio, a, was set following the 

procedure in the manual. It is important to set the overheat ratio to achieve the 
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recommended operating temperature of the probe (67°C for the above mentioned 

probe). If the probe is run too hot, air bubbles will form around the film and make 

voltage readings meaningless. Before taking measurements, the probe was inspected to 

make sure it was free of any bubbles. In order to get a better approximation for EQ , 

Professor Gessner of the UW Dept of Mechanical Engineering suggests to use the 

intercept of the best fit line at C/= 0 when E^ is plotted versus If in order to negate 

effects of heat transfer due to free convection into the water. Figure A-2 shows the data 

and best fit line from the test run. 

Figure A-2: Best fit line to determine Eo 

The value of 9.23 was used for EQ and the rms outputs for each speed were put into Eqn. 

(A-5) to obtain a graph of the freesteam turbulence level of the tunnel. 

i 
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Figure A-3: Turbulence intensity measurements of UW water tunnel 

The turbulence level of the tunnel is significantly higher for speeds slower than about 

5cm/s. This is probably due to instabilities and vibrations associated with the pump. 

However, for speeds above 5cm/s, the freestream turbulence level is always below 1%, 

which is very desirable. This suggests that if a low turbulence level is desired, tunnel 

speeds should be kept above 5cm/s, as was done in the DPIV measurements and dye 

visualizations in this thesis. 


