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ABSTRACT 

An investigation of the vortex breakdown phenomenon using flow visualization 

qualitatively and quantitatively was conducted with a 70° delta wing under conditions of 

steady and unsteady pitch, roll and combinations of pitch and roll. Testing was carried out 

in the water tunnel located in the Mechanical Engineering Department of the Royal 

Military College of Canada, Kingston, Ontario. 

Steady state roll experiments with the delta wing pitched at 30° showed that the 

behaviour of vortex breakdown as a function of roll angle could be considered linear over 

the front half of the delta wing; however, the behaviour beyond a certain critical roll angle 

was nonlinear. The steady state coupling effect for simultaneous variations in pitch and 

roll appeared to be a superposition of the individual effects of pure pitch and pure roll. 

For the unsteady analysis, the 70° delta wing was oscillated in pitch about the 

centre chord at a mean angle of attack of 30° with an amplitude of oscillation of ±5°. The 

study was conducted at four values of reduced frequencies ranging from �itch = 0.12 and 

�itch= 0.52. The observations showed that the unsteady behaviour of the vortex core 

angle as a function of angle of attack was independent of reduced pitch frequency. 

Unsteady roll experiments were carried out with the 70° delta wing fixed at a pitch angle 

of 30° with roll oscillations of ±18° about the wing's level position. Tests were conducted 

at the same pitch frequencies as for the unsteady pitch analysis which corresponded to 

reduced frequencies that varied from kroll = 0.05 to kroll = 0.19. Unsteady maneuvering 
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experiments were carried out with the 70° delta wing oscillating in pitch about a mean 

angle of attack of 30° with an amplitude of ±5° while undergoing a corresponding roll 

oscillation about the centerline with an amplitude of± 18°. The unsteady maneuvering 

experiments were conducted at the same pitch frequencies as for pure pitch and pure roll 

and the reduced frequencies were also kept consistent. The results showed that, for all 

unsteady motions, a hysteresis effect existed that increased with reduced frequency. The 

results showed that the coupling effect of pitch and roll for the right wing was a reduction 

in hysteresis; however, the coupling effect for the left wing was an increase in hysteresis. 

For all motions investigated, the results of this study showed that an increase in 

reduced frequency also resulted in an increase in the amount of phase lag. For pure 

pitching and rolling motion, there was a notable increase in phase lag when the delta wing 

transitioned from the downstroke to the upstroke as compared to the transition from the 

upstroke to the downstroke. The coupling effects of unsteady pitch and roll was an 

apparent superposition of the phase lag. 

Empirical prediction equations for steady state conditions were examined under 

modification for leading edge geometry. Limited success was obtained in predicting the 

location of the vortex breakdown for conditions of pure pitch and pure roll; however, 

neither equation accurately predicted the effects of the coupled variations of pitch and roll. 
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NOMENCLATURE 

Symbols 

b wing trailing edge span, in. 

c wing root chord length, in. 

CL coefficient of lift. 

r coefficient of lift derived from potential flow theory. '-'L,P 

CL,v vortex flow coefficient of lift based on vortex flow. 

f pitching frequency, Hz. 

�itch reduced frequency based on oscillations in pitch, �itch = 2nfc/U. 

kroll reduced frequency based on oscillations in roll, kron = 2nfb/2U. 

Kp aspect ratio constant approximated by lift coefficient slope at zero angle of attack. 

Kv aspect ratio constant for sharp edged delta wings. 

q freestream dynamic pressure, q = YzpU2• 

Re Reynolds number, Re = Uc/v. 

S wing planform area, in2• 

t time, sec. 

t • nondimensional, time. 

u propagation velocity of the breakdown location, ft/sec. 

U freestream velocity, ft/sec. 

x distance from the apex of the model parallel to the wing root chord, in. 

z perpendicular distance from the surface of the model, in. 
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Greek Symbols 

a angle of attack, deg. 

a pitch rate, rad/sec. 

y leading edge incidence angle, deg. 

8 angle vortex core makes with wing surface, deg. 

K reduced pitch rate, K =amaxc/2U. 

A sweep angle, deg. 

� reduced propagation velocity, �= u/cf. 

v kinematic viscosity, ft2/sec. 

p density, lb/ft3 

a model pitch angle, deg. 

1: convective time unit. 

<P roll angle, deg 

ci> reduced roll rate, = ( b/2U) (o<J>/ot). 

w angular velocity in rad/sec, w = 2nf. 

\j1 angle the vortex core makes with the projected root chord line ( measured from top 
surface view of delta wing). 

-xvu-



CHAPTER I 

INTRODUCTION 

In an effort to better appreciate the applications of aerodynamics, Wu[ 1] provides 

an interesting perspective on the evolution of lift offering that the application of unsteady 

aerodynamics or time dependant flows is the key to obtaining ultimate lift. He classifies 

the pursuit of ultimate lift into three distinct generations. The first generation of lift is 

based upon bound vorticity where optimum lift depends on a smooth external flow field 

and the minimizing of flow separation. The resultant lift relationship is the classical lift 

curve slope. The associated requirements for wing design depends on a sharp trailing 

edge and the wing camber and thickness are critical design components. The result is a 

moderate CLmax at low angles of attack. The second generation of lift is identified as 

vortex lift. In this generation, the methodology is to use the flow qualities of a detached 

vortex to enhance the lift contributions of the wing. The associated design criteria is a 

highly swept slender wing planform with a sharp leading edge. The result is a higher CLmax 

at higher angles of attack. Optimization of lift in this generation depends highly on the use 

of flow control methods. The aim of the third generation of lift is to exploit that which 

has been developed in the second generation by using the energy in the wake of separated 

flow and the unsteadiness that results from flow at high angles of attack to enhance the 

lifting qualities of the flow. For subsonic flow this requires unsteady excitation of 

organized or controlled vorticity through physical oscillation of wing surfaces as well as 
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articulated or deformable surfaces. 

In my opinion, we are at the brink of the third generation of lift and I firmly believe 

that there are significant contributions yet to be made. This study is, therefore, focused on 

the extension of the second generation of lift into the third generation and is an effort 

aimed at furthering the knowledge and understanding of unsteady vortex flow. The 

application revolves around modern fighter aircraft which operate in high alpha flight 

regimes. Common design methods make use of highly swept wing planforms and, in some 

cases, leading edge extensions (LEXs). These configurations allow for the formation of 

an intense rolled-up vortex which provides for a significant nonlinear lift contribution 

called vortex lift. The unfortunate limitation to vortex lift is a phenomenon known as 

vortex breakdown which provokes highly turbulent flow downstream of the vortex 

breakdown location. As a result, modern fighter aircraft, in particular, twin tailed aircraft 

structures which make use of vortex lift are subjected to random aerodynamic interactions. 

These interactions translate into tail buffet loads that result from pressure fluctuations due 

to flow separation or impact forces from vortical flows themselves. 

For the F/A-18 aircraft, tail buffet loads have been alleviated somewhat through 

the addition of a LEX fence modification which was developed to reposition the vortex 

away from the vertical tail. The problem of random interactions causing tail buffeting with 

the vertical fins, however, is still a major concern because of the significant structural 

implications on the fatigue life of the aircraft. Even after the implementation of the LEX 

fence, cracks have been discovered on the vertical fins. A fleet modification which 

reinforced the structure surrounding the affected area has been carried out, but cracks 
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were since discovered at the base of the tail itself indicating that the problem was not 

resolved but merely relocated. 

A better understanding of the aerodynamics surrounding vortex lift and the vortex 

breakdown phenomenon is instrumental to extending the life of high performance aircraft 

like the F I A-18 and is paramount to addressing problems like tail buffet on any twin tailed 

aircraft. A large amount of work on vortex breakdown has been conducted to date. 

Fundamental studies have usually been carried out on delta wing configurations. Recent 

research has concentrated on time dependant flows and their effects on the position of 

vortex breakdown. Experimentation has been carried out for delta wings oscillating in a 

pure pitching motion and those oscillating in a pure rolling motion. The research in this 

study examines the behaviour of the vortex breakdown location as a 70° swept delta wing 

maneuvers simultaneously in pitch and a roll. In addition, available experimental results 

for pure pitch and pure roll investigations has been expanded through the use of the 70" 

swept delta wing. It is anticipated that the Computational Fluid Dynamics (CFD) 

community would benefit from the observations made and the information gathered in this 

investigation. Experimentation for this study has been performed using the water tunnel at 

the Royal Military College (RMC) of Canada, Kingston, Ontario. 
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CHAPTER II 

BACKGROUND 

Fundamentals of Vortex Lift 

Highly swept wing planforms like those of a delta wing are being thoroughly 

investigated in the pursuit of achieving lift at high angles of attack. As Polhamus[2] 

states, these wings exhibit flow in which a highly stable vortex forms along the leading 

edge resulting in the production of large increases in lift known as vortex lift. Vortex lift 

is the result of a low pressure region created by the vortical flow near the wing surface 

which, in essence, creates suction over the wing surface. This behaviour can add 

substantial nonlinear components to the lift force of the wing. The location oflowest 

pressure for a wing planform coincides with the centre of the leading edge vortex. A wing 

designed for vortex lift allows for controlled flow separation at the leading edge. The 

concept of vortex lift deviates dramatically from conventional attached flow theory. 

Instead of postponing the inevitable separation for somewhat limited gains, vortex lift uses 

the properties of separated vortical flow to enhance lift. 

Polhamus[3] introduced a definition of total lift for a delta wing as the sum of 

potential lift and a vortex lift increment . He based his concept for calculating vortex lift 

on an analogy between the vortex lift and the leading edge suction associated with the 

potential flow about the leading edge. This concept is referred to as the leading edge 
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suction analogy and with it, Polhamus[3] developed the following relationship for the 

vortex lift coefficient : 

C - K . z 
LY - v cos a sm a ( 1 )  

where CL,v i s  the vortex flow lift coefficient and Kv i s  a function of  aspect ratio for sharp 

edged delta wings. Polhamus[3] also provided that the relationship between the potential 

flow lift coefficient and angle of attack (for zero suction, attached flow lift) can be 

expressed by: 

CL = K sina cos2a ,p p 

where CL,p is the potential flow lift coefficient for the condition of zero leading edge 

suction and � varies with aspect ratio and is approximated by the slope of the lift 

(2) 

coefficient at zero angle of attack. Note that for small angles of attack, CL,p reduces to : 

C = K a L.p p (3) 

which is a linear relationship between the coefficient of lift and the angle of attack. The 
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expression for total lift becomes: 

(4) 

Hemsch[4] makes the distinction between vortex lift and non-linear lift. As illustrated in 

Figure 2. 1, nonlinear lift is the difference between the actual lift at a given a and that given 

by the linearly approximated �a. Vortex lift is the increment above the attached flow lift 

with zero leading edge suction and is due to the presence of the leading edge vortex. It 

has been shown that separation vortices appear at smaller angles of attack for sharp 

leading edges than for rounded leading edges. Polhamus[2] reported on NASA Langley' s 

study of the Lippisch highly swept delta wing DM-1 test glider modified with a sharp 

leading edge. The results shown in Figure 2.2 demonstrated large vortex lift increments. 

As well, the analysis with a variation ofleading edge profiles, presented by Peake[5], 

demonstrated a marked increase in lift coefficient for a bevelled leading edge as compared 

to a rounded or elliptic leading edge. This is illustrated in Figure 2. 3 .  

As a result of the foundation provided by previous work, current studies 

concentrate on the vortex behaviour over slender sharp leading edged delta wings. As 

shown in Figure 2 .4, leading edge vortices are formed over a delta wing when the 

boundary layer or shear layer detaches from a surface rolling up into a well organized 

vortical shape and leaving a long swept separation line. This process is referred to as the 

roll-up of a vortex sheet. As the sheet rolls up, its intersection with the plane normal to 
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the lifting surface forms a spiral, and the velocity profile in the inner portion or core of the 

spiral is nearly axisymmetric. The core size increases as the flow progresses downstream. 

The circulation about the core increases with distance along the axis as well as axial speed 

along the centerline due to the continuous drop in centerline pressure as the core vorticity 

increases. The definition ofthe core, however, is somewhat arbitrary. The main purpose 

in isolating a core has been to define the region that contains most of the vorticity. This 

definition has been used as a simplifying assumption in theoretical analyses. In the ideal 

case, the centre of the leading edge vortex is designed to be located on the order of a core 

diameter above the lifting surface and along the leading edge. Should the characteristics 

of vortex core change dramatically, as in the case of vortex breakdown, the aerodynamic 

qualities of the flow are destroyed. 

Research has shown that the size of the vortical core formed by the roll-up of a 

vortex sheet is independent of Reynolds number[ 6, 7] . Reynolds number is defined as: 

Re Uc 
v 

where: c is the wing centerline or root chord length; 

U is  the velocity of the fluid flow; and 

v is the kinematic viscosity of the fluid. 

(5) 

Wedemeyer[6] generalizes that the overall lift of slender, sharp leading edge, delta wings 
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is relatively insensitive to Reynolds number. Lee and Ho[7] further distinguishes that this 

insensitivity only applies to surfaces with sharp leading edges since surfaces with rounded 

leading edges are affected by the laminar/turbulent transition in the boundary layer and 

thus affected by a change in Reynolds number. The flow details associated with the state 

of the boundary layer on the wing upper surface can cause very large variations in local 

pressure distribution through their effect on the location of secondary separation lines. 

These secondary separations occur when the flow under the primary vortex is swept 

toward the wing leading edge, by the action of the vortex and encounters the adverse 

spanwise pressure gradient near the leading edge. As illustrated in Figure 2 .4, this results 

in a secondary vortex having vorticity of the opposite sign. Secondary effects are highly 

dependant upon the local state of the boundary layer and therefore on Reynolds number 

and the longitudinal station. 

Gad-el-Hak and Blackwelder[8] examined the structure of the shear layer that 

separated from the leading edge of a 60 o swept delta wing. Their results showed that the 

classical large vortex shed from the sharp leading edge of a delta wing originates as a 

series of smaller discrete vortices which rotate around each other and pair to form larger 

vortices while simultaneously moving downstream. These discrete vortices are depicted in 

Figure 2.  5. This phenomenon was more apparent in the angle of attack range of 1 0 o to 

1 5  o. For lower angles of attack, it was felt that the pairing process was inhibited by the 

boundary layer and for higher angles of attack, the flow was more turbulent which seemed 

to mask the phenomenon. Gad-el-Hak and Blackwelder[8] concluded that discrete vortex 

shedding and the pairing process in an important aspect in the dynamics of the larger 
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primary vortex structure. 

Lee and Ho[7] reviewed the concept of vorticity balance based on the assumption 

that the flow conditions are governed by a concentrated vortex. Vorticity is generated on 

the surface and diffused into the boundary layer. In the case of attached flow, the vorticity 

is removed continuously by free stream convection. However, in the case of separated 

flow, a local shear layer has been formed and rolled up into a concentrated vortex which is 

convected downstream with the velocity of the freestream. The balance of vorticity refers 

to the relationship between surface vorticity flux and that transported in the freestream. 

This relationship dictates whether there will be an accumulation or depletion of vorticity 

above the solid surface. The surface flux is governed mainly by the local pressure gradient 

and the motion of the surface. For the delta wing, the vorticity flux is further governed by 

the condition of the boundary layer at the leading edge prior to flow separation. Lee and 

Ho[7] commented that a stationary leading edge vortex is only established when a balance 

of vorticity exist. When there is an imbalance of vorticity, the result is vortex breakdown. 

Vortex Breakdown 

Generally, the term "vortex breakdown" or similarly " vortex burst" describes an 

abrupt change of the flow field structure. Some of the earlier works on the phenomenon 

of vortex breakdown were carried out by Peckham & Atkinson[9] in 1 957, Elle[ 1 0] in 

1 960 and Lambourne and Bryer[ 1 1 ] in 1 962. The breakdown of leading edge vortices 

over wings with highly swept leading edges has been observed when the angle of attack 
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exceeded a critical value. Vortex breakdown is often the limiting factor in achieving 

optimum lift through leading edge vortices. An example of the vortex breakdown 

phenomenon in the flow over a delta wing is shown in Figure 2 .6 .  Flow visualization in 

the form of dye injection introduced by the tip of each of the leading edge vortices has 

been employed. 

The illustration in Figure 2. 7 shows the dramatic change in lift coefficient due to 

vortex breakdown for a variety of delta wing planforms at a given angle of attack. 

Peake[5] has compared the phenomenon of vortex breakdown to that of a normal shock 

wave. The shock wave separates supersonic flow which is insensitive to downstream 

conditions from subsonic flow which is influenced by all of its surroundings. Similarly, 

upstream of the vortex breakdown location, the presence of the breakdown is not visibly 

evident nor detectable through velocity measurements. Also, as Peake[5] discusses, 

experiments have revealed that flow downstream of the burst is always less stable than 

that upstream of the burst. Vortex breakdown causes significant modification to the 

vortex structure. It acts like a switch from laminar flow to turbulent flow or from less 

turbulent flow to more turbulent flow. Similar to the shock wave, vortex breakdown 

appears to be a discontinuous transition between two distinct flows. In that respect, 

vortex breakdown has also been compared to the hydraulic jump phenomenon observed in 

fluid flows. 

Although there have been many forms of the vortex breakdown phenomenon 

reported, they generally have been divided into two primary characteristic forms; the 

bubble (axisymmetric) form which is referred to as the B-type and the spiral form which is 
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Figure 2.6. Vortex Breakdown Above a Delta Wing. ONER.A Werle, 1963. [12] 
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referred to as the S-type. These two breakdown forms are illustrated in Figure 2 .8 .  In 

either form, a stagnation point on the vortex axis is followed by a limited region of 

reversed axial flow near the vortex centerline. In the S-type, streamlines originally near 

the vortex axis change direction and assume a spiral or corkscrew shape about an 

expanded body of stagnant fluid until finally the filament breaks up into large scale 

turbulence. In the B-type, however, the central filament reaches a free stagnation point 

from which it expands in a nearly axisymmetrical flow about a body of recirculating fluid 

similar to a body of revolution. 

There is evidence to support the idea that the two breakdown types are distinctly 

different. Peake[S] provides measured values of core expansion ratios (wake core 

diameter/approach flow core diameter) that show that expansions associated with the B­

type are quite different than those associated with the S-type. As well, support for the 

distinction between the two types comes from vortex tube analyses which focussed on 

swirl angles (defined as the angle between the tangential and axial velocity components of 

the vortex) . For low values of swirl, the flow exhibits no unusual behaviour. When 

swirling exceeds a critical value, a large amplitude disturbance is initiated. Peake[S]  

demonstrated that, for a Reynolds number of approximately 3 .  0 x 1 04 or more, based on 

the length scale of tube diameter, the first form ofbreakdown observed was the S-type. 

As the swirl level was increased, the breakdown moved upstream. This behaviour 

continued until a second critical value of swirl was reached and the S-type transformed to 

a B-type. The position of the breakdown moved rapidly upstream from where it was 

when it was an S-type. There were ranges in which S-type and the B-type transformed 
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back and forth between one another. The position of the breakdown also oscillated 

between the location appropriate to its type. 

Although the interest in vortex breakdown originally arose from its application to 

leading edge vortices, a large amount of experimental work has been conducted in circular 

ducts or vortex tubes. This is partially due to the fact that flow in vortex tubes can be 

easily controlled and that the flow is axisymmetric. Lee and Ho[7], however, point out 

that there is a fundamental difference between vortices generated in a tube and those 

generated over a delta wing. In the vortex tube experiments, Reynolds number is a 

dominating parameter where the flow over a delta wing is not. Liebovich[ 1 3] explains 

that, for vortex tube experiments, vorticity is shed into the centre of the tube by a vane 

generator thus producing a vortex of relatively constant vorticity. On the other hand, in 

the flow over a delta wing vorticity is being constantly fed into the core of the vortex 

resulting in an almost linear increase in vorticity along the vortex core. 

Physically speaking it has been observed that an essential feature for the 

occurrence of vortex breakdown, whether the flow is axisymmetric or non-axisymmetric, 

is a region of low total pressure near the axis of the vortex. Vortex breakdown results 

from a stagnation in the flow in the presence of an adverse pressure gradient . Small 

changes in the external flow are sufficient to produce a large pressure gradient along the 

axis because the pressure gradient is magnified towards the axis of the vortex. A 

quantitative description of vortex breakdown, however, can only be obtained by solving 

the full non-linear equations of motion. 

For reasons of simplifying the governing equations all theories of vortex 
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breakdown assume that the flow upstream from the breakdown is axisymmetric. Some 

theories ignore the asymmetric features of breakdown assuming they are only secondary 

effects. The main commonality in all theories pertaining to axisymmetry is the concept of 

critical flow. In all experiments with vortex tubes reported by Peake[5], it was found that 

vortex breakdown occurs when the swirl component of the flow was sufficiently large. 

The swirl angle was thought of as a critical parameter. The increasing swirl reduced the 

necessary pressure gradient required for the onset of vortex breakdown. Further 

increasing the swirl angle past the critical value caused the breakdown position to move 

upstream. 

Peake[5] provides two main categories of explanation that are used when 

analysing the vortex breakdown phenomenon. These are theories that relate breakdown to 

flow instability and theories that do not. All theories are reported to predict vortex 

breakdown to occur generally within the experimentally observed range of swirl angles. 

They also accurately predict the sensitivity of breakdown to the severity of axial pressure 

gradients. No theory, however, gives an accurate prediction ofthe location ofbreakdown 

as compared to experimental results nor does any theory give the flow detail inside the 

breakdown region. Furthermore, none of the theories have found general acceptance. An 

interesting comment made by Peake[5] quotes Ludwig ( 1 970) stating that it cannot be 

expected that all sudden changes of vortex structure which is called vortex breakdown can 

be explained by one theory alone. This statement has gained recognition since it has been 

discovered that there are so many mechanisms that are involved in the vortex breakdown 

phenomenon. 
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Steady State Analyses 

There has been much research performed to date investigating the factors affecting 

the location of vortex breakdown under steady state conditions. These factors can be 

grouped into areas involving flow conditions and those involving the specifics of delta 

wing geometry. 

A change in wing orientation is the most apparent factor which affects the location 

of the vortex breakdown. As the of angle of attack increases, for example, the location of 

vortex breakdown moves forward toward the apex ofthe delta wing. Conversely, as the 

angle of attack decreases, the position of the vortex breakdown moves back toward the 

trailing edge. In fact, the position of vortex breakdown can move past the trailing edge 

and propagate downstream a considerable distance. Lowson and Riley[ l4] have reported 

on many investigations that have been conducted on the behaviour of vortex breakdown 

over delta wings of various sweep angles as a function of angle of attack and have 

demonstrated that, although there are similar trends reported, there is no universally 

agreed location for vortex breakdown on a delta wing as a function of angle of attack and 

leading edge sweep. A compilation of steady state delta wing data for various sweep 

angles as a function of angle of attack was published by Wentz and Kohlman[ 1 5] and is 

provided in Figure 2 .9 .  

Lee and Ho[ 1 6] have shown that the location of vortex breakdown for a slender 

delta wing of a given sweep angle is uniquely related to the leading edge incident angle. 

Huang and Hanfl1 17] presented the following static prediction model which correlated the 
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location of vortex breakdown for a slender delta wing of a given sweep angle as it related 

to the leading edge incidence angle, y :  

where: 

y = cos�1 (cosa sinA) 
N = 0 .4 + 0. 1 cotA 

X N 
= 

c tany - 0 .32 

A = 0. 1 7  + 0 .38 cotA + cot2A 
tany � Uq,l U�. 

-A (6) 

A review of published data as it compares to Huang and Hanff' s[ 1 7] prediction model is 

shown in Figure 2 . 1 0. 

When the delta wing is oriented with a pitch angle and a non-zero roll angle, the 

angle of attack and sweep angle seen by the flow is modified. For a given roll angle, the 

effective angle of attack and effective sweep angle change can be expressed as follows: 

a(<J>) = tan1(tana cos<t>) 
(7) 

A(<J>) = A ± tan�' (tana sin<J>) 

For the 70° delta wing, Figure 2 . 1 1  illustrates these effective changes for a given roll 

angle. Hanff and Ericsson[ 17] explain that, from these equations and for a given roll 
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angle, the leeward half of the wing (the half that rolled up) experiences a decrease in angle 

of attack and an increase in sweep angle. Both factors cause a lowering of the swirl 

parameter and lead to an aft displacement of the location of the vortex breakdown. The 

wing that rolls down also experiences a decrease in angle of attack, but sees a decrease in 

sweep angle. The decrease in sweep angle dominates to augment the swirl parameter and 

lead to a forward motion ofthe breakdown point location. Because the effects of the 

change in angle of attack and change in sweep angle operate in the same direction on the 

leeward half of the wing (the half that rolled up) and the changes operate in opposite 

directions on the windward half of the wing (the half that rolled down), the displacement 

of the breakdown location is usually larger on the leeward half of the wing. 

Huang and Hanffl_:l 8] showed very good correlation between experimental data 

and the following expression for the prediction of the vortex breakdown location which 

was modified after extensive review of empirical data: 

where: 

X N 
= ----

c tany - B 

y = cos 1 (cosa(<!>) sinA(<j>)) 
N = 0.33 + 0.3 /tan2 A(<!>) 

A = 0.20 + 1 . 6 /tan2 A(<!>) 
B = 0 .43 - 0. 1 /tan A( <I>) 

tany � U4,1 U= 

- A  (8) 

An example the data published by Huang and Hanfl11 8] is shown in Figure 2. 1 2. 
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The roll data is consistent with that which has been published for a delta wings 

experiencing changes in yaw as well as for analyses of delta wings of varying sweep 

angles. Fundamentally, vortex breakdown occurs first at the side of the delta wing which 

is turned into the flow direction. Erickson[ 1 9] ,  in his work on slender delta wing vortices, 

has shown this relationship as well as the tendency for vortex breakdown to increase as 

sweepback angle is decreased. Also, Jarrah[20] showed that, as sweep angle increases, 

the slope of the lift curve increases due to the increased strength of the leading edge 

vortices. 

Other studies involving the change of flow conditions have shown that if the flow 

downstream of the breakdown is blocked, the location of the vortex breakdown tends to 

move forward. For example, Gursul and Yang[2 1 ]  used a control cylinder situated in the 

flow during their data collection which caused the position of the vortex breakdown to 

move upstream. 

One relationship which has been investigated at length involves the relationship of 

vortex breakdown and Reynolds number. It has been demonstrated and accepted in all the 

published data that there is no significant influence ofReynolds number on the position of 

vortex breakdown. Atta and Rockwell' s  [22] reported that the location of vortex 

breakdown for a stationary delta wing at a given angle of attack and at a low Reynolds 

number of 5 . 8  x 1 04 was in good agreement with the study ofWedemeyer[6] which was 

carried out at much higher Reynolds numbers. Jarrah[20] investigated the aerodynamic 

forces and moments of the flow over three delta wings of different sweep angles. He 

concluded that the influence of Reynolds number had a negligible effect on the flow over 
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sharp edge models. He did comment, however, that the Reynolds number could have an 

effect on the fine scales in the vortex structure. 

In addition to the influence of the sweep angle, other geometric features have a 

significant influence on the position of the vortex breakdown. Recently, Lawson[ 1 4] 

conducted a study to examine the reasons for the variations in published results of the 

location of vortex breakdown on delta wings of similar sweep angle. He reviewed a 

number of studies and found similar trends in the data existed as long as the wing leading 

edge was kept sharp; however, he also found that serious anomalies existed when he 

focussed on the details of similar model geometry which included thickness ratio, leading 

edge chamfer and leading edge radius. Lowson[ 1 4] tested for repeatability by examining 

several delta wings with geometries identical to those used in some published studies and 

was successful in reproducing previously published data using models of exact geometry 

used in prior investigations. He concluded that the variation from various investigations 

of the vortex breakdown position at the same sweep and angle of attack was due primarily 

to the detailed model geometry, particularly the geometry of the apex. He also concluded 

that the effects of vortex breakdown position due to variations in geometry far outweigh 

those due to support interference, methods of flow visualization, wind tunnel factor and 

changes in Reynolds number. Other researchers have made similar conclusions. 

Thompson[23 ], for example, conducted a comparative analysis of the differences between 

data obtained from various researchers who carried out essentially the same 

experimentation. He noted that even for two studies that were performed on essentially 

the same model design, differences in breakdown location were noted as high as 25% for a 
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fixed angle of attack. He generalized that the differences apparent in the data could be 

attributed to leading edge geometry, thickness ratio, measurement technique I researcher 

defined breakdown point, blockage, wing support interference, or the direction of quasi­

steady motion (increasing or decreasing incidence). 

Unsteady Wing Motions 

In general, researchers have described unsteady wing motions as being transient or 

oscillating. Typically, a transient motion is an impulse motion that has a start point and a 

stop point. The cycle is defined either by an increasing or by a decreasing angle of attack 

which starts from rest. For an increase in angle of attack, the motion is sometimes 

referred to simply as pitching. For a decrease in angle of attack, the term often used is 

plunging. The oscillating motion has been defined using the form of a sawtooth but more 

often that of a sine wave. 

As noted earlier, it is generally accepted throughout studies involving vortex flow 

that vortex flow over a delta wing at high angle of attack is relatively independent of 

Reynolds number. To quantify the unsteadiness in an unsteady flow, nondimensional 

parameters have already been developed. For wings undergoing harmonic oscillations, the 

term used is reduced frequency, k. For oscillations in pitch, reduced frequency is defined 

by: 
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where: c is the wing chord length; 

f is the oscillation frequency; and 

U is the freestream velocity. 

2 rr.fc 
u 

This dimensionless frequency represents the ratio of the wing chord length, c, to the 

wavelength, U/f, of the forced motion. Reduced frequency is used as a comparison 

(9) 

parameter with which data from different studies can be correlated. Some studies define 

reduced pitch frequency without the two in the numerator, so care must be taken when 

making comparisons of data with other studies. In this study, the values for reduced pitch 

frequency were calculated using the above definition. In addition, for unsteady pitch 

motions, the axis of pitch rotation is an important parameter in affecting the resultant 

behaviour ofthe location ofvortex breakdown. Studies have been carried out using 

various locations as the axis of rotation; however, the axis of pitch rotation for this 

investigation was the centre chord location. 

The non-dimensional parameters for unsteady roll motions have been developed 

similar to those for unsteady pitch motions. For wings undergoing harmonic roll 

oscillations, reduced frequency is defined by: 
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= 2 rr.fb 
2 U  

where : b/2 is the wing trailing edge half span length. 

( 10) 

For impulse pitch motions, the nondimensional term used for comparison of data is 

reduced pitch rate defined as: 

K = 
2 U  

where: « max is the pitch rate in radians per second. 

For impulse roll motions, the non-dimensional term is reduced roll rate defined as: 

ci> = h o<f> 
2 u  ot 

where o<f>/ot is the roll rate in radians per second. 

It i s  not certain which motion best relates to actual flight conditions, although 

some comparisons have been presented in support that certain types of motion and 
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combinations thereof can relate directly to actual flight conditions. It is more important to 

recognize, however, that the only clear way of exploiting the advantages of vortex lift is to 

investigate its behaviour completely. 

Delta Wing Aerodynamics Involving Unsteady Pitching Motions 

Thompson[23] commented that the unsteady response ofvortex flow over a delta 

wing undergoing pitching motion can be divided into two categories: low angle of attack 

motion; and high angle of attack motion. For low angle of attack motion, the unsteady 

flowfield response is quasi-steady, but for high angle of attack motion, the unsteady 

flowfield response is characterised by the occurrence of vortex breakdown and a hysteresis 

effect in terms of the breakdown location. Ashly et a1. [24] explained that when a delta 

wing oscillates in pitch, the flowfield over the wing is incapable of instantaneously 

adjusting to the angle of attack. The flowfield takes a finite period of time to make the 

adjustment and, meanwhile, for unsteady motion, the unsteady maneuver continues to 

change. The result is that the flowfield is continually adjusting to new flow conditions. 

LeMay[25] also provided that, at low angles of attack, a time delay can mean the delay of 

vortex formation, whereas, at high angles of attack, it could mean the delay in formation 

or movement of vortex breakdown. 

A large amount of work on delta wings undergoing unsteady pitching motions has 

been conducted to date that investigated the delay in flowfield response at high angles of 

attack. The observations made by Atta and Rockwell[22] indicate that there is a drastic 
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phase shift in the vortex breakdown location with respect to the wing motion. Their study 

concluded that this phase shift of the vortex core development with respect to the wing 

motion is essential to the occurrence of hysteresis in the overall flow structure. 

LeMay[25] examined the phase-angle relationship between the location of vortex 

breakdown and angle of attack for small ranges of angle of attack and for larger amplitude 

oscillations. He found a strong dependence on reduced frequency. He also found that 

Reynolds number had little effect on the phase lag over the range he investigated. 

Thompson[23] suggested that the delay in the formation or the delay in motion of vortex 

breakdown was not typically a result of convective properties of the flow, but rather the 

unsteady effects in the aerodynamic loads. For example, Ashly et al. [ 1 0] showed that, 

when delta wing is given a sudden increase in angle of attack, the vortex breakdown 

location moves aft of its steady state location. The result is a coherent vortex structure 

formed over a greater part of the wing thus enhancing lift. Similarly, when a delta wing is 

given a sudden decrease in angle of attack, the vortex breakdown location moves further 

upstream of its steady state location. The vortex covers less of the wing resulting in less 

lift. 

Researchers have generally observed that both transient or impulse pitching motion 

as well as oscillatory pitching motion result in an unsteady hysteretic behaviour. 

Hysteresis effects can be regarded as overshoots or undershoots in relation to the 

behaviour during steady state conditions. The overshoots and undershoots are sometimes 

termed hysteresis "loops" Gad-el-Hak and Ho[26] observed that when the frequency of 

oscillation was decreased to a very low value, the hysteresis tends to diminish and the flow 
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reaches a quasi-steady state. Even at the lowest value of reduced frequency he tested, 

LeMay[25] observed a hysteresis loop in the location of the vortex breakdown. An 

example ofLeMay' s[25] data is presented in Figure 2 . 1 3 .  

Referring to Figure 2 . 1 3 ,  it can be seen that as reduced frequency increased, the hysteresis 

loops became greater at a given angle of attack. The movement of the vortex breakdown 

location was restricted accordingly. At the higher reduced frequencies, the wing would 

begin its pitch-up portion of the cycle before the breakdown location could reach its 

aftmost static location. Hysteresis effects as a result of unsteady motion have been well 

documented for several characteristics which include vortex breakdown location, surface 

pressure, lift, drag, pitching moment and normal force. In addition, the study of transient 

motion, provides for information about the flowfield in terms of the length of time it 

requires to return to the steady state conditions upon completion of the maneuver. This 

data is typically measured in terms of convection time units which Reynolds[27] define as 

the time it takes the freestream flow to travel the length of the wing. 

Magness[28] has shown that it is possible to subject a wing to a transient motion 

that is a portion of an oscillating motion; however, the flow field behaviour will not 

necessarily be the same for the two cases. In addition, Thompson[23] commented that the 

unsteady response of the leading edge vortex flow field is very sensitive to the initial 

conditions of the flow and that the magnitude of both the overshoot and the undershoot 

can change. In fact, Wolffelt[29] and Brandon and Shah[30] have shown that differences 

can result for initial angles varying by less than five degrees. Thompson[23] concluded 
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that all these phenomenon demonstrates that the leading edge vortices and their 

aerodynamic effects have a strong dependence on the exact motion history. LeMay[25] ,  

for example, collected data for large amplitude motion during which he pitched a 70 o delta 

wing from o o  to 45 ° at reduced frequencies of�itch = 0.05 and �itch =  0.30 with a root­

chord Reynolds number of2.6 x 1 05 . He reported a similar hysteresis effect as compared 

to the steady data and he also noted that the hysteresis was greater for an increased 

reduced frequency. LeMay[25] compared the data from motion with a small range of 

angle of attack to larger amplitude motion and concluded that for the same Reynolds 

number and reduced frequency, the hysteresis effect was more pronounced with the large 

amplitude motions. This is more evidence to support the premise that the motion history 

has a profound effect on the behaviour of the location of vortex breakdown. 

LeMay[25] also examined the phase-angle relationship between the location of 

vortex breakdown and angle of attack. LeMay' s[25] study found a strong dependence on 

reduced frequency. He also found that a change in Reynolds number had little effect on 

the phase lag over the range he investigated. 

Past Delta Wing Research Involving Unsteady Pitching Motion 

Unsteady delta wing research was started as early as the 1 950s. Investigators at 

that time focussed their studies on motions at small angles of attack since the objective at 

the time was to assess classical linearized theory for finite wings in simple harmonic 

motion. In 1 954, W.R. Laidlaw[3 1 ]  studied the unsteady aerodynamic loads on a 
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rectangular wing, a swept wing, and a delta wing. Since only small angles of attack were 

studied, the formation of leading edge vortices was not commented upon. In 1 963, L. 

Woodgate[32] examined the pitching moment derivatives on a 70° swept wing delta wing 

undergoing small amplitude pitching oscillations in a wind tunnel . The angle of attack 

only varied from 0 .5  o to 1 . 5 o with mean angle of attack from oo  to 1 5  o .  Woodgate[32] 

found a Reynolds number effect to exist between the range of 1 .28 x 1 06 and 2 .  56  x 1 06 

which he attributed to the state of the secondary flow. Woodgate[32] also found that 

there were no significant differences due to changing angle of attack. Thompson[23] felt 

that this was to be expected considering the low angles of attack and the small deviations. 

Experiments investigating the hysteretic behaviour of vortex breakdown were 

carried out in the 1 960s. In 1 960 and 1 962, Lam bourne and Bryer[ 1 1  ], [3 3 ]  studied the 

vortex flow generated by a sharp leading edge, 65 o swept delta wing. As well, in 1 964, 

Lowson[34] conducted experiments with vortex breakdown. It was not until the 1 980s, 

however, that a significant amount ofwork was carried out which involved the unsteady 

vortex flow over delta wings. 

In 1 98 1 ,  Erickson[3 5] conducted a series of water tunnel studies investigating the 

behaviour of leading edge vortices. Tests were conducted at a freestream velocity of 0 .33 

ft/sec. The Reynolds number was approximately 3 .0  x 1 04. Vortex core trajectories and 

core stability characteristics were obtained for a variety of wing planforms ranging from 

60° to 80 ° sweep. Erickson[35 ]  concluded that the water tunnel results of flow over thin, 

sharp edged delta wings provided reasonable estimates of leading edge vortex behaviour 

which would be expected at higher Reynolds numbers in air. Erickson[3 5]  showed that, 
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for high angles of attack, the location of vortex breakdown measured in the water tunnel 

were consistent with those measured in wind tunnel as well as those observed in flight 

tests. Erickson[3 5]  also qualitatively assessed the effects of deflected leading and trailing 

edge flaps as well as the leading edge contouring of the vortex characteristics of simple 

wing planforms and scale models of fighter configurations. 

In 1 984, Gad-el-Hak and Ho[26] investigated the behaviour of dynamically 

pitching delta wings in a towing tank at a root-chord Reynolds numbers up to 3 . 5  x 1 05 .  

Testing included a delta wing with a leading edge sweep angle of 45 o and with a NACA 

00 1 2  profile at each spanwise location as well as a flat plate delta wing with a leading edge 

sweep angle of 60 o .  The delta wings were oscillated sinusoidally about the quarter-chord 

location and about a given mean angle of attack. The amplitudes of the oscillations were 

varied from ± 5 o  to ± 1 oo and ± 1 5  o .  Gad-el-Hak and Ho[26] reported a substantial 

hysteresis in the vortex flow relative to the static case. Their study concluded that this 

hysteretic behaviour was a strong function of reduced frequency and that a distinct change 

in the flowfield was documented for a reduced frequency of k,itch � 1t .  

In  1 986, Wolffelt[29] investigated the movement of the location of vortex 

breakdown by oscillating a sharp leading edge, 60 o swept delta wing. The studies were 

conducted in a water tunnel with a root chord Reynolds number of 1 .  0 x 1 05 . The delta 

wing was oscillated with a pitch frequency off=  0 .58 Hz which translated to a reduced 

frequency of �tch = 0. 1 8 . Wolffelt[29] reported a distinct difference in the hysteretic 

behaviour of the vortex breakdown location for angle of attack ranges of 0 o to 20 o ,  5 o  to 

25 o , and 1 0  o to 30 o .  As well, he demonstrated that the hysteresis loops did not always 
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encompass the steady data but rather were displaced. 

In 1 987, Atta and Rockwell[22] studied the hysteresis of vortex development and 

breakdown on an oscillating delta wing. Their delta wing had a sweep angle of 52 o and 

was oscillated about its trailing edge with a reduced frequency of�itch = 0.76. The mean 

angle of attack was 1 0  o and the amplitudes of oscillations were ± 1 0  o .  Atta and 

Rockwell[22] observed a phase shift of the vortex core development with respect to the 

wing motion and linked this behaviour to the occurrence of hysteresis in the overall flow 

structure. In 1 990, Atta and Rockwell[36] examined the flow structure of a pitching delta 

wing at various Reynolds numbers. Several models were used that were geometrically 

similar each having the same 5r sweep angle. The range of Reynolds number 

investigated were 2 .9 x 1 03 s R., s 5 . 8  x 1 03 and 2 .9 x 1 03 s R., s 1 .34 x 1 04. The wing 

was oscillated about the trailing edge and about a mean angle of attack of 1 0 o with 

amplitudes of± 10 o  and the reduced frequency was varied from �itch = 0.0 1 25 to �itch = 

0.97 .  Atta and Rockwell[36] observed two fundamental types ofvortex development 

when analysing a complete oscillation cycle: one that occurred during low reduced 

frequencies and the other at higher reduced frequencies. They identified that there exists a 

threshold value of excitation frequency above which the core of the leading edge vortex is 

aggressively shifted downstream from the apex. Below the threshold, the origin of the 

vortex core gradually moves upstream towards the apex until the vortex core is fully 

developed. Atta and Rockwell[36] also examined the structure of the vortex breakdown 

and its strong dependence on reduced frequency reporting that low value of reduced 

frequency generally produced the classical spiral type vortex breakdown mode, but at 
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higher reduced frequencies there were a number of other modes that competed with and 

often superseded the spiral type breakdown mode. Atta and Rockwell[36] reported on the 

existence of two secondary vortices adjacent to the primary vortex: one adjacent to the 

leading edge which is fed by vorticity shed from the leading edge and the other, inboard 

and between the first and the primary vortex, which is fed by vorticity from the wall 

boundary layer. The secondary vortex immediately adjacent to the leading edge 

undergoes a development and breakdown process similar to the primary vortex but out of 

phase from the primary vortex; in fact, the hysteretic behaviour of this secondary was seen 

to be quite similar to that of the primary vortex. Because the breakdown of this secondary 

vortex always lead that of the primary vortex, Atta and Rockwell[36] concluded that the 

resulting region of reverse flow along the leading edge of the wing just prior to the onset 

of breakdown of the primary vortex was a key element in the primary vortex breakdown 

process. Atta and Rockwell[36] make some interesting comments about the unsteady 

flow phenomenon about a pitching delta wing; however, since their model was oscillated 

about the trailing edge as opposed to the centre chord it is difficult to compare with their 

data. 

In 1 988, Brandon and Shaw[30] investigated the effect of large amplitude pitching 

motion on the aerodynamic force and stability characteristics of flat plate wings with sharp 

leading edges. The models tested included a rectangular wing as well as a 70 ° and a 45 o 

swept delta wing. The models were oscillated about the 40% chord position with 

amplitudes of± 1 8  o at various mean angles of attack and at reduced frequencies varying 

from �itch = 0.009 to �itch = 0.0376. The studies were carried out in a wind tunnel using 
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smoke injection and a laser flow visualization technique. Results showed that there were 

substantial overshoot and hysteresis in the normal force coefficient and that the magnitude 

of the overshoot and the size of the hysteresis loops were a strong function of the mean 

angle of oscillation and of reduced frequency. Brandon and Shaw[3 7] continued their 

research in 1 990 studying the aerodynamic behaviour of a fighter model undergoing large 

amplitude pitching motions. The data collected for oscillatory motion compared well with 

their delta wing data presented in 1 988.  Additionally, constant pitch rate ramp motions 

from 0 o to 7 5 o were used to investigate the effects of pitch rate on aerodynamic 

characteristics. Brandon and Shaw[37] reported substantial increments in lift, drag and 

pitching moment as a result ofthe ramp pitching motions which were highly dependent on 

the reduced pitch rate and the wing motion time history. These effects were attributed to 

the lags in the flowfield formation as well as in the location of the vortex breakdown. Lift 

increments persisting to as high as 50 convective time units were measured. 

1 989 Jarrah[38] conducted a test program with the objective of producing an 

standard set accurate aerodynamic data for simple delta wing models undergoing 

sinusoidal and ramp variations in angle of attack. The three models tested had sweep 

angles of approximately 7 6 o , 70 o and 64 o , each with a sharp leading edge with a bevel 

angle of 30 ° .  The range of reduced frequency and reduced pitch rate varied from 0. 0 1  to 

0.08. Jarrah's[38] study was divided into three portions which investigated a low to 

moderate angle of attack range which was defined by angle of attack excursions from 0 o 

to 30 o ,  a low to high angle of attack range which was defined by angle of attack 

excursions from oo to 60° ,  and a low to extreme angle of attack range which was defined 
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by angle of attack excursions from oo  to 90° .  Jarrah[38] concluded that, for all sweep 

angles tested, unsteady effects of the flowfield and its response to a variation of reduced 

frequency and pitch rate were negligible in the low to moderate angle of attack range . He 

surmised that the flow had sufficient time to adjust itself to the changing angle of attack 

and, consequently, the flow could be considered quasi-steady. For the high to extreme 

angle of attack excursions, however, Jarrah[38] reported large hysteresis in aerodynamic 

loads and in the position of the vortex breakdown. The magnitude of the hysteresis was 

seen to increase with increasing reduced frequency and pitch rate, but was reduced with 

increasing sweep angle for a given reduced frequency or pitch rate. Jarrah[38] also noted 

that decreasing the sweep angle reduced the asymmetry observed in the flowfield 

fluctuations. Jarrah[38] also concluded that there was no significant qualitative difference 

between the sinusoidal and the ramp type motions. Jarrah noted that for a given reduced 

frequency or pitch rate and a set final angle of attack, an increase in the initial angle of 

attack increased the hysteresis effects. Similarly, for a fixed reduced frequency or pitch 

rate and a set initial angle of attack, an increase in the final angle of attack also increased 

the hysteresis effects. 

In 1 990, Jarrah[39] reported on a test program that studied ramp and oscillatory 

motion from o o  to 90 ° angle of attack. He used the model with the 76 ° sweep angle and 

a 30°  bevel on the leading edge. Tests were conducted at a Reynolds number of 4 .5  x 

1 05. The delta wing was rotated about the 75% chord position at reduced frequencies 

ranging from kpitch = 0.01  to �itch = 0.08. The results showed little hysteresis at low 

values of reduced frequencies, however; significant hysteresis was seen for higher values. 
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Jarrah[39] noted that during the upstroke, the core of the vortex reached a maximum 

height not exceeding the steady state value and the vortex breakdown position continued 

to move upstream. For the pitch-up motion, Jarrah[39] reported that the time constant 

associated with the burst lag was quite large in comparison with the convective time scale, 

-r, defined as c/U. Based on flow visualization data with K = 0. 02, the time lag was 

estimated at 7 convective time lengths. During the downstroke motion, Jarrah[39] noted 

that the wing was initially stalled and that the leading edge vortices were slow to reform. 

Jarrah attributed the extended lag in the vortex breakdown during the pitchdown motion 

to the persistence of a wake-like flow that existed at the end of the upstroke motion. In 

both sinusoidal and ramp maneuvers, the vortex breakdown point crossed the trailing edge 

at higher angles of attack than the corresponding steady state. Flow visualization 

measurements suggested that the breakdown position during pitch-up was highly 

asymmetric, however; the data also showed that the variation between sinusoidal and ramp 

maneuvers were small. 

In 1 990, LeMay[25] studied the response ofvortex flow and vortex breakdown 

location on a 70 o swept delta wing with sharp leading edges that was oscillated 

sinusoidally about the centre chord. The effects of reduced frequency and Reynolds 

number were investigated. In one study, the reduced frequency was varied from �tch = 
0.5 to 0.30 when the root chord Reynolds number was 2 .6 x 1 05 . In the other study, the 

Reynolds number was varied between 9 x 1 04 and 3 . 5  x 1 06 and the reduced frequency 

was held at �itch = 0.20. LeMay[25] selected two ranges of angle of attack. He varied the 

oscillations from 29 ° to 39°  in order that the position of the vortex breakdown was 
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restricted within the bounds of the wing surface. Throughout this range of angle of 

attack, the vortex breakdown position varied from approximately x/c = 0.4 to x/c = 0.9 .  

LeMay[25] also examined the angle of attack ranging from 0 o to 45 o to provide 

information through the range of angle of attack and to higher angles of attack. 

At the lowest value of reduced frequency tested, LeMay[25] observed a hysteresis 

loop in the location of the vortex breakdown location. As reduced frequency increased, 

the hysteresis effect became greater at a given angle of attack. This was seen by the 

restriction in the movement of the vortex breakdown location. At the higher reduced 

frequencies, the wing would begin its pitch-up portion of the cycle before the breakdown 

location could reach its aftmost static location. 

LeMay[25] observed that as the reduced frequency was increased, the hysteresis 

loops became more symmetrical about the static case. At reduced frequencies of �itch = 
0.05 and �itch = 0. 1 0, the breakdown location lagged the static case on the upstroke but 

was comparable to the static case on the downstroke. As the reduced frequency was 

increased to �tch = 0.20, the amount the breakdown location lagged increased and a 

similar lag developed on the downstroke. At a reduced frequency of �itch = 0.30, the 

hysteresis loop was symmetric about the static data and the lag in the breakdown location 

was about equal for the upstroke and the downstroke of the pitching cycle. 

LeMay[25] also examined the phase-angle difference between the chordwise 

breakdown location and the model position. Two trials were conducted for the 70 ° swept 

delta wing. In the first trial, the Reynolds number was held constant at 2. 6 x 1 06 and the 

reduced frequency was varied from �itch = 0.05 and kpitch = 0.30. In the second trial, the 
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reduced frequency was held constant at �tch = 0.20 and the Reynolds number was varied 

between 9 .0 x 1 04 and 3 . 5  x 1 05. Phase lag values were found by plotting the breakdown 

location and the model angle position against time for a cycle. The phase angle was 

determined graphically by determining the time difference between the relative breakdown 

location peaks. LeMay[25] found that as reduced frequency increased so did the phase 

lag. He also found that a change in Reynolds number had little effect on the phase lag 

over the range he investigated. 

LeMay[25] also studied the dependence ofReynolds number and reduced 

frequency on the propagation velocity (ux) of the breakdown location. The propagation 

velocity was computed by numerically differentiating the chordwise breakdown location 

for a cycle of motion varying the angle of attack from 29 ° to 3 9 ° .  The normal component 

of the propagation velocity was considered small in comparison to the axial component 

and, therefore, was neglected. LeMay[25] observed that the increase in breakdown point 

velocity seemed more dependent on pitching frequency than Reynolds number or reduced 

frequency and, therefore, defined a reduced propagation velocity (11) where 11 = ux I ( cf). 

LeMay[25] showed that the effect of reduced frequency on the reduced propagation 

velocity was minimal throughout most of the pitching cycle. He reported a slight 

dependence on reduced frequency at the beginning of the upstroke where the angle of 

attack started increasing. In terms of variation of Reynolds number, there were no distinct 

changes apparent for �tch = 0.20 and the Reynolds number between 9 .0 x 1 04 and 3 . 5  x 

l Os .  

LeMay[25] collected data for large amplitude motion during which he pitched the 
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70° delta wing from oo  to 45 o at reduced frequencies of�tch = 0.05 and �tch = 0.30 with 

a root chord Reynolds number of2 .6  x 1 05. He reported a similar hysteresis and also 

noted that the hysteresis was greater for an increased reduced frequency. LeMay[25] 

compared the data from the small range of angle of attack motion to larger amplitude 

motion and concluded that for the same Reynolds number and reduced frequency, the 

hysteresis effect was more pronounced with the large amplitude motions. This is more 

evidence to support the premise that the motion history has a profound effect on the 

behaviour of the location ofvortex breakdown. LeMay[25] went on to examine the phase 

lag relationship between the large and the small motion. He found the behaviour to be 

similar. For large amplitude motion at �itch = 0.05, the phase lag was s o  and at �tch = 
0.30, the phase lag was 20o .  For the small amplitude motion at �itch = 0.05, the phase lag 

was 5 o  and at �itch = 0.30, the phase lag was 22 o .  

In 1 992, Thompson[23] studied the unsteady aerodynamics of 70 o swept delta 

wings undergoing large-amplitude pitching motions. The study was comparison in nature 

and so the thickness to chord ratio was varied from 3 . 1 to 4.6 .  As well, the difference 

between a single bevelled and double bevelled leading edge was examined. For the steady 

case, Thompson[23] found that the effect due to thickness consisted in an upstream shift 

in the breakdown location with an increased thickness and the effect due to leading edge 

shape was a downstream shift in the breakdown location due to the addition of an upper 

surface bevel which effectively increased the wing' s camber. Thompson[23] reports that 

the effect due to thickness increase was not consistent with other published data. For 

oscillatory motion from oo to 60° ,  the results pertaining to the unsteady location of the 
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vortex breakdown were similar for the single bevel and the double bevel delta wing. 

Thompson[23] noticed that as the reduced frequency was increased, the location of the 

vortex breakdown moved on to the delta wing at a lower angle of attack and with a 

smaller propagation velocity. Thompson[23] observed that during the downstroke portion 

of the oscillation, the breakdown would reform near the apex, but it would remain 

stationary while the delta wing moved through several degrees of pitch and then the 

breakdown would continue to move aft. Jarrah[89] also noted that the effect of increased 

reduced frequency was greater during the downstroke of a sinusoidal oscillation and he 

attributed this to the lag in the reformation of the leading edge vortex. Thompson[23] 

correlated the position at which the breakdown remained steady with the maximum 

angular velocity of the delta wing which occurred near the mean angle of attack. 

Throughout the pitching oscillations, the location of the breakdown was consistently 

forward of the position it would otherwise have been if the delta wing was stationary. 

Thompson[23] analysed the vortex breakdown propagation velocity, but could not 

determine any relationship that was consistent with reduced frequency. He did note that 

the vortex breakdown propagation velocity was consistently greater during the upstroke 

than the downstroke part of the oscillatory motion. 

In 1 993, Hebbar, Sheshagiri, and Platzer[ 40] carried out a study focussed on the 

development and breakdown of the vortex over a rapidly maneuvering model X-3 1 

aircraft. Static and dynamic tests were conducted at angles of attack from 0 o to 50 o using 

dye injection as a flow visualization technique. The flow velocity of the water tunnel was 

0.25 ft/sec which corresponded to a Reynolds number of 1 .02 x 1 04. Dynamic tests were 
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carried out with ramp maneuvers which pitched from 0° to 50° and also plunged from 50° 

to o o  at reduced pitch rates of�itch = 0. 1 2  and �itch = 0.34 . The dynamic tests showed 

that the location of the vortex breakdown point relative to the static case moved rearward 

with increasing pitch-up motion and forward with increasing pitch-down motion. 

In 1 993, Rediiotis, Stapountzis, and Telionis[ 4 1 ] investigated the nature the vortex 

shed from a delta wing. Five geometrically similar wings with sweep angles of 76 o were 

tested in three test facilities which a included two separate wind tunnels and a water 

tunnel . Their investigation showed that vortex shedding was induced over the wing at 

angles of attack over 3 5 o .  In this region, the leading edge vortices remained attached to 

the wing all the way from the apex to the trailing edge of the wing. Above 3 5 a ,  the 

portion of the vortex above the aft part of the wing was seen to detach from the wing 

surface and shed. In the range of angle of attack from 3 5 o  to 70 o ,  the vortices on each 

side of the apex were shed simultaneously while, for angles of attack greater than 70 o ,  the 

leading edge vortices were shed alternatively. In all cases the shedding frequency was 

nonlinearly dependent on angle of attack. 

In 1 994, Rediniotis, Klute, Hoang, Telionis[ 42] investigated the transient flowfield 

over a delta wing during pitching motions to very high angles of attack. Two delta wings 

each with a sweep angle of 75 o were tested. One had a thickness to chord ratio of2% 

with a leading edge bevel angle of29o and the other had a thickness to chord ratio of 

4. 6% with a leading edge bevel of 4 5 o .  The models were mounted on a strut and pitched 

about their apex from 28 ° to 68° with a reduced pitch rate of 0. 0089. Their study re­

confirmed the inherent hysteresis in the flowfield as a result of the pitching motion, 
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however, evidence was presented stating that during the dynamic pitch-up, vortex 

breakdown does not creep up from downstream; but, instead it appears almost 

simultaneously along the entire chord of the wing and then spreads radially outward. 

In 1 994, Gursul and Y ang[2 1 ]  studied a pitching delta wing to determine the 

effects the pressure gradient over the wing had on the phase lag between the motion of the 

wing and the movement of the location of the vortex breakdown. The model tested was a 

70° swept delta wing with a thickness-to-chord ratio of 5 . 3% and a leading edge bevel of 

45 ° .  Reynolds number was varied from 1 .27 x 1 05 to 2. 54 x 1 05. The model was pitched 

sinusoidally about the centre chord with reduced frequencies up to 0. 53 .  Angle of attack 

ranges investigated were 29° to 39° ,  to compare with the data from LeMay[25], and 1 0 °  

to 1 5  o ,  for which breakdown was absent over the wing. Gursul and Yang[2 1 ]  showed 

that, as angle of attack increased, the pressure fluctuations due to the signature of the 

vortex breakdown also increased since the circulation of the leading edge vortex also 

increased with angle of attack. It was concluded that the pressure fluctuations induced by 

the helical mode instability of vortex breakdown could be used to quantify the phase lag 

between the wing motion and the breakdown location. For both ranges of angle of attack, 

it was shown that the phase delay between the wing motion and the pressure field 

increased with increasing reduced frequency and that the phase delay was not sensitive to 

Reynolds number variations. 

In 1 995, Lin and Rockwell[43 ] studied the onset and development of vortex 

breakdown within the vortex shed from the leading edge of a delta wing pitching to high 

angles of attack. Lin and Rockwell[ 43] noted that the onset of large phase lags of the 
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flow pattern relative to the motion of the wing in a given consequence of not only pitching 

motions but also rolling motions. The objective of their work was to quantitatively 

describe the relaxation of the vortex following a sudden pitch-up motion to a high angle of 

attack. Experimentation was carried out in a water channel using a delta wing with a 

sweep angle of 7 5 o  and a thickness to chord ratio of 0. 05 3 with a chord length of 0 .  79 ft .  

The Reynolds number of the flow was 9.2 x 1 03 and the wing was pitched from an initial 

angle of attack of 25 o to a final angle of attack of 50° at a reduced pitch rate of0 .30 .  Lin 

and Rockwell[43 ] analysed the location ofthe vortex breakdown as it varied with time. 

Immediately following the cessation of the pitching maneuvre and at low values of 

dimensionless time, ( the vortex breakdown moved upstream toward the apex of the 

wing at a constant propagation speed, m = -0.72 (where m = cv/ U). After this period of 

constant speed, the vortex breakdown location accelerated abruptly to a propagation 

speed, m = - 1  . 1 2  and then slowed to a constant speed of m = -0.04. Lin and 

Rockwell[ 43] concluded that this transformation from a relatively fast to a slow speed of 

the upstream movement of the vortex breakdown location was related to an abrupt 

transformation in the vortex breakdown structure and has consequences in terms of phase 

lag during a maneuvre. Lin and Rockwell[ 43] speculated that if a means of control could 

be found to hasten the abrupt transformation of the vortex structure, the time delay could 

be maximized and an overshoot relative to static lift characteristics could be realized. Lin 

and Rockwell[ 43] also showed that immediately following the sudden pitch-up of the 

wing, the location of the vortex breakdown also moved abruptly toward the surface of the 

wmg. 
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Delta Wing Aerodynamics Involving Unsteady Roll Motions 

Similar to studies involving unsteady pitching motions, investigations involving 

unsteady roll motions have typically focussed on oscillatory and transient (or impulse) 

motion. In addition, however, free-to-roll experiments have been conducted to gain a 

better insight into problems like wing rock. Hanff and Jenkins[ 44 ], for example, 

conducted a test program which focussed on free-to-roll experiments where the model 

was rotated to an initial angle of attack and was allowed to adjust itself freely to the 

freestream conditions. The dynamics involved in the rolling delta wing change the 

behaviour of the flow characteristics dramatically. Ericsson and Hanft145] reported on the 

large time delay in the movement of the vortex breakdown location as the delta wing was 

oscillated which is evidence of an inherent hysteretic behaviour. Ericsson and Hanft145] 

suggested that a more extensive analysis with an increased data base is needed to 

determine how the effect of past time history depends on change in roll angle and reduced 

frequency. 

Ericsson and Hanft145], however, reported that applying a time-lag effect to the 

static results was not sufficient for predicting flow characteristics under dynamic 

conditions. The characteristics of the flow under dynamic roll conditions, were seen to be 

similar in nature to those experienced during unsteady pitching conditions due to the 

hysteresis effect. In the case of the pitching motion, a change in the effective geometry of 

the wing occurs through a pitch rate induced accelerated flow. A similar roll rate induced 

change in effective geometry was reported to be present for values of lift and associated 
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roll moment for a 65° delta wing under dynamic roll conditions. The effect of longitudinal 

camber on the location of vortex breakdown has been investigated by Lambourne and 

Bryer[ 1 1 ] .  For the same angle of attack, a delta wing with positive camber caused the 

location of the vortex breakdown to be downstream of the trailing edge, whereas the delta 

wing with the negative camber cause the breakdown to occur close to the apex. It was 

then argued that the roll rate induced camber effect would be similar to the pitch rate 

induced camber effect. Huang and Hanfl11 8] performed static tests with models deformed 

to produce a roll rate induced camber and the results were consistent. The half of the 

wing which was twisted up experienced a delay in vortex breakdown as compared to the 

half of the wing which was twisted down. This compared well with a flat delta wing 

undergoing a positive roll rate where the roll rate induced camber caused a delay in the 

vortex breakdown on the downstroking half of the wing but promoted it on the upstroking 

half of the wing. This relationship is illustrated in Figure 2 . 14 .  

To assist in the prediction of normal forces on rolling delta wings at high incidence 

angles, Huang and Hanfl11 8] developed an expression for predicting the location of the 

leading edge vortex breakdown based on empirical results. The predicted normal force 

coefficients calculated by Huang and Hanffl1 8] compared reasonably well with 

experimental data which gave credibility to the accuracy of the method used to predict the 

location of the vortex breakdown. An example of the data presented by Huang and 

Hanfl11 8] is provided in Figure 2. 1 5 .  

In 1 996, Ericsson[ 4 7] published a report that described the difficulties associated 

with predicting the behaviour and associated effects of vortex breakdown over a rolling 
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Figure 2. 1 4. Roll Rate Induced Camber. [ 45] 
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delta wing. He discussed two attempts that have been made and the successes of each. 

The first attempt, which has already been discussed in the work, was carried out by Huang 

and Hanfl11 8] who used an analytical method. The second was by Chaderjian[48] who 

used a numerical method. Ericsson[ 4 7] concluded that neither method appeared to have 

provided an adequate simulation of the experimental results and suggested that the 

difficulty was presented by the fact that the large effect of roll rate induced camber was 

highly nonlinear due to the existence of critical states and that the behaviour of the flow 

was associated with significant time history effects. The existence of critical states, which 

were related to effective leading edge sweep angle and effective angle of attack, was 

shown by a dramatic and nonlinear change in the relationship between location of vortex 

breakdown and roll angle for steady and unsteady conditions. Ericsson[ 4 7] argued that in 

the absence of accounting for these critical states, empirical prediction equations could not 

accurately predict the location of vortex breakdown. Ericsson[ 4 7] also concluded that, 

although the computation method developed by Chaderjian[48] did show an effect ofthe 

critical states, the agreement with experimental data needs to be better before the 

prediction of dynamic characteristics can be possible. 

Past Delta Wing Research Involving Unsteady Roll Motion 

In 1 990, Hanffand Jenkins[44] reported on their investigation of a 65 ° delta and a 

80 o /65 o double delta wing undergoing rolling motions. Static and dynamic tests were 

conducted up to an angle of attack of 40 o and concentrated on force measurements. A 
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large base of data was collected, but the results presented were for the case of 3 0 o angle 

of attack. In the dynamic tests, the model was oscillated sinusoidally in roll about mean 

roll angles of 0 o , 1 4  o ,  28 o ,  and 4 2 o and with amplitudes varying from ±5 o to ±40 o .  The 

maximum reduced frequency tested was �on =  0.2 and the maximum reduced roll rate was 

0. 1 5 .  The test program focussed on free-to-roll experiments where the model was rotated 

to an initial angle of attack and allowed to adjust itself freely to the free stream conditions. 

From their data, Hanffand Jenkins[44] determined that there were multiple trim angles, 

termed roll attractors, at which the model would settle once released and that the trim 

angle depended on the angular rate achieved during the motion. 

In 1 99 1 ,  Hanff and Ericsson[ 49] continued their work on multiple roll attractors 

with the principle objectives to obtain a better insight of the vortex dynamics associated 

with large amplitude and high rate roll oscillations. The 65 o delta wing model was 

examined under static and dynamic conditions. In addition, further free-to-roll tests were 

analysed. As previously discussed, for static changes in roll angle, the effective sweep of 

the leeward half of the wing (the half that rolls up) increases and causes the location of the 

vortex breakdown to move aft from the apex. Similarly, the effective sweep of the 

windward half of the wing (the half that rolls down) decreases and causes the location of 

the vortex breakdown to move toward the apex. This asymmetric movement of the 

location of the two vortex breakdown locations causes a stabilizing rolling moment; 

however, the increase in sweep of the leeward half of the wing causes an increase in 

vortex induced lift and the decrease in sweep of the windward half of the wing causes a 

decrease in vortex induce lift which has a destabilizing result on the rolling moment . The 
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net balance between these two effects determines whether there is an overall stabilizing or 

destabilizing rolling moment. HanfT and Ericsson[ 49] have shown that if <1> < 3 .  5 o for a 

sweep angle of 65 o and a pitch angle of 3 0 o ,  the statically destabilizing effect, which 

results from relatively small changes in the vortex breakdown location ( < 1 0% ), is 

insignificant compared to the increase in roll stability which is produced by the increase in 

vortex lift generated by the leading edge vortices upstream of the breakdown location. As 

the roll angle is increased further but not more than 7 o ,  Hanff and Ericsson[ 49) have noted 

that a large shift in the position of vortex breakdown occurs which significantly effects the 

vortex induced lift and results in an overall destabilizing effect on the roll stability. With 

the large asymmetry in breakdown location, the dominant effect becomes the roll moment 

produced by the leeward half of the wing. Although the leeward half of the wing produces 

less vortex lift than before because the vortex breakdown location has moved aft, it now 

produces more than the windward half of the wing since the windward half of the wing has 

less of a leading edge vortex upstream of the breakdown location because the breakdown 

location has moved forward by so much. This analysis supports the off-zero trim angles 

that HanfT and Ericsson[ 49] have observed in experimentation. 

Hanff and Ericsson[ 49] also reported on the large time delay in the movement of 

the vortex breakdown location as the delta wing was oscillated. This behaviour was 

attributed to flow inertia effects which limited the propagation speed of the breakdown 

location to values lower than the free stream velocity. HanfT and Ericsson[ 49] suggested 

that the rolling moments as a function of roll angle would be affected considerably under 

dynamic conditions involving large angular rates such as those encountered in the free-to-
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roll tests. 

In I 992, Huang and Hanfl1I 7] presented their work on a method for the 

prediction of leading edge vortex breakdown on a 65 o delta wing at high incidence. Static 

and dynamic tests were conducted at a chord Reynolds number of 2 .4 x I 06 and the model 

inclined at a pitch angle of30 ° .  The test rig was designed to oscillate at an amplitude of 

40 ° of roll and a reduced frequency of 0.2. The static prediction model used has been 

discussed earlier. Huang and Hanfl11 7] showed very good correlation between 

experimental data and an expression for the prediction of the vortex breakdown location 

based on a steady value modified by a quasi-steady value and unsteady perturbations. 

In 1 993, Huang and Hanfl11 8] continued their research on rolling delta wings to 

include the prediction of normal forces at high incidence angles which included a 

prediction technique to estimate breakdown locations. The predicted normal force 

coefficients compared reasonably well with experimental data which gives good credibility 

to the accuracy of the method used to predict the location of the vortex breakdown. Of 

interest is their observation of the variation of the vortex breakdown location as the delta 

wing was dynamically oscillated. Huang and Hanfl11 8] report that in the presence of small 

offset roll angles and high amplitudes, both vortex breakdown points moved between the 

apex and past the trailing edge. At higher frequencies and small amplitudes, the vortex 

breakdown points did not progress past the confines of the wing. For large offset angles 

and small amplitudes, the vortex on the windward half of the wing remained burst at the 

apex while the leeward one remained in the confines of the wing. In addition, Huang and 

Hanfl1 I 8] reported that there were cases where the vortex on the windward half of the 
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wing broke down at the apex and the other vortex moved onto the leeward half of the 

wing during a portion of the roll oscillation cycle. 

In 1 994, Ericsson and Hanfl145] reported on experiments conducted involving the 

high angle of attack roll dynamics of a sharp leading edged 65 o swept delta wing. Their 

objective, in part, was to obtain a better insight associated with large amplitude and high 

rate roll oscillations. Their investigation focussed on roll oscillations around a mean roll 

angle of 0 o with the delta wing pitched at an angle of 30 o .  The results showed that both 

static and dynamic roll characteristics were dominated by the effect of vortex breakdown. 

Ericsson and Hanfl145] showed that the dynamic effect of vortex breakdown is largely 

controlled by the roll rate induced conical camber. Static tests were performed with 

models deformed to produce a roll-rate induced camber and the results showed that the 

half of the wing which was twisted up experienced a delay in vortex breakdown as 

compared to the half of the wing which was twisted down. This compared well with a flat 

delta wing undergoing a positive roll rate where the roll rate induced camber caused a 

delay in the vortex breakdown on the downstroking half of the wing and promoted it on 

the up stroking half of the wing. 

In 1 995, Ericsson[50] studied the effects of roll rate induced camber and oftime 

lag on a 65 o swept delta wing with a sharp leading edge. He analysed the effect of the roll 

rate induced camber on the leeward and the windward side leading edge vortices for the 

static (undeformed) and dynamic (instantaneously deformed) delta wings and noted that as 

the roll rate was decreased, the roll rate induced camber effect was reduced and the 

deviation of the static to the dynamic data was reduced as well. In addition, Ericsson[50] 
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showed the effects of time lag through the displacement of the dynamic curves as 

compared to the static curve is an indication of the time lag effect . 

Focus of Current Research 

The focus of the current research was the water tunnel testing of a model delta 

wing statically and undergoing unsteady motions. The model was sized for the water 

tunnel to minimize the effects ofblockage and optimize the quality of the flow 

visualization. The model geometry was designed to ensure maximum comparison of 

available data. An apparatus was devised so that the delta wing could be maneuvered in 

both pitch and roll, separately and simultaneously. 

In the analysis of the delta wing undergoing steady and unsteady pitching 

maneuvers, data was collected and compared with existing data to ensure validity of test 

results and the integrity of the experimental setup and procedure. Further analysis was 

carried out for steady and unsteady roll conditions which demonstrated the symmetry of 

the flow phenomenon. Although there exists roll data for other delta wing designs, this 

research provided an additional data base of information for a 70° swept delta wing. In 

addition, most delta wing experiments undergoing unsteady roll motion have concentrated 

on free-to-roll tests and not the force maneuvers that were studied in this research. 

Experimentation was also carried out with the delta wing maneuvering in pitch and 

roll. This is one of the first studies that examined the steady and unsteady vortex flow 

over a delta wing that is maneuvering in pitch and roll simultaneously. The data collected 
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were analysed with an emphasis placed on the position of the vortex breakdown as it 

related to the motion of the delta wing as well as an examination of lag time characteristics 

and vortex breakdown propagation velocities. A comparison of the three types of motion 

enabled an estimate of the pitch and roll coupling effects of a delta wing undergoing 

unsteady pitching motion that is simultaneously maneuvering in roll. 
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CHAPTER III 

EQUIPMENT 

RMC Water Tunnel 

Experimentation was carried out using the water tunnel located at the Royal 

Military College (RMC) of Canada, Kingston, Ontario, Canada. A schematic diagram of 

the RMC water tunnel is illustrated in Figure 3 .  1 .  The water tunnel is a closed, non­

pressurized system constructed from aluminum and can hold up to 1 50 imperial gallons. 

The tunnel test section is made from clear plexiglass on the sides and the bottom but is 

open on the top. It measures 8 inches high by 8 inches wide by 24 inches long. The flow 

velocity can be varied from 0 ft/sec to a maximum tunnel velocity of2 . 5  ft/sec. The 

qualities of the flow in the water tunnel were investigated by Randall and Waugh[ 5 1 ]  who 

determine that the average turbulence in the flow was less than 2%. The decision to use 

the water tunnel for this experimental research was based on availability of the facility and 

the fact that the focus of this research centred on flow visualization. In addition, 

Erickson[3 5]  commented that, because vortex flow over a thin flat plate, sharp leading 

edge delta wing is insensitive to Reynolds number, water tunnels make good facilities in 

which to visualize the vortex flow phenomenon. As well, water tunnel flow visualization 

can be carried out in much detail because of the low testing speeds. 
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Figure 3 .  1 .  Water Tunnel at The Royal Military College of Canada 
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Model Delta Wing Design 

The delta wing model used in this study was designed with the specific 

requirement to reproduce vortex breakdown; however, to ensure maximum comparison of 

available data for experiment validation, the design specifications were based on one of the 

models used in the studies ofThompson[23] .  A schematic diagram ofthe delta wing 

model is provided in Figure 3. 2. Constructed from aluminum, the model was designed as 

a flat plate with a sweep angle of 70° and an aspect ratio of 1 .46. The root chord length 

was 4 . 8 125 inches and the base measured 3 . 5  inches. The thickens of the model was 0 .22 

inches for a thickness-to-chord ratio of 4 .6%. Dimensions of the delta wing model were 

accurate to within 1 /32 inches. To ensure a sharp leading edge, the windward side ofthe 

model was bevelled at a 45° angle. Two dye injection ports were positioned symmetrically 

about the apex and as close to the apex as possible. A small channel was cut along the 

centerline of the model to house the plastic tubing that carried the dye from a dye 

reservoir to the dye ports. Once the tubing was in place, the channel was filled and 

covered over. The surface was then smoothed and painted. 

The size of the delta wing model was restricted to the constraints of the water 

tunnel to keep the amount of geometric blockage to a minimum. As a result, the model 

size was a lot smaller than that used in Thompson[23] .  However, Thompson[23] 

conducted a comparison study of the unsteady location of vortex breakdown using three 

different model sizes. The Reynolds number was 1 .  5 x 1 04 and the reduced frequency was 

�itch = 0.03 corresponding to dimensional pitch frequencies of0.3 14, 0.707, and 1 .26 Hz 
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for a full scale, two-thirds scale and one-half scale, respectively. The data was collected 

while oscillating the wing from 0 o to 60 a in sinusoidal motion. The data shown in Figure 

3 . 3  shows that the unsteady characteristics ofthe breakdown location are independent of 

model size and therefore insensitive to Reynolds number. Thompson[23] also showed 

similar behaviour for a reduced frequency of�itch = 0.09. 

Maneuvering Apparatus 

An apparatus was designed so that the delta wing could maneuver in pitch and roll, 

separately and simultaneously. The design concept was similar to the one used in 

experiments carried out by Hebber and Platzer[ 40] specifically because their experiments 

were also conducted using a water tunnel . The maneuvering apparatus was designed 

within the constraints of the size of the RMC water tunnel test section and with the goal of 

inducing the least amount of interference into the flow. The maneuvering apparatus was 

also required to reproduce test conditions of other studies so that comparison could be 

made with available data. The maneuvering apparatus was designed to rotate the delta 

wing model in pitch about the centre chord location and in roll along the root chord and 

about the model's  geometric centre. LeMay[25], in his study of a pitching delta wing, 

conducted tests to examine the influence the change in pitching axis had on the location of 

vortex breakdown. Tests were performed with the pitching axis located at the one­

quarter, one-half and three-quarters chord locations with a reduced frequency ofk = 0.30 

and a root chord Reynolds number of2 .6  x 1 05 . LeMay[25] observed that as the location 
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of the pitching axis was moved toward the trailing edge, the average location of the vortex 

breakdown also moved aft. LeMay's[25] study demonstrated that it is critical to know the 

location of the pitching axis in order to compare data. 

A side view of the delta wing model connected to the maneuvering apparatus is 

shown in Figure 3 .4. As shown is Figure 3 .4, the delta wing model was held upside down 

in the water tunnel . The model was situated so that the top surface of the delta wing faced 

the bottom of the test section and the direction of the flow caused the formation of the 

vortices on the top surface of the model. The model was held in place by a cylindrical 

sting of radius 0.22 inches. The sting was connected to the Primary C-Beam. The 

Primary C-Beam was a constant radius resting on a set of two rollers so that the model 

could be rotated in pitch about its geometric centre. In addition, the design of the 

maneuvering apparatus ensured that the model was situated in the centre the test section. 

The Primary C-Beam was driven by the Primary Drive Cam which was connected to a 

Drive Rod. The Drive Rod was driven by a drive mechanism which provided a sinusoidal 

input motion. 

Figure 3 .  5 shows a three dimensional schematic view of the delta wing and the 

maneuvering apparatus as they were situated in the water tunnel. As shown in Figure 3 . 5 ,  

a Secondary C-Beam of exact design specifications was off-set from the Primary C-Beam 

by a distance of 3 .49 inches to allow for the variations in roll when the two C-Beams were 

connected by a connecting rod. A Secondary Drive Cam was used to drive the Secondary 

C-Beam. 
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A Schematic diagram of the Drive Mechanism used to provide motion to the 

model is shown in Figure 3 .6. As shown in Figure 3 .6, the Drive Rod which connected to 

the Primary and Secondary Drive Cams was connected by a series of linking rods to a 

Drive Wheel which provided a continual sinusoidal motion. The Drive Wheel was 

attached to a gear box which was connected to a variable speed DC motor. The DC 

motor was a Motomatic®Motor Generator, Model No. E6BOMC, manufactured by the 

Electro-Craft Corporation. The benefit of using the gear box was that a higher motor 

speed could be used which resulted overall in a smooth operation of the Drive Mechanism. 

The speed of the motor was controlled by a Servodyne Controller, Catalogue No. 4445-

30 ,  which was manufactured by Cole-Parmer. The motor controller enabled the variation 

in the speed of the motor. The limitations of the Drive Mechanism to provide smooth 

motion at the lower reduced frequencies defined the lower limits of reduced frequency 

used in the study. 

- Linking7 
Rods 

..........._..__. 

Drive Rod 
Connected to 
Drive Cam 

Drive Wheel Attached to 
DC Variable Speed Motor 

Figure 3 .6 .  Drive Mechanism 
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The Primary and secondary Drive Cams connected to the same Drive Rod of the 

drive Mechanism; however, the two Drive Cams were never connected or driven 

simultaneously. Referring to Figure 3 . 5 ,  the following is an explanation of the various 

motions provided by the maneuvering apparatus. For variations in pure pitch, the 

Connecting Rod and the Secondary Cam were disconnected. The Primary C-Beam was 

driven alone by the Drive Mechanism through the Primary Drive Cam and the model was 

rotated in pitch about the centre chord location. For variations in pure roll, the Primary 

Drive Cam was disconnected and the Primary C-Beam was fixed in place at a desired 

angle of attack. With the Connecting Rod connected, the Secondary C-Beam was driven 

alone by the Driven Mechanism through the Secondary Drive Cam and the model was 

rotated in roll along the root chord about the model' s  geometric centre. For variations in 

pitch and roll simultaneously, the Secondary Drive Cam was disconnected and the 

Secondary C-Beam was fixed in place. With the Connecting Rod in place, the Primary C­

Beam was driven alone by the Drive Mechanism through the Primary Drive Cam. The 

model was simultaneously rotated in pitch about the centre chord location and in roll 

along the chord line about the model 's  geometric centre. It should be noted that because 

the different C-Beams were used for roll and roll while pitching, these two movements 

were 1 80° out of phase with each other. The tunnel speed was kept constant and the pitch 

frequency provided by the drive mechanism was varied to keep the similarity of reduced 

frequencies consistent with published data. 
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Flow Visualization 

There are an increasingly large number of fluid problems that can be solved 

analytically; however, even simple fluid flow problems can be inherently complex. The 

need for quality experimental results therefore is paramount to furthering understanding. 

In terms of studying the vortex breakdown phenomenon, the nature of the vortex flow is 

too sensitive for direct probing. Therefore, the ideal method for gathering information is 

the use of a non-intrusive technique. The importance of visualizing a flow field cannot be 

overstated. Flow visualization techniques generally offer a useful tool to gain an overall 

appreciation of a flow field before the investigator embarks on detailed quantitative 

measurements. In certain applications, such as this research, flow visualization and data 

analysis techniques have become quite sophisticated such that quantitative measurements 

can be made from the flow phenomenon being visualized. Furthermore, in this day of 

CFD where accurate solutions can be generated, flow visualization becomes an essential 

part ofverifying computational test results. 

There are a vast number oftechniques available for studying fluid flow. The 

concept of unsteady aerodynamics makes it even more difficult when analysing a given 

flow with classical methods. For steady flow, a streamline, a streakline and a pathline 

have all the same appearance, but for unsteady flow, the three are distinctly different. A 

streamline is  a curve everywhere tangent to the instantaneous velocity vectors (or parallel 

to the direction) of the flow. A streakline is the locus of all fluid particles that have passed 

through a prescribed fixed point during a specified period of time. A pathline is the curve 
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traversed by a particular fluid particle during a specified interval of time. Typically, a 

continuous tracer introduced into the flow field at a point visualizes streaklines, hence, at 

any instant the visualization provides the time history of the tracer but not the local event. 

Another difficulty associated with unsteady flows is the additional time scale 

imposed by the unsteadiness of the motion. In experimental studies, accurate simulation 

of true flow field conditions depends on the correlation of dimensionless physical 

parameters. These parameters must express the geometric, kinematic and dynamic 

similarities of the laboratory modelling with the actual flow field. It is usually not difficult 

to satisfy geometric and kinematic similarities by scaling up or down dimensions and 

velocities. As well, the dynamic similarity is obtained by satisfying the appropriate ratio of 

forces such as keeping Reynolds Number constant or providing the same Mach Number. 

For the unsteady flow, there is an additional requirement to satisfy similar time scales 

which in some flows can be the dominating part of the flow. In terms of an oscillating 

delta wing, the results of different studies can be compared by ensuring a common reduced 

frequency. Fortunately, many flow visualization techniques that were developed for 

observing steady flows can be easily adopted to unsteady flow. 

There are a number of flow visualization techniques available for studying high 

angle of attack separated vortical flows and which are readily adaptable to studying 

unsteady aerodynamics in a water tunnel. The possibility of using Particle Imagery 

Velocimetry (PIV) was examined and it was all too apparent that PIV was the ideal 

method to use for water tunnel experiments. Unfortunately, it quickly became apparent 

that the cost of the equipment required to be purchased was well beyond what was 
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allocated. Therefore, the method chosen for visualizing the flow in this study was the 

classical dye injection technique because it was simple to employ and cost effective. 

The type of dye used was 1% Ferrous Phenanthrolien. During experimentation, 

dye was introduced into the flow field from an external source through small dye ports 

situated asymmetrically and close to the apex ofthe model as shown in Figure 3 . 2  Care 

was taken to introduce the dye into the flow at a rate that did not adversely affect the fluid 

flow being observed. A dye reservoir that fed the dye injection tubes with dye was 

lowered and raised to provide the required amount of dye into the flow. A schematic 

illustration of the dye being introduced into the flow field as the model is viewed from the 

top and the bottom is provided in Figure 3 .  7. 

Video Equipment 

To record the experimentation, the data was recorded on video with SuperVHS 

format using a Panasonic SuperVHS video camera, model AG-450. A tripod was set up 

next to the water tunnel at an appropriate distance away and the camera was positioned 

perpendicular to the flow direction. When experiments were carried out with pure 

variations in pitch, the camera was focussed on the centre ofthe tunnel and a side view of 

the delta wing was obtained. For experiments involving any variations in roll, the camera 

was focussed on the image in a mirror situated beneath the tunnel and set at an angle of 

45°. Since the bottom of the water tunnel was clear plexi-glass, this camera view provided 

a clear view of the top surface of the model. 
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CHAPTER IV 

EXPERIMENTAL METHOD AND PROCEDURE 

Data Acquisition 

To analyse the vortex breakdown phenomenon and make quantitative 

measurements, the video data was transferred to a personal computer using a VCR in the 

SuperVHS mode connected to a Video Blaster™ card installed in the computer. A 

software program called Adobe Premiere™ LE was used in conjunction with the video 

card to digitally capture a series of video frames. Because of the hardware constraints of 

the computer and the limitations of the software program, the data was captured at a 

resolution of 320 pixels by 240 pixels. The zoom capability ofthe analysis program 

provided the necessary detail to allow for accurate measurements. The amount of video 

imaging that could be digitized was dependant on the size of the hard drive in the 

computer. Some of the longer run times at the lower reduced frequencies took up as 

much as 1 3  0 Mega Bytes of hard disk space. 

The video segments were recorded at a rate of 30 frames per second. The 

software program, Adobe Premiere, allowed the video segments to be viewed frame by 

frame. In addition, each frame could be exported as an individual bitmap file. The bitmap 

files were imported into an analysis software called Sigma Scan/Image™ where each 

frame was analysed individually and quantitative measurements were made. 
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Water Tunnel Calibration 

The velocity of the flow in the water tunnel could be varied from 0-2 . 5  ft/sec. An 

early attempt was made to establish a calibration curve for the water tunnel so that a 

known relationship between the tunnel dial setting and the tunnel velocity could be used. 

Two experimental techniques were employed and the procedures were repeated many 

times and over a number of months as a check on data repeatability. It was determined 

that constant updating of the calibration curve was necessary to keep the calibration curve 

current . Therefore, for each experiment conducted, the flow velocity in the tunnel was 

determined by means of a dye injection technique. With the model in the tunnel, the dye 

was introduced into the flow field at a specific height just upstream of the test section and 

allowed to travel through the test section. The injector used was similar in shape to a 

Pitot tube that was oriented so that the dye was introduced into the oncoming flow. Once 

entrained by the flow, the dye was carried downstream through the test section. Vertical 

lines were painted on the side of the test section that were precisely 6 inches apart. The 

dye, as it travelled trough the test section and across the two lines, was captured on 

SuperVHS video tape. Data reduction was carried out once the video was digitized. 

Analysing the flow frame by frame gave an accurate assessment of the time taken for the 

dye to travel the measured distance. Since the flow velocity was kept quite slow, the time 

for the dye to travel could be estimated to within ± 1  frame. For a flow velocity of 0.469 

ft/sec, this represented an error of 3 . 1  %. Ten samples of dye were analysed each time and 

the flow velocity was calculated as an average of the data. The maximum uncertainty, 
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calculated as a percentage of the maximum deviation divided by the averaged value, was 

less than 2%. This was within the error estimated. To ensure that the flow velocity had 

remained constant throughout testing, the velocity of the flow was always calculated prior 

to and immediately after each test run. When the flow velocity calculated before and after 

each test run compared extremely well, the invariance ofthe flow velocity during testing 

was confirmed. If the flow velocity before and after testing did not correspond, the test 

results were rejected and the test points were repeated. 

Pitch Experiments (With Zero Roll) 

Figure 4. 1 is a digitized image and the associated schematic diagram of the side 

view of the delta wing as it was situated in the water tunnel. A horizontal reference line 

was drawn on the side of the water tunnel parallel to the flow direction to enable 

measurement of angle of attack. With the use of Sigma Scan and its zoom feature, 

quantitative measurements of the vortex breakdown location and the angle of attack were 

carried out for each bitmap file analysed. To do this, the measurement feature ofthe 

program was used to place a point at the location of vortex breakdown as it is illustrated 

in the schematic diagram ofFigure 4. 1 .  Another point was then placed at the apex of the 

delta wing and still another at the base of the delta wing. Based on the pixel location of 

the points that were placed, the distance, d, and the chord length, c, were calculated in 

terms of pixels. The vortex angle , 0, was similarly calculated. A similar approach was 

used to find the angle of attack, ex. Because the resulting information required was a ratio, 
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there was no need to calibrate each bitmap file to a specific distance. The following 

equation was used to find the non-dimensionalized vortex breakdown position: 

x dcos 8 
c c 

Experiments Involving Roll 

( 13) 

When experimentation involved any non-zero roll angle, the view from the bottom 

of the test section was used. This approach provided better visualization of the pair of 

vortices shed from the leading edge. As well, it became essential for conditions where the 

delta wing was rotated through large roll angles since, when the delta wing was rotated 

through large roll angles and the model was viewed from the side, part of the delta wing 

model would physically block out one of the vortices. Regardless of the camera view 

used, it was difficult to measure directly the steady state roll angle. The analysis provided 

in Annex A shows how the roll angle was determine. For the test conditions analysed, the 

roll angle was varied from - 1 8° to 1 8°. 

Figure 4.2 provides a schematic and digitized view of the top of the delta wing as 

viewed through the bottom of the tunnel. Because the location of the vortex core was 

located a distance away from the surface of the model and the model was rotated at an 

angle away from the viewing plane, an analysis of the projected distances was conducted. 

This analysis is included as Annex B to this report. 
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The analysis in Annex B was based on experimental research conducted by Huang and 

Hanfl11 8] who showed that the height of the vortex breakdown above the wing surface 

was independent of roll angle. With this information, a coordinate transformation could 

be carried out and the following equation was derived for use in data reduction: 

X 
c 

= _____________ 
d
P�

c
_
o
_
s
_
w 
__________ ___ 

COS <J  + 

tan 8' 
-- - cos a tan w tan <P 

. [ cosQ> ] sm a -----'-------------
1 + sina tanwtanQ> 

COS <J 

where: dP is the project distance from the location ofvortex breakdown to the apex; 

w is the angle the vortex core makes with the projected root chord line; 

a is the model pitch angle; 

8 '  i s  the vortex core angle for zero roll angle; and 

cP is the projected root chord length where cP = c coso. 

To determine the information necessary in the above equation, a similar 

(14) 

measurement technique as previously described for pitch data was used with the aid of the 

Sigma Scan software. Referring to Figure 4 .2, a point was placed at the location of vortex 

breakdown, at the delta wing apex and at the centre of the base. The centerline painted on 

the model helped pinpoint the centre of the base. The distances, in pixels, of the projected 

location of the vortex breakdown from the apex, dP, and the projected distance of the root 

chord length, cP, were measured. The projected angle the vortex core made with the root 
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chord line, lj1, was also measured. The above correction was applied to all the data 

involving non-zero roll angles. 

Identification of Vortex Breakdown Location 

Some subjectivity that existed when analysing the data could be attributed, in part, 

to the quality of the flow visualization and for the cases where the flow visualization 

quality was really poor, a repeat of the test point was carried out. The main source for 

subjectivity, however, was in the determination of the precise location of vortex 

breakdown. Various researchers[23] [25] [34] have identified this as being a contributing 

factor for discrepancies in published data. Although the vortex breakdown phenomenon 

has been recorded as having two main breakdown forms: the bubble and the spiral, there 

are numerous minor deviations to these main forms which leave the researchers open to 

interpretation. In this study, for example, there were some cases where the vortex core 

would gradually increase and in others, the vortex core would bend slightly before totally 

breaking down. An example of how the location was identified as the specific vortex 

breakdown location is shown in Figure 4.3 . This was consistent with other studies of 

comparable nature. 

Uncertainty Analysis 

An estimate of error incurred through data processing was conducted in this study 
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Figure 4.3. Identification ofPrecisc Vortex Breakdown Location 
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by digitizing the same video frame 20 times and exporting it as a bitmap file. Each of the 

20 bitmap files were analysed separately. The process was repeated a number of times. 

The resultant data showed that the angle of attack measurements could be repeated with 

an accuracy of 0. 5% (based on an angle of attack of 40°) and that the distance 

measurements could be repeated with an accuracy of0.3% (based on a maximum distance 

measurement of 1 .  5 x c). This meant that maximum angle of attack measurements ( 40°) 

were repeatable to within ±0.2 °  and maximum distance measurements ( 1 . 5  x c) were 

repeatable to within x./c = ±0.02. The method used to evaluate roll angles is presented in 

Annex A. The uncertainty associated with the evaluation of steady state roll and was 

±0.446°. The uncertainty associated with the evaluation of the unsteady roll angle was 

that which existed for the measurement of pitch angle plus that which was associated with 

the measurement of the distance between C-Beams. The overall the evaluation of the 

unsteady roll angles were repeatable to within 0 .6% which gave an uncertainty of±0. 1 08° 

for <P = ±1 8". 

These results compared well with other researchers. Jarrah[39], for example, 

estimated his uncertainty in angle of attack to be ± 1 o and his uncertainty in measuring 

distance to be ±0.05 inches. LeMay[25] estimated that his measurements were repeatable 

to within ±0 .3 o for the angle of attack and to within x./c = ±0. 0 1  for the breakdown 

location. As well, Thompson[23 ], who also digitized the same frame several times and 

repeated the process several times, found the breakdown location could be measured 

repeatably within an accuracy of 0.4% ofthe chord length while the angle of attack could 

be measured within an accuracy of0.2%. Thompson[23] was later able to refine these 
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errors to 0 .2% and 0. 1 5% respectively with an upgrade of image analysis hardware. 

Vortex breakdown is an unsteady flow phenomenon that exhibits unsteady 

behaviour. Even in the case of steady state analyses, researchers have observed 

fluctuations in the longitudinal direction and have had to use their judgement in estimating 

the position ofthe vortex breakdown for a given angle of attack. LeMay[25] commented 

on these fluctuations in the vortex breakdown location, and, to account for them, he 

gathered statistical information on the fluctuations. For the minimum and maximum 

angles of attack, he recorded breakdown locations at a sampling rate of 64 Hz for 1 28 

samples. He used a Discrete Fourier transform (DFT) on the vortex breakdown position 

and computed an rms variation in breakdown location at each angle of attack. He 

reported that the average rms fluctuations about the mean was 1 . 3% of the root chord and 

concluded that there was no apparent dominant frequency in the breakdown point 

fluctuations in the range 0 to 32 Hz. Lowson' s[34] approach was much simpler. He 

averaged the chordwise location where the dark core first began to expand with the 

location where the dark core first appeared in the turbulent wake. He concluded that for 

wings of 7 5 o  of sweep or less, the longitudinal oscillations covered no more than 6% of 

the chord. Thompson[23] also commented on the inherent unsteadiness in the location of 

the vortex breakdown and reported on fluctuations of up to ±4% of the root chord from 

its mean position. 

The data presented in Figure 4.4 provides an example oftypical fluctuations 

inherent to the location of vortex breakdown for steady state conditions. The delta wing 

was fixed at a pitch angle of28° and a roll angle of -8 .3°. The vortex breakdown location 
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is shown as a function of time. Sixty consecutive frames were analysed which provided 2 

seconds of data. The mean location was calculated as x/c = 0. 70 using the following: 

-X = 1 n - L Xi 11 i = l  

where: n - represents the sample size; and I - identifies the individual sample. 

( 15) 

The actual vortex breakdown location, however, varied from 0.68 to 0.72. This 

represented a fluctuation in the location of vortex breakdown of 5. 7% which is consistent 

with existing data. Included in Figure 4.4 are the error bands associated with each data 

point. These were calculated as being 0 .3% of the measured value as previously 

discussed. Also included in Figure 4.4, is the error band of the mean location which was 

calculated as the sample standard deviation as follows: 

-1-:E (x -xY 
n - 1  

( 16) 

To minimize the amount of uncertainty in the location of vortex breakdown for 

steady state conditions, 20 consecutive video frames were converted to bitmap files and 

analysed individually. The results were presented as the mean and the error bars shown on 

the graphs were expressed as the sample standard deviation. For the unsteady analyses 
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where the delta wing was in motion, there was observed to be less of a fluctuation in the 

location of vortex breakdown. Accordingly, it was only necessary to analysed 6 - 1 0 

cycles of motion. The results were also presented as the mean and the error bars as the 

sample standard deviation. 

As previously discussed for experiments involving roll, data acquisition was carried 

out by viewing the model through the bottom of the tunnel to provided a record of the 

visualization of the flow phenomenon over the top surface of the delta wing. Because the 

location ofthe vortex breakdown was located a distance away from the wing's surface and 

the model was rotated at an angle away from the viewing plane, an analysis was carried 

out that provided a correction factor. This correction factor applied to the data collected 

from test points involving non-zero roll angles and was similar to that which would 

account for a parallax error. To gather an appreciation for the sensitivity of the correction 

factor, a comparison of uncorrected (measured) roll data with corrected roll data was 

carried out with the steady state roll data that was collected at a pitch angle of30°. The 

results are presented in Figure 4 .5  where the data show that the corrections applied were 

within the error bands of the data collected. The roll correction would have a greater 

effect on the data at higher pitch angles, and so, the roll correction factor was applied to 

all the data in this study that involved non-zero roll angles. 

For experiments involving unsteady motion, a drive mechanism was selected that 

could provide a constant sinusoidal input that could be varied in frequency. This 

oscillatory motion was chosen so that maximum comparison of available data could be 

made. Based on the limitation of the maneuvering apparatus and those associated with 
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causing disturbances in the water tunnel, large amplitude pitch oscillations were not 

conducted. Instead, the approach taken was similar to LeMay[25] who varied the pitch 

oscillations from 29 ° to 39°  in order that the position of the vortex breakdown was 

restricted within the bounds of the wing surface. The model used in this study had a single 

bevel where the model used in LeMay' s[25] had a double bevelled leading edge. In order 

that the location of vortex breakdown was restricted within the bounds of the delta wing 

in this study, pitch oscillation from 25 o to 35  o were carried out. 

For data comparison, however, it was also necessary to examine the behaviour of 

the flow phenomenon in terms of an upstroke and a downstroke. The upstroke 

represented an increase in angle of attack or roll angle from the minimum value to a 

maximum value and the downstroke represented an decrease in angle of attack or roll 

angle from the maximum value to a minimum value. Accordingly, a cosine function was 

used to better represented the desired input. 

For the experiments involving unsteady pitch motions only, the side view of the 

experimental set-up made it quite simple to measure the angle of attack. To evaluate the 

accuracy of data acquisition with that represented by the input function, a comparison of 

the measured angle of attack versus time was made with data generated using a cosine 

function. The following cosine function was used: 

where: 0:0 - is the mean angle of attack; 

� - is the oscillation amplitude; 
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t - i s  the time; and 

w - is the angular velocity. 

The data presented in Figure 4 .6 was collected for four different values of reduced 

frequency. For each value reduced frequency, six cycles of unsteady pitch oscillations 

were analysed and the results were averaged. The function that best fit all the data was 

created with «0 = 29. 8° and � = 5 .0; however, because ofthe error inherent to the 

evaluation of the pitch angle, the unsteady pitch motion was nominally referred to as 

oscillations in pitch angle of30° ± 5°. 

The roll angle was not easily measured and so a calculated roll angle was used 

throughout the study. As previously presented, the maximum roll angle was shown to be 

1 8°. The roll oscillations were carried out about a zero roll angle. The cosine function 

used for roll angle was: 

1 8 .0 COS W I  (18) 

The unsteady roll motion was referred to as oscillations in roll of± 1 8°. To identify the 

position of zero roll angle, a line was drawn on the bottom of the tunnel perpendicular to 

the flow. A check of accuracy was conducted by verifying that the two shedding vortices 

were broken down symmetrically from the apex of the wing. As shown in previous 

figures, lines were also drawn on the model itself When the lines on the model were 
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parallel with the reference line on the tunnel, the model was assumed to be at zero roll 

angle. With the roll frequency known, the roll angle could be calculated at any time by 

analysing a video sequence frame by frame. 

Throughout the testing, the Reynolds number that has been specified was 

calculated using the standard equation as follows: 

Re Uc 
v (5) 

The errors associated with the calculation ofReynolds number were a direct result of the 

errors associated with the flow velocity, U, the root chord length, c, and the kinematic 

viscosity, v .  The errors associated with the flow velocity has been determined as being 

3 . 1% .  The dimensions ofthe model were accurate to within 1 /32 inches which added 

another 0 .6%. Finally, changes in the temp of the water in the tunnel caused changes in v 

which contributed another 3 .7%. The accuracy ofthe Reynolds number calculation, 

therefore, was within 7.4%. This was consistent with the study of Thompson[23] who 

reported an accuracy for Reynolds number of within 1 1%.  

The unsteady motion analysed in  this research was characterized in  terms of 

reduced frequency. Reduced frequency has been defined for pitch oscillations as well as 

for roll oscillations. Recall, for pitch oscillations, �itch has been defined as: 
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= 2 rr.fc 
u 

and for roll oscillations, �oil has been defined as: 

= 2rr.fb 
2 U  

(9) 

( 10) 

To maintain a given reduced frequency, the flow velocity was held constant at 0.467 ft/sec 

throughout the tests. The variations in reduced frequency were carried out by varying the 

frequency of oscillation provided by the drive mechanism. Accordingly, the lower limit of 

reduced frequency analysed was limited by the ability of the motor controller and the drive 

mechanism to provide a smooth input to the maneuvering apparatus. Frequency of 

oscillation was calculated by capturing the motion on video and analysing a series of 

digitized video frames. Six consecutive cycles of data were analysed. The maximum 

uncertainty associated with frequency of oscillation was estimated to be within 0. 9%. This 

was estimated for the fastest frequency of oscillation which took the least amount of time 

for one cycle completion and consequently provided fewer frames to analyse. 

The overall uncertainty associated with reduced frequency was due as well to the 

errors associated with the flow velocity and the characteristic length, c or b, which have 

already been estimated to be within 3 . 1% and 0 .6% respectively. Therefore, the 

uncertainty associated with reduced frequency was within 4 .6%. 
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Blockage Effects 

The size of the delta wing model was restricted to the constraints of the water 

tunnel and designed specifically to keep the amount of geometric blockage to a minimum. 

The information presented in Figure 4 .7 shows the percent blockage ratio for a given 

angle of attack. The blockage ratio was calculated as a ratio of the projection of the cross 

sectional area of the model and sting with the cross sectional area of the test section. It 

should be noted that the maximum frontal area presented by the model occurred when the 

model roll angle was zero and so the data presented represents the maximum blockage. 

As well, except for the steady state data collected for variations in pitch, the model pitch 

angle was oscillated from 25° to 35°. Accordingly, the maximum tunnel blockage for the 

majority of the data was 8 . 5% (corresponding to a model pitch angle of 3 5°). For the 

steady state data collected for variations in pitch, the angle of attack was increased to as 

high as 40° and; therefore, the maximum tunnel blockage was calculated as 9 .3%. These 

results are consistent with existing data: Peckham and Atkinson[9] : 8 .0%; Thompson[23] :  

9 .8%.  Some researchers have been able to considerably reduce the amount ofblockage in 

their studies: Brandon and Shah[30] : 0.3%; Manor, Millar and Wentz Jr[52] : 2 .3%; and 

Gad-el-Hak and Ho[26], 5 . 8%. Other have accepted higher amounts ofblockage: 

LeMay[25 ] :  26%, and have had to apply correction factors to their data. Thompson[23] 

commented that the accepted upper limit for which blockage corrections need not be 

applied is 1 0%.  Accordingly, there were no blockage corrections applied to the data in 

this study. 
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Test Matrix 

Experimental testing was conducted in stages. Initially, steady state testing was 

carried out for variations in pitch. The model angle of attack was varied from 22° to 

almost 40° at various static intervals. Next, experimentation involving the delta wing 

maneuvering with unsteady pitch oscillations was conducted. Four distinct values of 

reduced frequency were tested. The testing continued with an analysis of steady state 

variations in roll angle at a given pitch angle. The pitch angle was fixed at 30" which was 

selected to be consistent with existing studies. The investigation ofunsteady roll 

oscillations for the same fixed pitch was then carried out. The four frequencies of 

oscillations that were used in the investigation of unsteady pitching motion were also used 

for unsteady roll motion. Because of the difference in definition of reduced frequency for 

pitch and roll, however, this led to a different set of four reduced frequencies. In the final 

series of tests, steady state and unsteady investigations were carried out for the delta wing 

that was maneuvered in pitch as well as roll. For the unsteady investigations, the same 

drive mechanism provided the pitch and rolling motion and so the pitching and rolling 

frequencies were the same. For comparison, the frequencies of oscillations were 

consistent with those used for pitch and for roll. 

Table 4. 1 provides a summary of the frequencies of oscillations and their 

corresponding reduced frequencies. 
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Table 4. 1 .  Frequencies of Oscillation and Associated Reduced Frequency 

I f (Hz) I k,;l�b I k.-ou I 
0.023 0. 1 2  0.05 

0.05 1 0.27 0. 1 0  

0. 074 040 0. 1 4  

0 .097 0 .52 0 . 1 9  
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CHAPTER V 

RESULTS AND DISCUSSIONS : PITCH EXPERIMENTS 

Steady State Location of Vortex Breakdown 

Steady state pitch experiments have been carried out at several angles of attack 

ranging from 23° to 40°. The Reynolds number during the testing was 1 .7 x 1 04. The data 

presented in Figure 5 .  1 shows the steady state locations of vortex breakdown for 

variations in angle of attack. The data presented were collected at fixed angles of attack 

and variations in angle of attack were made in the direction of increasing angle of attack. 

The flow was allowed a settling time for each test point prior to data collection. Twenty 

consecutives video frames of data were analysed for each angle of attack. The error bars 

shown on the graph are estimates of repeatability that have been calculated using the 

standard deviation. Referring to Figure 5 .  1 ,  the results show that the location of vortex 

breakdown remained over the wing surface throughout the entire angle of attack range 

examined. As the angle of attack increased, the location of vortex breakdown moved 

toward the apex and, as the angle of attack decreased, the location of vortex breakdown 

moved aft. A smooth transition in the movement of the location of vortex breakdown 

with angle of attack was illustrated by the fit of a second ordered curve through the data 

points using the method of least squares. 

It has been previously discussed that many researchers have observed significant 
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variations in steady state data presented for similar delta wing designs which were 

investigated under similar conditions. Thompson[23 ], for example, reported upon 

differences in breakdown location of up to 25% for a given angle of attack which he 

attributed mainly to discrepancies in delta wing geometry between test models and 

possibly measurement technique. Lowson and Riley[ l 4] also discovered serious 

anomalies in published data which were attributed to variations in the details of geometry 

such as thickness to chord ratio and leading edge geometry. Certainly, a comparison of 

the results ofFigure 5 . 1 with those provided in Figure 2 .9 demonstrates the point. 

In this study, to ensure the model design and the corresponding experimental 

results in this study could be validated, the model geometry was based specifically on one 

of the models used in the studies of Thompson[23] .  In addition, the method used to 

collect the steady state data was also consistent with the methods of Thompson[23] .  The 

data in Figure 5 .2  is presented to provide the comparison of Thompson' s[23] data with 

data collected in this study. As a show of data repeatability, a second set of data, which 

was collected six months apart from the first, is also provided. Referring to Figure 5 .2, it 

can be seen that generally there is good data comparison and that the data was repeatable. 

It is concluded, therefore that previous published results concerning the location of vortex 

breakdown have been successfully reproduced using a model of exact geometry used in 

the previous study. This conclusion is consistent with the conclusion made by Lowson 

and Riley[ 1 4] .  

Two empirical methods (Equation 6 and 8) have been presented which have been 

used successfully to predict the location of vortex breakdown over delta wings as a 
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function of angle of attack and pitch angle. Equation 6, developed by Huang and 

Hanftl: 1 7] ,  correlates well with published data for variations in angle of attack and for 

many sweep angles. Equation 8, developed by Huang and Hanftl: 1 8] corresponds well to 

experimental data for variation in roll angle for a 65° delta wing at a fixed pitch angle of 

30°. The data in Figure 5 . 3  is presented to provide a comparison with the experimental 

data of this study and the results of using the prediction methods. Referring to Figure 5 . 3 ,  

the comparison shows that neither predictions provided by Equation 6 or 8 correspond 

with the experimental data collected in this study even though the sweep angle of the 

models were the same. It was observed, however, that the data collected in this study was 

merely shifted from the two prediction equations. A similar shift in experimental data was 

analysed by Thompson[23] who attributed such a shift to changes in model thickness and 

leading edge geometry. Thompson' s[23] results showed that a change ofthe thickness 

(from a thicker to a thinner wing) resulted in an aft movement of the vortex breakdown 

location for a given angle of attack. More interestingly, Thompson's[23] results also 

indicated that a change from a 1 bevel leading edge to a 2 bevel leading edge resulted in an 

aft movement of the breakdown location for a given angle of attack. His explanation was 

based on camber. The wing with the single lower surface bevel, as in the case of this 

study, has a negative camber. The addition of an upper surface bevel that is symmetrical 

to the lower surface bevel, as in the case of 2 bevel wings, results in the wing having zero 

camber. The net effect when comparing a single bevel wing to a double bevel wing is an 

increase in camber from negative to zero. An increase in camber decreases the local 

effective angle of attack, and, as a result, the location of vortex breakdown is anticipated 
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to move aft. Thompson[23] argued, though, that the camber effect associated with the 

two leading edge geometries was probably insufficient to account for the differences in the 

data. 

Equations 6 and 7 were modified to effect a lateral shift (LS) in the predictions. 

Low son and Riley[ 14] reported that an decrease in wing thickness or an increase in 

leading edge bevel angle will tend to move the location of the vortex breakdown aft and 

the net effect could be as high as a 5-7° variation in angle of attack for a given vortex 

breakdown position. It was discussed by Huang and Hanfl1 1 7] that the development of 

the prediction equations were predominately based on the influence of the vortex swirl 

parameter which can be related to U<i>!Uoo and consequently, tany . This is consistent with 

Lawson and Riley[ 1 4] who stated that they believed that the shape of the apex was a key 

factor in determining the location of vortex breakdown because of its effect on the 

vorticity shed which forms the centre of the vortex core and that changes in vorticity 

gradient can have serious effects on the stability of fluids. Therefore, efforts were 

focussed on effecting a change to the influence of tany that would create the desired shift 

in prediction capability. Accordingly, Equation 6 was modified to the following: 

where: 

X N 
= 

c tany - (0.32 - LS) 
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y = cos 1 (cos cx(<J>) sinA(<J>)) 
N = 0.4 + 0. 1 cotA(<J>) 

A =  0. 1 7  + 0 .38 cotA(<J>) + cot2 A(<J>) 
LS = 0. 1 2  

tany � Ua/ U= 

and Equation 8 was modified as follows: 

where: 

X N 
= ----

c tany - B 

y = cos- 1 (coscx(<J>) sinA(<J>)) 
N = 0 .33  + 0.3 / tan2 A(<J>) 
A = 0.20 + 1 . 6 / tan2 A(<J>) 
B = (0.43 - LS) - 0. 1 /tanA(<J>) 

LS = 0 . 1 3  
tan y � U<t/ U= 

and where (recall Equation 7) : 

-A 

a( <t>) = tan -I (tan a cos <t>) 

A( <t>) = A ± tan 1 (tan a sin <t>) 

(20) 

(7) 

It should be noted that the influence of roll angle on effective angle of attack and effective 

sweep must be taken into account; however, in the pitch experiments where the roll angle 

was zero, therefore, the pitch angle was the angle of attack. The difference between 
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Equations 1 9  and 20 and Equations 6 and 8 is merely the inclusion of a shift factor. This 

value was calculated by measuring the average lateral shift between the prediction 

provided by the empirical method and the experimental data in terms of tany . This shift 

corresponded to reduction in angle of attack of approximately 3-r which corresponds 

well with the bevel correction made by Huang and Hanfl11 8] .  Referring to Figure 5 . 3 ,  this 

simple change has resulted in a better correlation of experimental data from this study to 

the predictions provided by Equations 19 and 20. 

To further substantiate the modification to Equation 6 and 8, the data in Figure 

5 .4, which was presented by Thompson[23], is provided to demonstrate the differences 

associated with a change in model thickness and also a change in leading edge geometry. 

Figure 5 . 5  is a presentation of angle of attack versus vortex breakdown location, x/c in a 

format which is compatible to that presented by Thompson[23] .  The comparison of data 

in the two figures is quite remarkable. For example, the shifts in data between the two 

graphs in terms of breakdown location for angles of attack between 3 5" and 40", are 

almost identical . The intent of this study, however, was not to develop nor validate an 

analytical method to predict the location of vortex breakdown. In fact, even though a 

simple modification has provided for good comparison of results, the limitations of using 

Equations 1 9  and 20 and their sensitivity to specific test conditions under which they have 

been validated are recognized. The applications ofEquations 1 9  and 20 have been 

restricted to the confines ofthis study. It is concluded, however, that the leading edge 

geometry of the delta wing design plays a significant role in affecting the location of the 

vortex breakdown. 
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Vortex Angle Under Steady State Conditions 

Often researchers have made observations on other characteristics of vortex flow 

over delta wings which can also give good indications of sound data validation. For 

example, Elle[ 1 0] observed that the height of vortex above the wing surface increased 

with increasing angle of attack. As well, Thompson[23] provided data that shows a linear 

relationship between angle of attack and the angle that the vortex core makes relative to 

the wing's  surface. This angle has been referred to as the vortex angle, 8. The data 

presented in Figure 5 .  6 is a comparison of data collected in this study with data collected 

in Thompson' s[23] because ofthe similarities between the two studies. Note, however, 

that the vortex angle data collected for each study was collected over two different ranges 

of angle of attack. Even so, referring to Figure 5 . 6, there is good correlation of data and a 

linear approximation can be made which fits through the data from both studies . .  

It has been observed that other researchers have chosen a different method of 

investigating the behaviour of the vortex core for variations in angle of attack. 

Erickson[3 5] ,  for example, has presented the relationship between angle of attack and the 

vortex core angle, 8coRE· The vortex core angle is the angle that the vortex core makes 

relative to the horizon and is related to the vortex angle as follows: 
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Some example data from Erickson[3 5] is provided in Figure 5 .7 .  Erickson's[35 ]  

experimentation was carried out in  a water tunnel; however, he was able to  demonstrate 

good correlation of results with those collected in a wind tunnel . Experimental data from 

this study in terms of 8coRE is presented in Figure 5 . 8  for variations in angle of attack. A 

linear relationship is shown in the resultant data which has been extrapolated to the axes 

so that comparisons with other data can be made. Referring to Figures 5 .  7 and 5 . 8, it can 

be seen that there is good agreement in results. In fact, Thompson[23] commented on 

studies carried out by Morris, Ward, Malcolm and Ward[ 53]  who showed a linear change 

in vortex core angle from 7° to 27° for variations in angle of attack from 10° to 35°. Using 

these values to compare, the current study has also shown a linear change in vortex core 

angle from approximately 7° to approximately 27° for variations in angle of attack from 

1 0° to 35° and Erickson[3 5] showed a linear relationship in vortex core angle from 

approximately 8° to 25° for variations in angle of attack from 10° to 3 5°. 

It is concluded therefore that the behaviour of the vortex core angle can be a good 

check of the validity of test results . Because of the cross correlation with tests conducted 

in a water tunnel as well as a wind tunnel, the format of presenting the vortex core angle 

versus angle of attack also provides for good data correlation. 

Vortex Breakdown During Unsteady Pitching Motion 

Experiments involving unsteady pitching motion were carried out in the water 

tunnel with the delta wing model oscillating about the centre chord location. The 
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Reynolds number ofthe flow was 1 . 7  x 1 04. The input mechanism provided a sinusoidal 

input which oscillated the model about a mean angle of attack of 30° with an amplitude of 

±5°. The range of pitch oscillations was chosen so that the location of vortex breakdown 

remained over the surface of the delta wing throughout the motion and so that a visible 

range of movement in the location of vortex breakdown could be seen. In addition, the 

experiments involving roll motion were conducted at a pitch angle of 30° to allow for 

comparison with available data and consequently, conducting the unsteady pitch 

experiments at the same mean angle of attack provided for some continuity of data 

collection. The unsteady pitch experiments were carried out at four different reduced 

frequencies. These were �itch = 0. 1 2, �itch = 0.27, �itch =  0.40, and �itch = 0 . 52 which 

corresponded to pitch frequencies of 0.023 Hz, 0.05 1 Hz, 0 .074 Hz and 0.097 Hz, 

respectively. Data was collected for a number of cycles of motion to ensure and to 

quantify data repeatability. This method was consistent with the methods used by 

LeMay[25] and Thompson[23] .  Figure 5 . 9  shows an example of the raw data collected 

for six cycles of motion at each of the reduced frequencies to illustrate the data 

repeatability. The arrows on the graphs indicate the direction of motion. The arrows 

pointing up indicate the up stroking portion of the cycle where angle of attack was 

increasing and the arrows pointing down indicate the downstroking portion of the cycle 

where the angle of attack was decreasing. The lines drawn on each graph represent a 

second ordered curve fit of the experimental data. Interestingly enough, these lines 

compared quite well with the data collected under steady state conditions. 

Unfortunately, the amount of data presented on the graphs in Figure 5 .9 provides 
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clutter and makes it difficult to conduct a very accurate analysis; although, the trends are 

still visible. The raw data was averaged over the six cycles to reduce the amount of clutter 

on the graphs. The results are presented in Figure 5 . 10 for each of the reduced 

frequencies tested. The individual data points represent an average of the six cycles 

analysed and the error bars shown were calculated using the standard deviation. As 

discussed, the arrows indicate the direction of the wing motion. In addition, the second 

ordered approximation of the steady state data has been provided so that a direct 

comparison can be made. 

For the lowest reduced frequency tested, �itch =  0. 1 2, the unsteady data compared 

with the steady data with only slight deviations which were not quite symmetric about the 

steady data. In fact, the vortex breakdown locations for �tch = 0. 1 2  tended to lag the 

steady data on the upstroke but was generally comparable to the steady data on the 

downstroke. As the reduced frequency was increased to �itch = 0.27, the deviations of the 

unsteady data with the steady data became more symmetric about the steady data and the 

overall movement of the vortex breakdown decreased. LeMay[25] also made this 

conclusion regarding symmetry; however, the largest reduced frequency he examined was 

�tch = 0 .3 .  The experimental results ofthis study expands the analysis to a reduced 

frequency of�itch = 0.40 and then �itch = 0.52 .  The data for all four reduced frequencies 

examined is provided in Figure 5 .  1 1  which shows the location of vortex breakdown for 

unsteady pitch oscillations as it compares to steady state conditions. Referring to Figure 

5 . 1 1 , it can be seen that, as the reduced frequency was increased above �itch = 0.27, the 

hysteresis loops continued to expand away from the steady state data but is also rotated 
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away from the steady state data. This behaviour was a result an increased hysteresis effect 

that is shown in a continual restriction of the movement of the location of the vortex 

breakdown with reduced frequency. Presumably, if the reduced frequency was increased 

sufficiently high, there would be no movement of the vortex breakdown position at all . In 

fact, based on the data that is shown in Figure 5. 1 1 , the fixed location of vortex 

breakdown could be that which would exist under steady state conditions. 

As discussed, the restriction of the movement of vortex breakdown with reduced 

frequency is an indication of an increased hysteretic effect which is shown by the reduction 

in size and by the continual rotation of the hysteresis loops away from the steady state 

conditions. To illustrate this point, an analysis of the relative locations of the end points 

has been conducted. The results, provided in Table 5 . 1 ,  show that, as reduced frequency 

increased, the end points of the data moved away from the steady state data. These 

results were consistent with LeMay[25] as shown by Figure 2 . 1 3 .  It was not possible to 

compare the two studies quantitatively since the model used by LeMay[25] was different 

(double bevel versus single bevel) and the pitch oscillations were about a mean angle of 

attack of 34° versus 30°; however, the similarity of trends established in the two studies 

supports the results of this study. 

Vortex Core Angle During Unsteady Pitching Motion 

The behaviour of the vortex core angle during unsteady pitching oscillations was 

examined to determine its relationship with angle of attack as a function of reduced 
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Table 5 . 1 .  Location of Vortex Breakdown at Data End Points Versus 

Reduced Frequency (Unsteady Pitch) 

I Location of Vortex Breakdown {x/c} I 
Reduced Pitch = 25° Pitch = 3 5° 

Frequency Roll = oo Roll = oo 
Steady State 0 .60 0 .24 

�itch = 0 . 1 2  0 .64 0 .23 

�itch = 0.27 0.53 0 .28 

�itch = 0.40 0 .53 0 .30 

�itch = 0.52 0.44 0 .33 
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frequency. The data were collected over six cycles of pitching motion and are presented 

Figure 5 . 1 2  as an average for all four reduced frequencies investigated. In addition, the 

steady state data and a linear approximation of the steady state data has been included. 

The data in Figure 5 . 1 2  demonstrates that the linear relationship between vortex core 

angle and angle of attack which existed for steady state conditions continued to exist 

during unsteady conditions for a given reduced frequency. In fact, all the unsteady data 

presented in Figure 5 . 1 2  correlates well with the steady state data. Interestingly though, 

Figure 5 . 1 2  does show that the data for the lower reduced frequencies tends to be at the 

top of the data band and the data for the higher reduced frequencies tends to be at the 

bottom ofthe data band. For a given angle of attack, this could mean that, as reduced 

frequency increased, the vortex core angle decreased and consequently the vortex angle 

increased. The data presented represents not only the average of six cycles of oscillatory 

motion but also represents the average of the upstroke angle and the downstroke motion. 

The results, therefore indicate that on the average, the flow during the downstroke portion 

of the cycle, took longer to adjust to the flow conditions than that during the upstroke 

portion. This is considered a minor observation since the unsteady data in Figure 5 . 1 2  

certainly falls within the limits of the steady state data. Therefore, it is concluded that the 

vortex core angle, ScoRE and consequently the vortex angle, 8, is essentially independent 

of reduced frequency. 
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Phase Lag Due to Unsteady Pitch Oscillations 

An investigation into the relationship between the location of vortex breakdown 

and the instantaneous position of the oscillating delta wing has been carried out. The data 

presented in Figure 5 .  1 3  provides information with respect to the vortex breakdown 

location as it relates to time. Data from six cycles of oscillations have been analysed to 

present the average breakdown location over one complete cycle. The error bars shown 

have been calculated using standard deviation. Data has been presented for all four value 

of reduced frequency and a difference in symbols has been used to identify the downstroke 

and the upstroke portion ofthe delta wing motion. Referring to the data in Figure 5 . 1 3 ,  

some observations can be made regarding the vortex breakdown location and how it 

corresponds to the motion ofthe delta wing. For �itch = 0. 1 2, for example, the location of 

vortex breakdown moves aft as the delta wing pitches down; however, even after the delta 

wing has made the transition to the upstroke (as noted by the change in symbol), the 

location ofvortex breakdown continued to move aft until it finally adjusted to the flow. 

This period of adjustment is considered a phase lag and has been recorded by other 

researchers. LeMay[25], for example, reported that as reduced frequency increased so did 

the amount of phase lag. Referring to Figure 5 . 1 3, this result has also been shown when 

examining the amount of time after the wing has transitioned for the location of vortex 

breakdown to change directions. 

It is difficult, however, to compare phase lag for each reduced frequency by 

analysing the data presented in Figure 5 .  1 3 .  Therefore, the vortex breakdown location 
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was compared directly to the phase angle of the model and the results are presented in 

Figure 5 . 14 .  Referring to Figure 5 . 1 4, the phase shift for even the lowest reduced 

frequency is apparent. At wt = 0°, the delta wing motion was in transition from the 

upstroke to the downstroke and, the point where wt = 1 80° corresponds with the portion 

of the delta wing motion which is in transition from downstroke to upstroke. For both 

transitions, the data from this study showed that the amount of phase lag increased as 

reduced frequency increased. This result is consistent with the observations made by 

LeMay[25] as well as Gursul and Yang[21 ] .  Although the tests conducted by LeMay[25] 

and Gursul and Y ang[2 1 ]  were carried with pitch oscillations about a different mean angle 

of attack, the amplitude ofthe oscillations were identical to those used in this study. A 

comparison of phase lag as a function of reduced frequency which includes some results 

from LeMay[25] as well as Gursul and Yang[2 1 ]  is therefore provided in Figure 5 . 1 5 . 

The data in terms of location of vortex breakdown versus time was used to identifY the 

points where the movement ofvortex breakdown reversed direction. This information in 

conjunction with the period for each reduced frequency was used to calculated the phase 

lag. The error incurred in the process was approximately ±8° because only 2 1 -23 data 

points were used to make up each cycle. This meant that the time between each data 

point represented approximately 1 6° of the overall cycle. Along with the inherent errors in 

the data and data scatter, it was difficult to pinpoint the exact location of the peaks unless 

the peak coincided with a data point. 

A distinction was observed between the phase lag resulting from the delta wing 

transitioning from the downstroke to the upstroke (Dn-Up) and from the upstroke to the 
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downstroke (Up-Dn). There was a notable increase in phase lag when the delta wing 

transitioned from the downstroke to the upstroke as compared to the transitioned from the 

upstroke to the downstroke. Figure 5 .  1 5  shows that there is good comparison between 

the Up-Dn data and published data even though LeMay' s[25] test model differed in 

leading edge geometry and the tests conducted by LeMay[25] and Gursul and Yang[2 1 ]  

were carried out at a different mean angle of attack. It is concluded therefore that a 

difference existed for phase lag with respect to reduced frequency which depends on the 

direction of motion of the delta wing. 

Summary of Pitch Experiments 

Experimentation of a 70° delta wing involving variation of angle of attack under 

steady state conditions has been carried out for angle of attack variation from 23° to 40°. 

The resultant steady state data compared well with that presented by Thompson[23] .  This 

comparison provided a verification of results since the model used in this study was an 

exact replica of the model used by Thompson[23] .  The experimental data showed that 

with an increase in angle of attack, the location of vortex breakdown moved toward the 

apex and with a decrease in angle of attack, the location of vortex breakdown moved aft. 

This result was consistent with all published data. In addition, it was observed that, over 

the range of angle of attack investigated, the transition in the movement of the location of 

vortex breakdown was smooth. This was illustrated by an approximation of a second 

ordered curve fit through the data. Comparison with data from Thompson[23] showed 
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this result to be consistent; however, comparison with other researchers data showed that 

the movement in the location of vortex breakdown should have been more pronounced in 

the 25° -35° range. Based on the review of numerous studies, it was concluded that the 

discrepancies could have be attributed to differences in geometrical similarity of model 

geometry. Differences in model geometry have been noted to significantly affect the 

location of the vortex breakdown and so, it was concluded that duplication of exact model 

geometry was one of the key factors in enabling data reproduction. 

Two empirical prediction equations (Equation 6 & 8) developed by Huang and 

Hanfll 1 7, 1 8] provided for good correlation with published 70° delta wing data; however, 

did not provide for correlation with the results of this study. This was expected 

considering the implications of the model geometry and the corresponding data used to 

develop the equations. A modification to the prediction equations to accounted for a 

difference in leading edge geometry was carried out and provided for good correlation of 

data. Thompson[23] examined a similar shift in data which he attributed to a difference in 

leading edge geometry between a single bevel leading edge and a double bevel leading 

edge. When quantitatively comparing the shift reported by Thompson[23] and that 

effected by the change in the prediction equations, there was good comparison. The intent 

of this study, however, was not to validate nor to develop an analytical model that would 

predict the location of vortex breakdown. Caution must be exercised when generalizing 

the use of empirical methods because of their sensitivity to the test conditions under which 

they were developed. The modifications to the prediction equations were carried out so 

that results from this study could be compared to each other. It was concluded, 
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however, that the leading edge geometry of the delta wing design plays a significant role 

in affecting the location of the vortex breakdown. 

Experimental investigations were carried out with the 70° delta wing oscillating in 

pitch about the centre chord at a mean angle of attack of 30° with an amplitude of 

oscillation of ±5o. The study was conducted at four values of reduced frequency ranging 

from �itch = 0. 1 2  and �itch =  0.52 which corresponded to pitch frequencies ranging from 

0.023 Hz to 0.097 Hz. The resultant experimental data was presented so that a 

comparison with the steady state conditions could be carried out. The results 

demonstrated that as reduced frequency of the pitch oscillations were increased the 

amount of hysteresis in the location of the vortex breakdown also increased. This was 

observed by the restriction in the movement of the location of vortex breakdown as the 

reduced frequency increased. These results compared well with the results published by 

LeMay[25] .  A direct comparison, however, could not be made because LeMay[25] 

analysed a different range of motion (34° ± 5°) and the model used in his study had a 

double bevel leading edge. Still the trends of the results in both studies were similar. It 

was concluded, therefore, that this study has extended the usable base of data for a 70° 

delta wing which includes a different range of pitching motion. 

An analysis was carried out to determine the behaviour of the vortex angle under 

steady and unsteady changes in angle of attack. For the steady state conditions, the 

experimental data showed a linear relationship between vortex angle and angle of attack 

which compared well with the results from Thompson[23] .  In addition, it was observed 

that the experimental results from this study also compared well with water and wind 
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tunnel results published by Erickson[35 ] .  A distinction was made between the vortex 

angle, 8, (which is formed between the vortex core and the wing surface) the vortex core 

angle, ScoRE, (which is formed between the vortex core and the horizon) . It was observed 

that some researchers had used both, but that both allowed for good comparison of 

results. 

For unsteady pitching conditions, the behaviour of the vortex core angle was 

investigated to determine its relationship with reduced frequency. The experimental data 

demonstrated that under conditions of unsteady pitch, there was still a linear relationship 

between vortex core angle and angle of attack which compared well with the steady state 

relationship observed. Consequently, it was concluded that the behaviour ofvortex core 

angle as a function of angle of attack was independent of reduced frequency. 

It has been observed in this study and in the studies of other researchers that when 

a delta wing undergoes a pitching motion, there is a phase lag in the corresponding 

movement in the location of vortex breakdown as the vortex is continually adjusting to the 

changing flow conditions. Accordingly, an investigation was carried out in this study to 

examine the relationship between the instantaneous position of the delta wing model and 

the corresponding location ofvortex breakdown as a function of reduced frequency. The 

results of this study showed that an increase in reduced frequency resulted in an increase in 

the amount of phase lag. This result was consistent with studies from LeMay[25] and 

Gursal and Y ang[2 1 ] . It was observed, however, that there was a distinct difference in the 

behaviour of vortex breakdown when the wing changed from upstroke to downstroke 

(Up-Dn) and from downstroke to upstroke (Dn-Up). It was concluded that there was a 
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notable increase in phase lag when the delta wing transitioned from the downstroke to the 

upstroke as compared to the phase lag when the wing transitioned from the upstroke to 

the downstroke. 
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CHAPTER VI 

RESULTS AND DISCUSSIONS:  ROLL EXPERIMENTS 

Steady State Roll Analysis 

This study investigated the behaviour of vortex breakdown over a 70° delta wing 

for steady state variations in roll angle at a fixed pitch angle. The roll angle was varied 

from - 1 8° to 1 8° while the delta wing was fixed at a pitch angle of 30°. The Reynolds 

number during the testing was 1 .  7 x 1 04. The delta wing model used in this study was 

designed with two dye ports located just beneath and to either side of the apex. 

Consequently, there were two vortices that were visualized at all times which provided 

two complete sets of data with which to investigate and make comparisons. As a check of 

the model setup, initial verification was always carried out to ensure that the locations of 

vortex breakdown were symmetric for zero roll angle. Data was collected with roll angle 

increments in the positive direction. The flow was allowed a settling time between roll 

angles to enable the flow to stabilize. Similar to the steady state pitch analysis, twenty 

consecutives video frames of data were analysed for each roll angle. The results presented 

in Figure 6 . 1 represent the average steady state locations of vortex breakdown for 

variations in roll angle at a pitch angle of 30°. The error bars shown on the graph are 

estimates of data repeatability that have been calculated using the standard deviation. 

Referring to Figure 6. 1 ,  the two sets of data provided relate to the vortex 
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behaviour for the left side of the wing and for the right side of the wing, respectively. For 

the right wing, for example, the data show that, as the roll angle increased, the location of 

vortex breakdown moved towards the apex and as the roll angle decreased, the location of 

vortex breakdown moved aft toward the trailing edge. Physically speaking, this makes 

sense. For the right wing, an increase in roll angle meant that the right wing rolled down. 

Because the delta wing was pitched, the right wing was rolled into the flow and therefore 

experienced an effective decrease in sweep angle (refer to Equation 7). Concurrently, 

though there was an offsetting decrease in angle of attack which would tend to cause the 

location of vortex breakdown to move aft. The comparison of the effective changes of 

sweep and angle of attack have been illustrated using Figure 2 . 1 0. The overriding 

effective change for a wing that rolled into the flow, therefore, was the decrease in sweep 

angle and a corresponding forward movement in the location of the vortex breakdown. 

This relationship is consistent with the data published by Huang and Hanft1 1 7] .  

As  the roll angle was decreased, the right wing rolled up and the resultant data 

showed that the location of the vortex breakdown moved aft toward the trailing edge. 

Referring to Figure 2. 1 0, it can be seen that, when the right wing rolled up, it experienced 

an effective increase in sweep angle and an effective decrease in angle of attack. Both 

factors contributed in the same direction and caused an aft movement in the location of the 

vortex breakdown. 

Referring to Figure 6. 1 ,  it can be seen that the behaviour of vortex breakdown 

over the left wing was the complete opposite to that which occurred over right wing. This 

is understandable since, when one side of the delta wing rolled up, the other side of the 
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delta wing rolled down. The fact that the initial conditions were established so that the 

locations of vortex breakdown for both vortices were symmetric at zero roll angle meant 

that the resultant data from each side of the delta wing should have been symmetric. The 

data from the left wing is compared to the data from the right wing in Figure 6 .2 .  So that 

a direct comparison could be made with the data from the right wing, the data from the 

left wing was corrected by using a negative roll. Referring to Figure 6 .2,  it can be seen 

that the two sets of data compare well which gives a good indication of the symmetric 

behaviour of the vortex flow over the delta wing. 

Referring to Figures 6 .2, it would appear that the relationship between the location 

of vortex breakdown and roll angle is not linear; although, the behaviour over the forward 

half of the delta wing could be considered linear. This result is consistent with published 

data. Ericsson[ SO] , for example, presented a discussion on the existence of critical flow 

states for rolling delta wings. In his report, he presented data that was collected by 

Jenkins, Myatt and Hanff[53] which showed a linear relationship between the vortex 

breakdown location and the roll angle for over 80% of the forward portion of a 65° delta 

wing that was fixed at a pitch angle of 30°. The information Ericsson[SO] presented for 

the left wing is provided in Figure 6 .3 .  

Referring to Figure 6 .3 ,  it can be seen that the linear approximation to the data 

was formed by ignoring one point that was near the trailing edge and out of range for the 

linear relationship. Ericsson[ SO] argued that the linear relationship was valid up to a 

certain critical state of roll angle after which the change in effective sweep would be 

sufficient to cause the location of vortex breakdown to move aggressively downstream. In 
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his analysis, Ericsson[SO] used the information provided by Wentz and Kohlman[55] to 

illustrate the effect that sweep angle has on the location of vortex breakdown for a given 

angle of attack. The graph was provided as Figure 2 .9 .  

Ericsson[ 50] used the following argument to illustrate his point. He examined a 

65° delta wing pitched at 30° for which the effective angle of attack would be slightly 

below 30° once the wing was rolled. Using the data in Figure 2 .9, it can be seen that the 

location of vortex breakdown would be at the apex for sweep angle of approximately 58°. 

If the sweep angle were to increase, as in the case when the left wing undergoes a positive 

roll angle, the location of the vortex breakdown would gradually move aft toward the 

trailing edge. An increase in sweep angle to 60° would result in the location of the vortex 

breakdown moving aft to approximately x/c = 0. 1 5 . An additional increase in sweep to 

65° would result in the location of the vortex breakdown being at approximately x/c = 

0.25 and a further increase in sweep to 70° would result in the aft movement of the vortex 

breakdown to approximately x/c = 0.6 .  This last significant change would explain the 

aggressive aft movement of the location of vortex breakdown should the roll angle be 

sufficient to effect a change in sweep angle close to 70°. Referring to Figure 6.4, which 

shows the relationship of roll angle on effective leading edge sweep and effective angle of 

attack for a 65° delta wing, the critical roll angle required to produce an effective sweep 

angle of 70° is approximately 7°. The data point that was out of limits for the linear 

regression in Figure 6 .3  was collected at a roll angle of so which is certainly approaching 

the critical roll angle. Therefore, the decision to not use the point at the trailing edge in 

the assessment of the linear relationship was sound and justified. 

- 144-



A( ¢>) = A +/- /1A 

/1A = tan-1 (tan o sin ¢>) 

��--------�--------�--------�---------,--------� 

80 �--------4-------� 

60 
I I 
I 

Ul 50 Q) A - M ( ¢>) Q) ..... b() Q) 
0 40 

20-r--------�--------�--------�---------r--------� 

a( ¢>) = tan-1 (tan o cos ¢>) f 
I 

1 0-r--------�---------r--------� · 

o-r--------�--------�--------�--------·�--------4 

0 5 1 0  1 5  20 25 

Roll Angle 

Figure 6.4. Effect of Roll Angle on Effective Leading Edge Sweep and 

Angle of Attack for a 65° Delta Wing. 

- 145-



In this study, a similar observation was made whereby the data over the aft half of 

the wing did not correlate linearly or quasi-linearly with the data from the front half of the 

delta wing. This result is consistent with Ericsson's[50] discussion of critical states. 

Referring to Figure 6 .2, it can be seen that the data points nearest the trailing edge were a 

result of a negative roll angle with a magnitude of 8 .3° (right wing) . From Figure 2. 1 0, it 

can be seen that the effective sweep angle at that roll angle was approximately 75° and the 

effective angle of attack was slightly less than 30". For a delta wing with a 75" sweep 

angle, the data in Figure 2 .9  can be used to give a good indication ofthe behaviour of the 

location of vortex breakdown at this angle of attack keeping in mind that the data should 

be corrected for a change in leading edge geometry. Once the 70" delta wing was rolled 

to provide an effective sweep of 75" at angle of attack of approximately 30", the location 

of the vortex breakdown should have been well aft of its initial condition. The 

complexities of the difference in leading edge geometry, however, make it difficult to 

predict the precise location. 

Disregarding the data points nearest the trailing edge of the wing, the data over the 

forward half of the wing could be fitted quite accurately with a linear or second ordered 

approximation as shown in Figure 6. 5 .  Although Ericsson[SO] shows his approximation to 

be linear, Huang and Hanft1 1 7] have shown their' s to be quasi-linear. 

Referring to Figure 6 .5 ,  the linear approximation intersects the roll axis at 

approximately 1 8" which means that for a roll angle of approximately 1 8" the vortex 

breakdown location should be at the apex. Referring to Figure 2. 1 0, this relates to a 

sweep angle of approximately 60" and an angles of attack of approximately 29°. In Figure 
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6.4, an angle of attack of29° intersects the 60° delta wing curve at approximately x/c = 

0. 1 0  which corresponds well with the amount corrected for the difference in leading edge 

geometry. 

The steady state prediction equations presented in this study (Equation 1 9  and 20) 

have shown good correlation to experimental pitch data once modified for what was 

assumed predominately to be a difference in leading edge geometry. The information 

presented in Figure 6. 6 shows a comparison of prediction versus experimental results for 

each of the prediction equations under variations in roll. In addition, the first and second 

ordered approximation have also been included. Referring to Figure 6 .6, it can be seen 

that both equations provide a good estimate of experimental data for the flow over the 

front half of the delta wing. Neither equation, however, accurately predicts the location of 

the vortex over the aft portion of the wing. Although Equation 20 does provide an 

indication of a nonlinear relationship between location of vortex breakdown and roll angle, 

the nonlinearities in the experimental data collected in this study have not been well 

predicted by either prediction equation for the aft half of the wing. This conclusion is 

consistent with that made by Ercisson[47] .  

Unsteady Roll Analysis 

Unsteady roll experiments were carried out with the 70° delta wing at a fixed pitch 

angle of 3 0°. The Reynolds number of the flow was 1 .  7 x 1 04. Similar to the unsteady 

pitch experiments, the drive mechanism provided for a sinusoidal input. The maneuvering 
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mechanism was set up to provide oscillations in roll of± 1 8° about the wing's level 

position. The limits of roll were chosen within the constraints of the size of the water 

tunnel test section. The pitch angle at which the model was fixed was selected so that 

comparison with available data could be made. The unsteady roll experiments were 

carried out at the same pitch frequencies as for the pitch experiments: 0 .023 Hz, 0.05 1 Hz, 

0.074 Hz and 0.097 Hz. Because ofthe difference in definition of reduced frequency for 

unsteady roll motion, however, this resulted in the unsteady roll experiments being 

conducted at four different reduced frequencies. These were k,.011 = 0. 05, k,.011 = 0. 1 0, k,.011 = 

0. 1 4, and k,.011 = 0. 1 9, respectively. The data were collected over a number of cycles of 

motion to ensure and to quantify data repeatability as discussed earlier. Because the 

model design enabled the analysis ofboth leading edge vortices, the data that is presented 

is specified whether it was collected from over the left wing or the right wing. 

The results presented in Figures 6. 7 and 6 .8  provide the relationship between the 

location of vortex breakdown and roll angle for the right and left wing, respectively. Each 

graph in the figures represents a different reduced frequency as annotated. The individual 

data points represent an average of the six cycles analysed and the error bars shown were 

calculated using the standard deviation. In addition, the second ordered approximation of 

the steady state data has been provided so that a direct comparison can be made with 

steady state conditions. The arrows on the graphs indicate the direction of motion. The 

downstroke for the right wing starts at a negative roll angle of - 1 8° and the downstroke 

for the left wing starts at a positive roll angle of 1 8°. Conversely, the upstroke for the 

right wing starts at a positive roll angle of 1 8° and the upstroke for the left wing starts 
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at a negative roll angle of - 1 8° . The curves in the graphs for �on = 0. 05 are not closed 

because of data points that were out of the video frame. 

The data in Figures 6.7 and 6 .8 demonstrate the deviations from steady state 

conditions in the behaviour of the vortex breakdown under unsteady conditions. The 

unsteady motion of the delta wing forced the vortex flow to continually adjust to changing 

conditions and the result was a hysteresis effect in the behaviour of the location of the 

vortex breakdown which is shown by the loops created by the unsteady data. It can be 

seen that, for a given roll angle, the location of the vortex breakdown was consistently 

further aft during the downstroke than it was during the upstroke. This result was 

completely opposite to that shown for unsteady pitch motions. The hysteretic effect 

during unsteady roll motions has been attributed to a time lag inherent with the vortex 

flow adjusting to changing conditions and, in addition, to the effects of roll rate induced 

camber. Ericsson[ 50] provided that the effect of roll rate induced camber was to delay the 

breakdown on the downstroke and to promote the breakdown on the upstroke (Figure 

2. 14) .  The result ofthis study corresponds to the hysteresis effect demonstrated by Huang 

and Hanff in their work with a 65° delta wing fixed at a pitch angle of 30° and oscillated 

about zero roll with roll amplitudes of ±33°. 

Although research has been published for 60° and 65° delta wings, this research is 

the first of its kind for a 70° delta wing at a pitch angle of 30° that was oscillated about 

zero roll angle with an amplitude of ±1 8°. By comparing Figure 6 .7  with Figure 6 . 8, it can 

be seen that the data is quite symmetric. This is a good indication of the setup of 

experimentation and of data repeatability. To make a comparison of the effects of reduced 
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frequency, all the data for each wing has been presented together in Figure 6 .9  and Figure 

6 . 1 0  for the right and the left wing, respectively. The data presented in Figures 6 . 9  and 

6. 1 0  show that as reduced frequency was increased the hysteretic effect was also 

increased. This was demonstrated by the restriction in the movement of the location of 

vortex breakdown as the reduced frequency was increased. By reviewing the data, it was 

observed that a restriction in the movement of the location of vortex breakdown was 

reflected in the rotation of the hysteresis loops away from the steady state conditions for 

an increased reduced frequency, and therefore, an analysis of the relative locations of the 

end points has been conducted. The results, provided in Table 6. 1 ,  show that the 

behaviour of the right wing was similar to the behaviour of the flow over the left wing. As 

the reduced frequency was increased, the location of vortex breakdown moved further 

away from the steady state condition and a reduction in reduced frequency resulted in the 

location of vortex breakdown being closer to the steady state condition. This result is 

consistent with Ericsson[ 50] who concluded that as the roll rate was reduced (as was the 

case in this study for a decreased reduced frequency), the roll rate induced camber effects 

were reduced and so were the deviations of the dynamic from the static conditions. 

Phase Lag Due to Unsteady Roll Oscillations 

Similar to the investigations for unsteady pitch oscillations, an investigation into 

the relationship between the location of vortex breakdown and the instantaneous position 

of the delta wing oscillating in roll has been conducted. The data provided in Figure 6 . 1 1  
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Table 6 . 1 .  Location ofVortex Breakdown at Data End Points Versus 

Reduced Frequency (Unsteady Roll) 

I Location of Vortex Breakdown (x/c) I 
Right Wing Left Wing 

Reduced 
Pitch = 30° Pitch = 30° Pitch = 30° Pitch = 30° 

Frequency 
Roll = - 1 8° Roll = 1 8° Roll = - 1 8° Roll = 1 8° 

Steady State >> 1 � 0.04 � 0.04 >>1 

�oil = 0 .05 0.84 0.29 0.29 0 .88 

�oil = 0 . 1 0  0.65 0.33 0.35 0 .66 

�oil = 0 . 1 4  0.63 0 .38 0 .37 0 .59 

�oil = 0. 1 9  0 .53 0.45 0 .39 0 .50 
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and Figure 6 . 1 2  show the location of vortex breakdown as it relates to time for the right 

wing and left wing respectively. Data from six cycles of oscillations have been analysed to 

present the average breakdown location over one complete cycle. The error bars shown 

have been calculated using standard deviation. Data has been presented for all four values 

of reduced frequency and a different symbols has been used to identify the downstroke and 

the upstroke portion of the delta wing motion. This way the upstroke and the downstroke 

of one wing could be compared to that of the other wing directly by matching symbols. It 

should be noted that the cycle presented started at a roll angle of - 1 8° which meant that 

the right wing started on the downstroke and as a consequence the left wing started on the 

upstroke. 

As for the analysis of the unsteady pitching motion, the presentation ofthese 

graphs makes it difficult to compare data directly as a function of reduced frequency; 

although, the change in symbol does provide an indication of the transition point between 

upstroke and downstroke. By noting that the location of vortex breakdown continues to 

move in its given direction even after the wing has changed directions indicates the 

presence of a hysteresis effect. 

To examine the magnitude of phase lag as a function of reduced frequency, the 

vortex breakdown location was plotted against the model phase angle for each reduced 

frequency. The results are presented in Figure 6 . 1 3  and Figure 6 . 14 .  The point where the 

wt = 1 80° corresponds with the portion of the delta wing motion which is in transition 

from downstroke to upstroke (for the right wing) and transition from upstroke to 

downstroke (for the left wing). Referring to these Figures 6 . 1 3  and 6 . 1 4, the phase lag 
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due to the hysteresis effect can be seen. For example, for the right wing, when the wing 

motion transitioned from the downstroke to the upstroke, the location of the vortex 

breakdown continued to move toward the apex. It was not until some time later after the 

delta wing had moved through an additional 60° (approximately) that the vortex flow 

adjusted and the location of the vortex breakdown started to move toward the trailing 

edge. It can also be seen in Figures 6. 1 3  and 6. 1 4  that, as reduced frequency was 

increased, the amount of phase lag also increased; although, it would appear that there 

was an initial jump in phase lag and then the effects became Jess apparent. This can best 

be seen by the data for the left wing by examining the transition from the upstroke to the 

downstroke where it is quite evident that the peaks of the curves are shifted more to the 

right as reduced frequency increased. 

An analysis was carried out to determine quantitatively the relationship between 

phase lag and reduced frequency. Two distinct relationships were examined: one for the 

transition from the upstroke to the downstroke and the other for the transition from the 

downstroke to the upstroke. Because of the symmetric nature of the flow over the delta 

wing, there were two complete data sets with which to compare and make conclusions. 

The data in terms oflocation of vortex breakdown versus time was used to identify 

the points where the location of vortex breakdown reversed direction as indicated by the 

data peaks. This information in conjunction with the period for each reduced frequency 

was used to calculated the phase lag. The error incurred in the process unfortunately was 

approximately ±8° because there were only 2 1 -23 data points used to make up each cycle. 

This meant that the time between each data point represented approximately 1 6° of the 
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overall cycle. Along with the inherent errors in the data and data scatter, it was difficult to 

pinpoint the exact location of the peaks unless the peak coincided with a data point. Still 

some observations have been made and the results are presented in Figure 6 . 1 5 . 

A difference in the behaviour of the location of vortex breakdown has been noticed 

for the transition from the upstroke to the downstroke and the downstroke to the 

upstroke. The data demonstrated that the phase lag was consistently less when the wing 

transitioned from the upstoke to the downstroke than when it transitioned from the 

downstroke to the upstroke. This behaviour was consistent with the behaviour shown for 

unsteady pitching motions. Referring to Figure 6. 1 5, it can be seen, however, that the 

relationship between phase lag and reduced frequency is quite different for a rolling delta 

wing than for a pitching delta wing within the limits of the reduced frequencies examined. 

For the unsteady rolling motion, for example, even low values of reduced frequency result 

in a large phase lag. This is understandable considering the roll oscillations had a larger 

amplitude of oscillation than that of the pitch oscillations. 

Summary ofRoll Experiments 

The research carried out in this study furthered the understanding of the behaviour 

of vortex breakdown over delta wings under conditions of steady and unsteady roll to 

include the analysis of a 70° delta wing. The fact that there were two distinct sources of 

data (from the left wing and the right wing) which provided similar results also gave good 

verification of test results. 
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A study was conducted to investigate the behaviour of vortex breakdown over a 

70° delta for steady state variations in roll angle. Experimentation was carried out a roll 

angles varying from - 1 8° to 1 8° with the delta wing fixed at a pitch angle of 30°. The pitch 

angle was chosen to be consistent with other studies. Two complete sets of data were 

analysed: one for the right side of the delta wing and the other for the left. It was 

observed that the vortex behaviour over the right wing was completely opposite to the 

vortex behaviour over the left wing. The resultant data showed that, for the right wing, as 

the roll angle increased, the location of the vortex breakdown moved toward the apex and, 

as the roll angle decreased, the location of the vortex breakdown moved aft. This result 

was consistent with the observations made by Huang and Hanfll) 8] 

The exact opposite behaviour was observed for the left wing. By correcting for 

the roll angle, the data from the left wing was compared to the data from the right wing 

and the results showed that the behaviour of vortex breakdown was symmetric. In 

addition, the resultant data showed that the behaviour of the movement of the location of 

vortex breakdown with roll angle as the location of vortex breakdown travelled over the 

front half of the delta wing could be considered linear. As the location of the vortex 

breakdown travelled further back on the wing, however, the relationship between location 

of vortex breakdown and roll angle became nonlinear. This conclusion was similar to that 

obtained by Ericsson[SO] whose discussion on critical states provided great insight into 

this phenomenon. 

The steady state prediction equations provided by Huang and Hantl{ 1 7] [  1 8], 

which were modified to reflect a change of leading edge geometry, and which appeared to 
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provide good results for the pitch experiments, were tested against the steady state 

experimental roll data. The results showed that both prediction equations were successful 

in predicting the location of the vortex breakdown over the front half of the wing; 

however, neither accurately predicted the location of the vortex breakdown over the aft 

portion of the wing. This is consistent with the conclusion made by Ericsson[ 50] 

especially considering the existence of critical states and the nonlinear effects they impose 

on the behaviour of vortex breakdown. 

Unsteady roll experiments were carried out with the 70° delta wing fixed at a pitch 

angle of 30° with roll oscillations of± 1 8° about the wings level position. The unsteady roll 

experiments were conducted at the same pitch frequencies as for the unsteady pitch 

analysis which ranged from 0.023 Hz to 0.097 Hz. Because of the difference in definition 

in reduced frequency between pitch and roll, however, this meant that the unsteady roll 

experiments were carried out at reduced frequencies that varied from k,.011 = 0 .05 to k,.011 = 

0. 19 .  The resultant unsteady vortex breakdown data was compared with the steady state 

data. The results indicated that when the delta wing was oscillated in roll there was a 

hysteresis effect in the behaviour of the location of the vortex breakdown. The data 

collected from both sides of wing showed that the behaviour was symmetric in terms of 

upstroke and downstroke. The upstroke for the right wing was defined by the wing 

rolling from a positive angle of attack and the upstroke for the left wing was defined by a 

negative angle of attack. The hysteretic behaviour was demonstrated by the location of 

the vortex breakdown being consistently further aft on the downstroke than it was on the 

upstroke. This effect was attributed to a time lag associated with the vortex flow 
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adjusting to continually changing conditions and to the effect of roll rate induced camber 

that were presented by Ericsson[ 50] .  An analysis of the effects of reduced frequency on 

the location of vortex breakdown was conducted. The experimental data showed that, as 

reduced frequency was increased, the amount of hysteresis also increased. This was seen 

by an increase with reduced frequency of the restriction of the movement of the location 

of vortex breakdown. 

An investigation of the phase lag associated with the location of the vortex 

breakdown as it related to the instantaneous position of the delta wing was carried out. A 

distinct relationship was observed for the transition of movement from the upstroke to the 

downstroke and from the downstroke to the upstroke which was repeatable for the right 

side and the left side of the wing. The experimental data showed that the phase lag was 

consistently less when the wing transitioned from the upstroke to the downstroke than 

when it transitioned from the downstroke to the upstroke. In addition, the unsteady roll 

oscillations resulted in a larger phase lag than did the unsteady pitch oscillations. This was 

understandable, however, considering the unsteady roll amplitude was ± 1 8° whereas the 

unsteady pitch amplitude was ±5°. 
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CHAPTER VII 

RESULTS AND DISCUSSIONS :  MANEUVERING EXPERIMENTS 

Steady State Variations Simultaneously in Pitch and Roll 

This study investigated the behaviour of vortex breakdown over a 70° delta wing 

for simultaneous steady state variations in pitch and roll angles (termed maneuvering). 

The Reynolds number during the testing was 1 .  7 x 1 04. The model placement was 

consistently verified so that the locations of vortex breakdown were symmetric for zero 

roll angle. The steady state experiments were carried out with the maneuvering apparatus 

setup to provide changes in pitch that were accompanied by corresponding changes in roll 

so that the pitch angle varied bewteen 25° and 3 so while the roll angle varied between - 1 8° 

and 1 8°; therefore, each data point analysed represented a unique value of pitch and roll 

angle. A positive movement in pitch corresponded to a positive movement in roll and vice 

versa. The data was collected for increments in pitch and roll that were made in the 

positive direction similar to the other steady state experiments in this study. The flow was 

allowed a settling time between increments to enable the flow to stabilize. Twenty 

consecutives video frames of data were analysed for each pitch-roll angle combination. 

The results represent the average locations of vortex breakdown for steady state variations 

in pitch and roll angle and are presented in Figure 7 . 1 .  The error bars have been 

calculated using the standard deviation. 
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Figure 7. 1 .  Location of Vortex Breakdown for Simultaneous Steady State 

Variations in Pitch and Roll 
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Because of the two dye ports, a separate set of data was collected for the right 

wing and another for the left wing. Unlike the roll experiments, these two data sets 

represented two distinctly different relative motions for the maneuvering experiments. For 

variations in pitch, for example, an increase in pitch angle defined the upstroke. For 

variations in roll; however, the upstroke was defined as the wing that physically moved up. 

This meant that for a positve increase in roll angle, the left wing experienced an upstroke 

while the right wing experienced a downstroke. Therefore, for variations in pitch and roll 

in the same direction, as the delta wing increased in pitch, the right wing moved down and 

the left wing moved up. Consequently, the two sets of data collected represented relative 

movements of pitch that were accompanied with movements in roll that were in phase (left 

wing) and with movements in roll that were 1 80° out of phase (right wing). 

Referring to Figure 7. 1 ,  the results of the steady state analysis are provided. The 

experimental data show that, for the right wing, a decrease in pitch with roll angle resulted 

in the aft movement of the location of vortex breakdown. Conversely, an increase in pitch 

with roll angle resulted in the the location of vortex breakdown moving toward the apex. 

For the left wing, a similar behaviour in movement of location of vortex breakdown was 

observed; however, the movement ofthe location ofvortex breakdown was more 

restricted for the left wing as compared to the right wing. In fact, for the larger pitch and 

roll angles tested, the location of vortex breakdown over the left wing began to move aft 

again. This can explained by analysing the beahviour of vortex breakdown under steady 

state pitch conditions and steady state roll conditions. Referring to Figures 5 . 1  and 6 . 1 ,  it 

can be seen that the effect of a change in pitch angle was the same for the right wing as for 
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the left wing. An increase in pitch angle caused the location of vortex breakdown to move 

toward the apex and a decrease in pitch angle caused the location of vortex breakdown to 

move aft. For a change in roll angle, however, the effect was completely opposite for the 

right wing compared to the left wing. For the right wing, an increase in roll angle caused 

the location of vortex breakdown to move toward the apex and a decrease in roll angle 

caused the location of vortex breakdown to move aft. For the left wing, an increase in roll 

angle caused the location of vortex breakdown to move aft and a decrease in roll angle 

caused the location of vortex breakdown to move forward toward the apex. 

For the right wing, the effects of pitch and roll work in the same direction. 

Therefore, an increase in the pitch angle with the roll angle should result in a forward 

movement of the location of vortex breakdown for the right wing. This is the result that 

was reflected in the experimental data. Similarly, an decrease in the pitch angle and the 

roll angle should result in an aft placement of the location of vortex breakdown for the 

right wing. The experimental data also demonstrated this result. 

For the left wing, the effects of pitch and roll work in opposite directions. From 

the data, however, it would appear that the dominant effect was the change in pitch 

because the net effect was for the location of the vortex breakdown to follow the pitch 

trend. This result was seen up to a certain value of roll angle when the effects of roll 

seemed to dominate and the location of the vortex breakdown moved aft again. For 

example, the results in Figures 5 . 1 and 6 . 1 show that, for a decrease pitch angle and roll 

angle, the effects of pitch caused the location of vortex breakdown to move aft and the 

effects of roll caused it to move forward. The experimental data in Figure 7. 1 shows that 
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the net effect for a decrease pitch and roll angle was for the location of vortex breakdown 

to move aft. Although, the movement aft was dampened by the effects of roll, the data 

showed that the effects of pitch tended to dominated. 

For an increasing pitch angle and roll angle, Figures 5 . 1  and 6 . 1 show that the 

effects of pitch caused the location of vortex breakdown to move forward whereas the 

effects of roll cause it to move aft. The experimental data in Figure 7. 1 show that the net 

effect was for the location of vortex breakdown to move forward initially and then begin 

to move back. Therefore, initially the dominant effect was the influence of pitch and then 

the dominant effect became the roll. This results corresponds well with Ericsson' s[SO] 

discussion of critical states. The dominating effect was the pitch until such a critical roll 

angle when aggressive behaviour in the movement ofthe location of vortex breakdown 

took over. Such behaviour was seen in the results of the steady roll experiments where, 

for an essentially constant angle of attack, the effect of the change in roll angle increased 

the amount of sweep of the delta wing. Once a critical roll angle had been reached to 

effect a critical change in the delta wing sweep angle, the location of vortex breakdown 

moved aft aggressively. In the case where not only the roll angle is change but so is the 

pitch angle, the effective change ofthe increased roll angle on the left wing is "softened" 

by the increased pitch angle and corresponding increase in angle of attack. 

It is not possible to compare directly all the steady state data in one graph for each 

type variation because the steady state pitch data was collected at one roll angle (0°) and 

the steady state roll data was collected at one pitch angle (30°). Except for one condition 

during the maneuvering tests (where pitch angle was 30° and roll angle was 0°), any 
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variations in one variable changed the other variable. To make a direct comparison of 

experimental steady state data, further experimentation must be carried out for a variation 

in roll angle at different angles of attack or variations in pitch angle at different roll angles. 

An analysis ofthe steady state prediction equations was carried out. Figure 7 .2  

has been presented which compares the experimental data to the predictions made by 

Equations 1 9  and 23 . Referring to Figure 7.2, it can be seen that, although there are good 

trends in the predictions, neither prediction equation accurately predicts the location of 

vortex breakdown for simultaneous steady state variations in pitch and roll even in the 

region where, previously, good agreement had been shown. As previously discussed in 

the analysis of steady state variations in roll, it is reasonable to believe that the nonlinear 

effects of critical states makes it difficult to predict the location of vortex breakdown using 

emperical models. 

Unsteady Maneuvering 

Unsteady maneuvering experiments were carried out with the 70° delta wing 

oscillating in pitch while undergoing corresponding roll oscillations. The Reynolds 

number ofthe flow was 1 .7 x 1 04. The drive mechanism provided for a sinusoidal input to 

the maneuvering apparatus so that the model oscillated in pitch about a mean pitch angle 

of 30° and an amplitude of ±5° while oscillating in roll about oo with an amplitude of± l 8°. 

These test conditions were selected so that comparison to the unsteady pitch and 

unsteady roll experiments could be carried out. The unsteady maneuvering experiments 
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were carried out at the same pitch frequencies as in previous experiments: 0 .023 Hz, 0.05 1 

Hz, 0. 07 4 Hz and 0. 097 Hz. Because of the difference in definition of reduced frequency 

for unsteady pitch motion and unsteady roll motion, however, this resulted in two values 

of reduced frequency for each of the four pitch frequencies tested. The tests were 

conducted in order that the reduced frequencies tested were the same as in previously 

experiments during this study. The data was collected over a number of cycles of motion 

to ensure and to quantify data repeatability in terms of error bars. As discussed for the 

steady state analysis, the flow over the left wing and the flow over the right wing provided 

two sets of data; however, because of the definition of the upstroke and the downstroke, 

each data set represented a combination of pitch and roll motion that were in phase (left 

wing) and 1 80° out of phase (right wing) . The presentation of the data is provided which 

annotates which data was collected from the right wing and the left wing. As well, arrows 

have been provided where appropriate which show the direction of motion. The direction 

has been based on the direction of the pitching motion only. When interpreting the data, it 

should be kept in mind that the left wing was in phase with the pitching motion and that 

the right wing was out of phase with the pitching motion. The results presented in Figures 

7 .3  and 7.4 provide the unsteady relationship between the location ofvortex breakdown 

and combinations of pitch and roll roll angles for the right and left wing, respectively. 

Each graph in the figures represents a different reduced frequency as annotaed and the 

steady state data has been included for comparison. 

The data in Figures 7. 3 and 7. 4 demonstrate a hysteresis effect that was similarly 

shown for unsteady pitching motions as well as unsteady rolling motions indicating that 
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the behaviour of the location of vortex breakdown is dramatically affected by the unsteady 

motion of the wing. The hysteresis effect is illustrated by the loops around the steady 

state data created by the unsteady data. Because each side of the wing has undergone a 

unique motion during one cycle of motion, however, the data from the right wing is 

distinctly different from the data from the left wing. 

For the right wing, Figure 7.3 shows that, for a given combination of pitch and roll 

angles, the location of the vortex breakdown was consistently further aft during the 

upstroke than it was during the downstroke. Considering the term upstroke refers to the 

pitch up motion and for a pitch up motion the right wing actually pitched down, this result 

is consistent with the result shown for unsteady pitch as well as unsteady roll. 

Figure 7 .3 illustrates, however, that for the right wing, the coupling effect of 

unsteady maneuvering was a reduction in the overall hysteresis in the location of vortex 

breakdown. This was more noticeable for the higher reduced frequencies, but can be seen 

by comparing the relative size of the hysteresis loops for oscillations in pure roll with the 

hysteresis loops in Figure 7.3 . When adding the effects of pitch, for example, to the 

unsteady rolling motion, a comparison ofFigures 6 .7 and Figure 7 .3 ,  demonstrates a 

relaxation in the restriction of the movement of vortex breakdown through the entire 

motion cycle. This is consistent with the summation of the individual behaviours of vortex 

breakdown as related to the influences ofunsteady pitch and unsteady roll which can be 

seen in Figures 5 . 1 1  and 6.7 respectively. For the right wing, for example, an upstroke of 

pitching motion caused a delay in the movement of the location of vortex breakdown. 

Because pitch and roll were out of phase, the right wing was undergoing a downstroke 
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and a downstroke of rolling motion also caused a delay in the movement of the location of 

the vortex breakdown. Although the individual motions were 1 80° out of phase, the 

individual influences were in phase and the hysteretic effects were relaxed accordingly. 

For the left wing, the information provided in Figure 7.4 also shows that, for a 

given combination of pitch and roll angles, the location of the vortex breakdown was 

consistently further aft during the upstroke than it was during the downstroke. Although 

this result is also consistent with the results from the analysis of unsteady pitch and 

unsteady roll, the results for the left wing are quite different from the results from the right 

wing. Figure 7.4 shows that, for the left wing, the coupling effect of the unsteady 

maneuvering motion was an increase in the hysteresis effect. This can be seen by 

comparing Figure 6 . 8  and 7.4 where the data shows that the addition of pitch to the rolling 

motion results in the further restriction of the movement of the location of vortex 

breakdown throughout the entire motion cycle. This is also consistent with the summation 

of the individual behaviours of vortex breakdown as related to the influences of unsteady 

pitch and unsteady roll which can be seen in Figures 5 . 1 1  and 6 . 8  respectively. For the left 

wing, an upstroke of pitching motion caused a delay in the movement of the location of 

vortex breakdown; but, because pitch and roll were in phase, the left wing also 

experienced an upstroke of rolling motion which caused an advancement in the movement 

of the location of the vortex breakdown. Therefore, although the individual motions were 

in phase, the individual influences were 1 80° out of phase and countered each other. The 

hysteretic effects were increased accordingly. 

To analyse the effects of reduced frequency, all the data for each wing has been 
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presented together in Figure 7 .5  and Figure 7 .6 for the right and the left wing, 

respectively. The data presented in Figures 7 .5 and 7 .6 show that, as the reduced 

frequency was increased, there was also an increase in the hysteresis effect which is 

illustrated by the restriction in the movement of the position of vortex breakdown. By 

reviewing the data, it was observed that a restriction in the movement of the location of 

vortex breakdown was reflected in the rotation ofthe hysteresis loops away from the 

steady state conditions for an increased redeuced frequency, and therefore, an analysis of 

the relative locations of the end points has been conducted. The results are provided in 

Table 7 . 1 .  For the right wing, the data in Table 7 . 1 shows that as the reduced frequency 

was increased, the location of vortex breakdown moved further away from the steady 

state condition and a reduction in reduced frequency resulted in the location of vortex 

breakdown being closer to the steady state condition. This result is consistent with the 

results for the study of unsteady pitch and unsteady roll motion. For the left wing, the 

behaviour of the location ofvortex breakdown was similar for negative roll and a lower 

pitch angle; however, for a positive roll angle at an elevated pitch angle, the location of the 

vortex breakdown became fixed for the higher reduced frequencies. 

Phase Lag Due to Unsteady Maneuvering 

Similar to previous unsteady investigations, an investigation was carried out into 

the relationship between the location of vortex breakdown and the instantaneous position 

ofthe delta wing as it maneuvered in pitch and roll. The data provided in Figure 7 .7 and 
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Table 7 . 1 .  Location of Vortex Breakdown at Data End Points Versus 

Reduced Frequency (Unsteady Maneuvering) 

Location of Vortex Breakdown (x/c) 

Reduced Right Wing Left Wing 

Frequency Pitch = 25° Pitch = 35° Pitch = 25° Pitch = 35° 

Roll = - 1 8° Roll = 1 8° Roll = - 1 8° Roll = 1 8° 

k = O  >>1 - 0.05 0.66 0 .4 1  

Steady State 

�itch = 0 . 1 2  1 .02 0. 1 1  0 .84 0.48 

kroll = 0 .05 

kpitch = 0.27 0.75 0. 1 9  0.62 0.63 

kroll = 0. 1 0  

�itch = 0.40 0.59 0.27 0.48 0.66 

�oil
= 0. 1 4  

�itch = 0.52 0 .50 0.26 0 .55 0.66 

kron = 0 . 1 9  
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Figure 7 .8  show the location ofvortex breakdown as it relates to time for the right wing 

and left wing respectively. Data from six cycles of oscillations have been analysed to 

present the average breakdown location over one complete cycle. The error bars shown 

have been calculated using standard deviation. Data has been presented for all four values 

of reduced frequency and a different symbols has been used to identify the downstroke and 

the upstroke portion of the delta wing motion. 

To examine the magnitude of phase lag as a function of reduced frequency, the 

vortex breakdown location was plotted against the model phase angle for each reduced 

frequency. The results are presented in Figure 7.9 and Figure 7 . 1 0. For the maneuvering 

experimentation, the relationship between the relative movement of the right and the left 

wing in terms of upstroke and downstroke is important. To be consistent, the upstroke 

for these tests has been defined as a positve increase in pitch angle. The upstroke and the 

downstroke have been identified on the graphs. 

Referring to Figures 7 .9 and 7. 1 0, the phase lag in the vortex breakdown motion 

can be seen. For both wings, it can be seen that, as reduced frequency was increased, the 

amount of phase lag also increased. This result is similar to the results of the tests 

involving unsteady pitch and unsteady roll motion. In quantifying the relationship between 

phase lag and reduced frequency, the same uncertainty existed in the maneuvering data as 

for the other unsteady analyses. The error was approximately ±8° because of the low 

number of data points used to reproduce the cycle and because it was sometimes difficult 

to pinpoint the exact location of the peaks unless the peak coincided with a data point. 

However, some interesting trends were noted. For the right wing, for example, there was 
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an equal phase shift when transitioning from the upstroke to the downstroke as for 

transitioning from the downstroke to the upstroke. For the left wing; however, a big 

difference was noted between the two transitions. The phase shift was larger for the left 

wing when it transitioned from the upstroke to the downstroke than for the downstroke to 

the upstroke. 

A comparison of the results was made with those from the unsteady analyses of 

pure pitch and pure roll. Because of the definition of reduced frequency for pitch and roll, 

however, the data was viewed two different ways. For example, the delta wing could be 

either viewed as oscillating in pitch at a given reduced frequency while undergoing roll 

oscillations or oscillating in roll at a given reduced frequency while undergoing pitch 

oscillations. Accordingly, the two comparisons are presented in Figure 7 . 1 1  and Figure 

7 . 1 2. Figure 7 . 1 1  is a comparison of maneuvering data with unsteady pitch data and 

Figure 7. 1 2  is a comparison of maneuvering data with unsteady roll data. A distinction 

has been made for the right and the left wings. 

The results in Figure 7 . 1 1  show that for the right wing that is transitioning from 

the upstroke to the downstroke during pitch oscillations, any oscillations in roll tend to 

increase the phase lag. This result is even more pronounced for the left wing. For the 

transition from the downstroke to the upstroke, the result of the added roll oscillation had 

little effect on either side ofthe wing until the larger reduced frequency and then the effect 

was very pronounced on the left wing. The results in Figure 7. 1 2  show that the addition 

of a pitch oscillations to a wing undergoing roll oscillations had little effect on the right 

side of the wing but had a dramatic effect on the left side of the wing. 
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Summary of Maneuvering Experiments 

The research conducted in this study was the first of it kind to examine the 

coupling effects on the location of vortex breakdown as the 70° delta wing was 

maneuvered in steady and unsteady conditions with variations in pitch and simultaneous 

variations in roll. For simplicity, this motion was termed maneuvering throughout the 

study. For all the tests, the maneuvering apparatus was set up so that a positive 

movement in pitch corresponded to a positive movement in roll. The resultant effect on 

the movement of the model was that as the model pitched up, the left wing pitched up and 

the right wing pitched down. The left wing, therefore, was considered to be in phase for 

movements in pitch and roll and the right wing was considered 1 80° out of phase. 

Accordingly, because of the symmetry of results shown with the roll experiments, two 

unique relative movements were analysed with the production of the two data sets. 

For steady state maneuvering, variations in pitch and roll from 24° - 35° and - 1 8° 

to 1 8° respectively were analysed to coincide with the experimentation carried out for pure 

steady state pitch and pure steady state roll. For the right wing, the experimental data 

showed that a decrease in pitch and roll angle resulted in the aft movement ofthe location 

of the vortex breakdown and an increase in pitch and roll angle resulted in the forward 

movement ofthe location ofvortex breakdown. By comparing the effects of pure pitch 

and pure roll, it was concluded that the coupling effect on the right wing was a summation 

ofthe individual effects of pitch and roll. For the left wing, the location of the vortex 

breakdown also moved forward for an increase in pitch and roll angle and moved back for 
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a decrease in pitch and roll angle; however, the movement of the location of the vortex 

breakdown was more restricted for the left wing. This behaviour was also analysed by 

examining the individual effects of pitch and roll and it was concluded that the coupling 

effects for the left wing was also a summation of the individual affects of pitch and roll, 

but the dominating effect appeared to be the pitch up to a certain point where the 

nonlinearities observed for the roll movement took over. 

Unsteady maneuvering experiments were carried out with the 70° delta wing 

oscillating in pitch while undergoing a corresponding roll oscillation. In pitch, the model 

oscillated about a mean angle of attack of 30° with an amplitude of ±5° and, in roll, the 

model oscillated about the centerline with an amplitude of± 1 8°. The unsteady 

maneuvering experiments were conducted at the same pitch frequencies for the other 

unsteady experiments and the reduced frequencies were kept consistent with those tested 

in the other unsteady investigations. The direction of the wing motion was defined by the 

pitch motion keeping in mind that the right wing was 1 80° out of phase and that the left 

wing was in phase with the pitch motion. The resultant data showed that a hysteresis 

effect existed for the right wing as well as the left wing which was seen by the deviations 

in the unsteady data from the steady state data. 

For the right wing, the unsteady results showed a delay in breakdown location for 

the upstroke and an advancement in the location of the vortex breakdown for the 

downstroke as compared to the steady state data. This result was reasonable because the 

pitch and roll motion were actually out of phase and the right wing was actually on the 

upstroke. In comparison of the unsteady maneuvering data to the unsteady pitch and 
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unsteady roll data for the right wing, the results showed that the coupling effect of pitch 

and roll was a reduction in the overall hysteresis effect. This result was illustrated by the 

widening of the hysteresis loops indicating that there was less of a restriction in the 

movement of the location of the vortex breakdown. 

For the left wing, the unsteady results also showed a delay in breakdown location 

for the upstroke and an advancement in the location of the vortex breakdown for the 

downstroke as compared to the steady state data; however, the movement in the location 

of vortex breakdown was more restricted. This result was reasonable because the pitch 

and roll motion were in phase and the effects of the roll motion dampened the effects of 

the pitch motion. In comparison of the unsteady maneuvering data to the unsteady pitch 

and unsteady roll data for the left wing, the results showed that the coupling effect of pitch 

and roll was an increase in the overall hysteresis effect as indicated by the restriction in the 

movement of the location of the vortex breakdown. In addition, the results ofthis 

investigation showed that an increase in reduced frequency increased the hysteresis effects 

which was shown by the restriction in movement of the location of vortex breakdown with 

increased reduced frequency. 

An investigation was carried out to determine the relationship between phase lag 

and reduced frequency. The results of the investigation showed that for both wings, there 

was an increase in phase lag with an increase of reduced frequency. However, it was 

observed that there was a distinct difference in the phase lag for the right and the left 

wing. The right wing for example experienced an equal phase shift for a transition from 

the upstroke to the downstroke as for the transition from the downstroke to the upstroke. 
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The left wing, however, demonstrated a noticeable difference between the transition from 

the upstroke to the downstroke and the transition from the downstroke to the upstroke. 

Because of the difference in definition of reduced frequency for the pitch and the 

roll motion, it was not possible to compare all the unsteady data together since the 

maneuvering data represented a unique combination of reduced frequencies for pitch and 

roll. Therefore an comparison of the maneuvering data was made separately with the 

unsteady pitch data and the unsteady roll data. The motion was described as either an 

oscillation in pitch at a given reduced frequency while undergoing roll oscillations or an 

oscillation in roll at a given reduced frequency while undergoing oscillations in pitch. In 

comparison with the pitch data, the results showed that for the right wing transitioning 

from the upstroke to the downstroke, any oscillations in roll tended to increase the phase 

lag. This result is even more pronounced for the left wing. For the transition from the 

downstroke to the upstroke, the result of the added roll oscillation had little effect on 

either side of the wing until the larger reduced frequency and then the effect was very 

pronounced on the left wing. In comparison with the roll data, the results showed that the 

addition of a pitch oscillation had little effect on the right side of the delta wing but had a 

dramatic effect on the left side of the delta wing. 
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CHAPTER VIII 

CONCLUSIONS 

An experimental investigation of a 70° delta wing under steady state and unsteady 

conditions has been successfully carried out in the RMC water tunnel. The test program 

included quantitative and qualitative studies using dye injection as a means of flow 

visualization to examine the behaviour of vortex breakdown under variations of pitch, roll 

and combinations of pitch and roll, termed maneuvering. The investigations carried out in 

this study was the first oftheir kind to analyse the coupling effect of p itch and roll on the 

behaviour of vortex breakdown under steady state and unsteady conditions. In addition, 

the results provided for an increased understanding of the flow over a 70° delta wing in 

terms of variations in pure pitch and pure roll angle. 

The experimental investigation of the 70° delta wing involving steady state 

variations in pitch angle was carried out for angle of attack variations from 23° to 40°. 

The results were consistent with published data. In addition, two steady state empirical 

prediction equations were examined successfully under modification for leading edge 

geometry. Unsteady experiments were carried out with the 70° delta wing oscillating in 

p itch about the centre chord at a mean angle of attack of 30° with an amplitude of 

oscillation of±SO. Four values of reduced frequency were tested ranging from �itch = 0. 1 2  

and �itch = 0.52 which corresponded to pitch frequencies ranging from 0.023 Hz to 0.097 

Hz. The unsteady results demonstrated that as reduced frequency increased the amount of 
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hysteresis in the location of the vortex breakdown also increased. As well, the unsteady 

results showed that an increase in reduced frequency resulted in an increase in the amount 

of phase lag and that there was a distinct increase in phase lag when the delta wing 

transitioned from the downstroke to the upstroke (Dn-Up) as compared to the phase lag 

when the wing transitioned from the upstroke to the downstroke (Up-Dn). 

An analysis was carried out to determine the behaviour of the vortex angle under 

steady and unsteady changes in angle of attack. For the steady state conditions, the 

experimental data showed a linear relationship between vortex angle core and angle of 

attack which compared well with published data. For unsteady pitching conditions, it was 

shown that the behaviour of vortex core angle as a function of angle of attack was 

independent of reduced frequency. 

Investigation of the behaviour of vortex breakdown over a 70° delta for steady 

state variations in roll angle was conducted for roll angles varying from - 1 8° to 1 8° with 

the delta wing fixed at a pitch angle of30°. It was observed that the vortex behaviour 

over the right wing was symmetrically opposite to the vortex behaviour over the left wing. 

For the right wing, as the roll angle increased, the location of the vortex breakdown 

moved toward the apex and, as the roll angle decreased, the location of the vortex 

breakdown moved aft. The resultant data showed that the relationship between roll angle 

and the location of vortex breakdown over the front half of the delta wing could be 

considered linear. After a certain critical value of roll angle, however, the relationship 

between location of vortex breakdown and roll angle was nonlinear. The prediction 

equations which were modified to reflect a change of leading edge geometry were 
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successful in predicting the steady state location of the vortex breakdown over the front 

half of the wing; however, neither accurately predicted the location of the vortex 

breakdown over the aft portion of the wing. 

Unsteady roll experiments were carried out with the 70° delta wing fixed at a pitch 

angle of30° with roll oscillations of±l 8° about the wings level position. The same 

frequencies of oscillation as for the unsteady pitch analysis were used but because of the 

difference in definition in reduced frequency between pitch and roll, this meant that the 

unsteady roll experiments were carried out at reduced roll frequencies that varied from �011 
= 0.05 to kro11 = 0. 1 9 . The unsteady results showed a hysteresis effect in the behaviour of 

the location ofthe vortex breakdown. The data collected from both sides of wing 

indicated that the behaviour was symmetric in terms of upstroke and downstroke. The 

unsteady results also showed that, as reduced frequency increased, the amount of 

hysteresis also increased. The same result was shown in terms of the amount of phase lag. 

In addition, the phase lag was consistently less when the wing transitioned from the 

upstroke to the downstroke (Up-Dn) than when it transitioned from the downstroke to the 

upstroke (Dn-Up) .  

The research conducted in this study was the first of it kind to examine the 

coupling effects of pitch and roll on the location of vortex breakdown as the 70° delta 

wing was maneuvered under steady and unsteady conditions. The maneuvering apparatus 

was set up so that a positive movement in pitch corresponded to a positive movement in 

roll which meant that as the model p itched up, the left wing pitched up and the right wing 

pitched down. The left wing, therefore, was considered to be in phase for movements in 
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pitch and roll and the right wing was considered 1 80° out of phase. 

For steady state maneuvering, variations in pitch and roll from 25° to 35° and - 1 8° 

to 1 8° respectively were analysed to coincide with the experimentation carried out for pure 

steady state pitch and pure steady state roll. For the right wing, the results showed that a 

decrease in pitch and roll angle resulted in the aft movement of the location of the vortex 

breakdown and an increase in pitch and roll angle resulted in the forward movement of the 

location of vortex breakdown. By comparing the effects of pure pitch and pure roll, it was 

concluded that the coupling effect on the right wing was an apparent superposition of the 

individual effects. For the left wing, the location of the vortex breakdown also moved 

forward for an increase in pitch and roll angle and moved back for a decrease in pitch and 

roll angle; however, the movement of the location ofthe vortex breakdown was more 

restricted for the left wing. By examining the individual effects of pitch and roll, it was 

concluded that the coupling effects for the left wing was also an apparent superposition of 

the individual effects. For the left wing, the dominating effect appeared to be the pitch 

until a critical value of roll angle was reached where the roll effect took over. 

Unsteady maneuvering experiments were carried out with the 70° delta wing 

oscillating in pitch while undergoing a simultaneous roll oscillation. In pitch, the model 

oscillated about a mean angle of attack of 30° with an amplitude of ±5° and, in roll, the 

model oscillated about the centerline with an amplitude of ± 1 8°. The unsteady 

maneuvering experiments were conducted at the same frequencies of oscillation as already 

tested and the reduced frequencies were kept consistent with those already tested. The 

unsteady data showed that a hysteresis effect existed for both the right wing and the left 
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wmg. For the right wing, the unsteady results showed that the coupling effect of pitch and 

roll was a reduction in the overall hysteresis effect. For the left wing, the unsteady results 

showed that the coupling effect of pitch and roll was an increase in the overall hysteresis 

effect. In addition, the results of this investigation showed that an increase in reduced 

frequency increased the hysteresis effects for both wings. The results of the investigation 

also showed that for both wings, there was an increase in phase lag with an increase of 

reduced frequency. However, it was observed that there was a distinct difference in the 

phase lag for the right and the left wing. The right wing experienced an equal phase shift 

for a transition from the upstroke to the downstroke (Up-Dn) as for the transition from 

the downstroke to the upstroke (Dn-Up) .  The left wing, however, demonstrated a 

noticeable diffence between the transition from the upstroke to the downstroke (Up-Dn) 

and the transition from the downstroke to the upstroke (Dn-Up ). 

In comparison with the pitch data, the unsteady results showed that the addition of 

a roll oscillation increased the phase lag for both sides of the wing. In comparison with 

the roll data, the results showed that the addition of a pitch oscillation had little effect on 

the right side of the delta wing but had a dramatic effect on the left side of the delta wing. 
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CHAPTER IX 

RECOMMENDATIONS 

This section provides recommendations which have been divided into two separate 

categories. The first involves some lessons that were learned in the process of conducting 

the experimentation in this research program which could be beneficial to future studies of 

the same nature. The second pertains to critical areas of research required to further the 

investigation started in this study and to others areas of that may be of interest. 

In termed of lessons learned, the primary observation presented is related to the 

data acquisition and analysis process. Modern technology has allowed for the use of 

relatively low cost data acquisition equipment which can provide for very accurate results . 

The trade-off is the amount of time required to process the results. The method of using 

SuperVHS video technology to record the data, for example, proved to be quite 

successful; however, the process involved in reducing the data was very time consuming 

and prone to human error. If a more automated method could be found for tracking the 

location of vortex breakdown from the video recorded source, a more in-depth analysis of 

the behaviour of the vortex breakdown phenomenon based on time increments, that were 

much closer together, could carried out. This was one of the critical factors in being able 

to analyse the phase lag relationship of the behaviour of the vortex breakdown with 

respect to the position of the test model. Another observation in terms of the data 

acquisition and analysis process is the absolute requirement for optimum resolution of the 
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digitized video frames being analysed. The higher the resolution, the more storage space 

necessary for the data; however, the advent of Zip discs have made this very economical . 

In addition, it is recommended that the method used to digitize the video data makes use 

of current software programs that allow for the digization of a number of successive 

frames of video. 

One ofthe most critical factors in carrying out this experimentation to a high 

degree of accuracy and repeatability was the initial setup of the delta wing model in the 

test section of the water tunnel . A good check on the model orientation proved to be a 

verification that the delta wing produced symmetric results in terms of location of the 

vortex breakdown for each side of the delta wing when the roll angle was zero. 

In terms of uncertainty, the steady pitch angle was very simple to measure and the 

method used for measurements provided for very accurate results. The roll angle, 

however, was not easily measured and had to be calculated and the accuracy of the results 

suffered. The magnitude of the roll angle was equally important as the magnitude of the 

pitch angle. For future studies involving roll, it would be very beneficial to invest in an 

apparatus that could provide accurate and instantaneous roll angle measurements. 

Finally, it was determined that exact model geometry was paramount in being able 

to reproduce existing test data. Close attention must be placed on the design ofthe delta 

wing in terms of geometric similarity which must include leading edge geometry and 

thickness to chord ratio. 

As discussed, the experimentation carried out in this study was the first of its kind 

to analyse the coupling effect of pitch and roll on the behaviour of vortex breakdown 
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under steady state and unsteady conditions. As a result, there is much more research that 

could take place that would expand the data base of information available related to the 

maneuvering of a delta wing and which could provide more incite into the coupling effects 

and the complex flow characteristics of vortex breakdown. 

In this study, only one type of input motion was analysed. It would be beneficial 

to examine the behaviour ofthe location ofvortex breakdown in terms of time history for 

a transient input motion. This would enable the analysis of the time for the vortex flow to 

adjust to the new steady state conditions and, some have argued, may provide a more 

practical representation of aircraft maneuvres. 

It was commented upon in this study that leading edge geometry is a critical factor 

to be considered for reproducing available data. In fact, this comment has been made by 

many researchers based on experimental data from pitch studies. To further this analysis, 

therefore, a study could be carried out to investigate the effect of leading edge geometry 

to include variation in roll as well as the coupling effects of pitch and roll. 

One of the limitations in the experimentation portion of this research was the 

maneuvering apparatus design so that the movements in pitch and roll were driven from 

the same source. This was a simple method of effecting a maneuver in pitch and roll; 

however, it imposed a restriction in terms the flexibility of changing the parameters in the 

test program. It would be beneficial, for example, to oscillate the model in pitch and roll 

at the same reduced frequency and it would be equally beneficial to oscillate the model in 

pitch and roll with the same amplitudes of oscillation. It is recommended, therefore, that a 

study be conducted with variety of combinations of pitch and roll as well as reduced 
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frequencies to further the understanding of the vortex breakdown phenomenon for a 

maneuvering delta wing. 

In this study, the steady and unsteady roll experiments were conducted at a specific 

angle of attack to coincide with other researchers. It is recommended that this base of 

information be expanded to include the behaviour of vortex breakdown in conditions of 

steady and unsteady roll at different pitch angles. In addition, it would be beneficial to 

extend this approach to include a study of the behaviour ofvortex breakdown under 

conditions of steady and unsteady pitch for other than zero roll angles. 

Finally, an extension of the research conducted in this study could be geared 

toward investigating methods of flow control and their relationship on the location of 

vortex breakdown over delta wing geometries that maneuever in steady state and unsteady 

conditions. 
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EVALUATION OF ROLL ANGLES 

Because of the nature of the experimental setup, it was not possible to directly 

measure the steady state roll angle. However, the steady state roll angle could be 

evaluated using information obtained with regards to the travel distance of the C-Beams. 

For example, Figure A I  provides a side view of the model in the water tunnel which 

highlights the pitch rotation of the model. 
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Figure A I .  Delta Wing Model Undergoing Pitch Rotation 
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As previously discussed, this was achieved by disconnecting the Secondary Drive Cam and 

the Connecting Rod. The Primary C-Beam was driven alone by the Primary Drive Cam 

which received its input from the drive mechanism. With the aid of processed data from 

the video equipment, measurements of the pitch angle were easily carried out. The Drive 

Mechanism was setup to provide pitch oscillations that varied about a mean pitch angle 

with an amplitude of ±5°. Using simple trigonometric relationships, the horizontal travel 

ofthe top ofthe Primary C-Beam could be determined as follows: 

x = r sina 
= 1 3 . 0 sin± 5  

. .  x = ± 1 . 1 33 inches 

Since the two C-Beams were the same radius, the Secondary C-Beam would travel 

the same distance when the Secondary Drive Cam was connected. To allow the model to 

roll, the Primary Drive Cam was disconnected and fixed at a pitch angle of 30°. The 

Connecting Rod was connected to the end of the sting and to the Secondary C-Beam. 

-223-



When the Secondary Drive Cam was moved by the Drive Mechanism at an offset distance 

from the Primary C-Beam, the connecting rod translated a rolling motion onto the sting 

and consequently the model. The distance between the Primary and the Secondary C-

Beams was measured with a micrometer as being 3 .49 ±0.005 inches and so the amplitude 

of the roll oscillations could be determined as follows: 

X 

View From Top of Both C-Beams 

X tan<t> = 
y 
± 1 . 1 33 

= 

3 .49 
. .  <t> = ± 1 8 .0°  

Referring to Figure 3 .  5 ,  this meant that the total horizontal movement of the 

horizontal linking rod of the Drive Mechanism represented a roll movement on the model 

of± 1 8° . This linear distance was measured and marked off in equal increments. Each 

increment represented 2. 77° of roll. The ruler used to identify the increments was accurate 

to 1 /32 of an inch. Accordingly, the uncertainty associated with the roll angle was 

±0. 346°. This uncertainty must be added to the uncertainty that already exists in the 

evaluation of the oscillation amplitude. The uncertainty associated with the calculated roll 

amplitude of± 1 8° was based on the uncertainty associated with the measurement of the 
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pitch angle (repeatable to within 0. 5%) plus the uncertainty associated with measuring the 

distance between C-Beams (0. 1 %). The total uncertainty associated with the calculation 

of the roll amplitude was within 0. 6% for a maximum uncertainty of 0. 1 o. Therefore, the 

uncertainty associated with the evaluation of the steady state roll angle was ±0.446°. 

For test conditions involving unsteady roll motion, the magnitude of the roll could 

be determined at any time knowing the frequency of oscillation and the amplitude of 

oscillation as long as an initial condition could be identified. The zero roll condition was 

used as the starting point and was identified by lining up the lines on the model with the 

reference line drawn on the bottom of the tunnel. Since the data could be analysed frame 

by frame, the deviations from zero roll angle were accounted for in terms of time and then 

calculated in terms of roll angle. The uncertainty associated with the calculated roll angles 

for the unsteady motion was made up of the uncertainty associated with the measurement 

ofthe pitch angle (repeatable to within 0 . 5%) plus the uncertainty associated with 

measuring the distance between C-Beams (0. 1 %) .  Therefore, the calculation of roll angle 

for unsteady motion was performed with an uncertainty within 0 .6%. 
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APPENDIX B 
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ANALYSIS OF THE ROLL CORRECTION FACTOR 

When the experiments conducted involved any amount of roll, it became necessary 

to view the model from a different angle. A mirror was set up at a 45° angle beneath the 

tunnel which allowed the camera to be focussed on the top surface of the model as it was 

viewed through the bottom ofthe test section. This provided a mirror image view of the 

model. A schematic diagram ofthe side view and top view of the delta wing model that 

has undergone a negative roll angle is provided in Figure B.  I .  For clarity, only the root 

chord line has been drawn on the side view. To determine the non-dimensional distance 

x/c, an analytical approach was developed so that the analysis of only one view was 

necessary. Because the top view of the model provided the best flow visualization ofboth 

vortices and because there were some case where the side view was impractical to use, the 

approach was based on using the top view only. 

Referring to Figure B. 1 ,  some variables could be easily measured from a 

digitization of the top view of the delta wing using the technique with the software 

program Sigma Scan as described earlier in this report. These were: 

dp, the project distance from the location of vortex breakdown to the apex; 

\jf, the angle the vortex core makes with the projected root chord line; 

8' ,  the vortex core angle for zero roll angle; and 

cP, the projected root chord length where cP = c coso . 
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a 

z 

y 

I \_ Root Chord Line 

dp COSljJ ------i�� 
where: the prime, ' ,  denotes the conditions that would 

exist if the wing were rolled back to <b = 0 

cp 

Left Side 

X 

X 

> 

Right Side 

Note : Delta Wing View is a Mirror Image Through Bottom Of Test Section 

Figure B.  I .  Schematic Diagram of Side and Top View of Delta Wing 
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In addition, the instantaneous model pitch angle, o, and roll angle, <f>, were known. 

Under steady state conditions, pitch and roll were measured and under dynamic 

conditions, pitch and roll were determined as a function of time. It was then assumed that 

the vortex angle, 8, remained constant for a given pitch angle when the delta wing was 

rolled. This result was proven by Huang and Hanfll l 8] who showed the following: 

z = m  
s 

where: z is the height of the vortex breakdown location above the wing surface; 

s is the local wing semi-span; and 

m is a constant. 

To relate this to the vortex angle, the local distance, x, can be expressed in terms 

of s. The local distance, x, is the distance from the apex of the delta wing to the location 

of the vortex breakdown along the root chord line. For a 70° swept delta wing: 

z 

X 
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or 

s = tan20 
X 

s = xtan20 

From the above equation, it can be seen that : 

z = (xtan20)m 

It is now possible to express 8 in terms of x and z as follows: 

a 

tan8 z 
X 

= 
(xtan20)m 

X 
. .  tan8 = mtan20 
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And so, since m is constant for a given pitch angle, therefore, 8 is constant for a given 

pitch angle, a .  

Knowing that the vortex angle remained constant for a given pitch angle, allowed 

the roll angle to be taken into accounted. Referring to Figure B . l ,  the dotted line on the 

side view schematic of the delta wing represents the vortex as it would be seen if the wing 

were rolled back to wings level (zero roll angle). This is the only condition where the 

vortex angle could be viewed as the true vortex angle. With the delta wing rolled, the 

vortex angle seen is a projected vortex angle. From Figure B . l ,  the following equations, 

based on simple geometry, can be found: 

x = rcos 8 

x = r 1cos 81 

cP = ccoso 

(Bl) 

(B2) 

(B3) 

(B4) 

Presently, there are only four equations, but there are five unknowns; however, a 

co-ordinate transformation can be carried out to provide the necessary information that is 

missing. Figure B .2 represent a view ofthe delta wing as seen when looking from the 

trailing edge toward the apex. The point, P, represents the location of the vortex 
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breakdown. A co-ordinate axis system has been placed so that any variation in roll angle 

is represented as a two-dimensional rotation of the co-ordinate axes about the z-axis . 

Note: This represents a negative rol l  angle with respect to the 
model; however, a positive co-ordinate transformation 
is required to bring the model back to wings level 

Figure B .2 .  Two Dimensional Co-ordinate Transformation 
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The following equations apply: 

x = x 1 cos<!> - y 1 sin<!> 
y = y 1 cos<!> - x 1 sin<!> 

The first case examined is the case of a negative roll angle which, when corrected, must be 

rolled back in the positive direction. Referring to Figure B .2, the following information 

can be found: 

P (x,y) = ( -D, -B) 
P(x 1,y 1) = ( -dsimjf, -A) 

Applying the second co-ordinate transform equation: 

or 

y = y I COS <I> - X I sin <I> 
-B = -A cos<l> + ( -D si mjT) sin<l> 

A cos <I> = B - d simjT  sin <I> 

A B - d simjT  sin <I> 
cos<!> 
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Two other unknowns have been introduced; however, Figure B.  I shows that : 

A = r sinS (B6) 

B = r 1 sinS' (B7) 

And so, there are now seven equations with seven unknowns which can be solved to find: 

X 
c 

coso 

tan S' 
-- - coso tamjftan<f> 

. [ cos<f> 
] + sm o ----=--------

1 + sin a tamjf tan <f> 

The same equation can be used for roll angles in the other direction but merely using a roll 

angle of the opposite sign. 
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