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SUMMARY

Detailed experiments have been carried out on a 60° delta wing with sharp 

leading-edges. The instantaneous pressure distribution on one half o f  the leeward 

surface o f  the wing has been measured over a range o f  incidence using a large 

number o f closely spaced pressure transducers coupled to an advanced data 

acquisition system capable o f  sampling at a high rate. The advantages o f  high 

spatial and temporal resolution pressure measurements lie in the ability to obtain 

high quality statistical data o f  the pressure fluctuations over the whole surface o f  

the wing. This data has been used in a detailed statistical analysis involving the 

calculation o f  mean/ instantaneous pressure, RMS pressure and signal power 

distributions, as well as frequency spectra o f  pressure fluctuations and the cross

correlation function o f  two pressure signals.

A number o f observations have been made regarding the mean/instantaneous 

pressure, RMS pressure and signal power distributions, the power spectra o f the 

pressure fluctuations and the cross-correlation spectra which have been supported 

by the results from smoke visualisation tests. In the static, pitch up and pitch 

down cases, the position and general condition o f the leading-edge vortex are 

indicated by a localised ridge o f high suction emanating from the apex o f  the wing 

extending towards the trailing-edge. Similarly, the rate o f  vorticity production, 

axial pressure gradient and the initial axial velocity o f  the flow, together with the 

wing incidence, determine the condition o f  the vortex flow at a given chord 

position. For the static and pitch up cases, it is suggested that a ‘primary’ region of 

high RMS pressure located inboard o f  the vortex core is indicative o f the 

attachment region o f  the primary vortex. Similarly, a ‘secondary’ region o f  high 

RMS pressure located outboard o f the primary vortex core is indicative o f the 

separation region o f  the secondary vortex structure. The deceleration and
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eventual stagnation o f  the axial velocity within the vortex core, which acts as a 

pre-cursor to vortex breakdown, is indicated by a ‘waisting’ o f the contours in the 

region o f high RMS pressure inboard o f the vortex core. Similarly, the onset o f 

the fuUy broken down state is indicated by an expansion o f the same RMS 

pressure contours immediately downstream o f the waist and is accompanied by a 

characteristic change in the frequency signature o f the pressure fluctuations. In 

the pitch down cases, it is submitted that the change from bluff-body behaviour 

at high angles o f incidence to the restoration o f the primary vortex core at the 

apex o f the wing is indicated by the outboard movement o f a region o f  high RMS 

pressure situated along the wing centreline and its subsequent recession from the 

wing apex. Again, this change is accompanied by a characteristic change in the 

frequency signature o f the pressure fluctuations. Following vortex restoration, 

two regions o f high RMS pressure become apparent, suggesting that the ‘primary’ 

region o f high RMS pressure located inboard o f the vortex core is again indicative 

o f the attachment region o f the primary vortex and the secondary region o f high 

RMS pressure located outboard o f  the primary vortex core is again indicative of 

the separation region o f the secondary vortex structure.

The results o f a frequency analysis show for static, pitch up and pitch down cases, 

that the excitation frequency o f pressure fluctuations is not only dependent on 

chordwise vortex breakdown position, but also strongly dependent on the post

breakdown growth o f  the vortex in a streamwise direction, and therefore, 

dependent on the downstream measurement point distance. At a given chord 

position, the frequency o f pressure fluctuations has been shown to be higher 

during pitch up and pitch down motions compared with the static case. It is 

suggested for each motion type, that these characteristics are probably caused by 

different phenomena outside o f changes in vortex condition.
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Introduction

C h a p t e r  1

1. IN T R O D U C T IO N

1.1 W h y  STUDY DELTA WINGS?

The development o f the jet engine in the 1930’s, with its potential for higher 

flying speeds, was the catalyst for prolific levels o f research into high-speed flight 

during the 1940’s and beyond. The pace o f research progress was brisk, the 

apparent urgency fuelled by tension between East and West at the beginning of  

the Cold War. As a result, 1947 saw the BeU X-1 leap o ff the drawing board, 

through the sound barrier and into the record books after just three years of 

development. The flights o f the Bell X-1 proved that aircraft could fly safely in 

the then unlmown aerodynamic region around Mach 1, in spite o f the lack of  

theory and experimental data concerning aerodynamic characteristics in the 

transonic region. Prior to the flights o f the BeU X-1, Imowledge had been gained 

through aircraft exceeding design airspeed limitations when put, either deliberately 

or accidentaUy, into a steep dive. The end result often had fatal consequences. On 

approaching the sound barrier, the effects o f  compressibility led to a loss o f Uft 

over the wings and a loss o f elevator control as a critical Mach Number was 

reached. To make matters worse, the loss o f  Uft and the resulting reduced 

downwash angle o f the flow behind the wings, tended to increase the effective 

angle o f attack at which the flow met the horizontal tail. The lift generated by the 

tail would therefore increase, pulling the aircraft into a steeper dive that the pilot 

was then unable to control.
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Introduction

The idea o f using swept wings to counteract the problems o f  compressibility was 

first introduced in a paper by Adolf Busemann at the 1935 Volta Conference 

(Anderson (1997)). Busemann’s ideas failed to impress the visiting American 

delegates led by Theodore von Karman, but led to an exhaustive research 

programme in Germany which produced a mass o f technical data by the end of  

the Second World War. Busemann’s paper was based on the idea that the 

aerodynamic characteristics o f a wing are mainly governed by the component o f  

the flow velocity perpendicular to the leading-edge. As the angle o f  wing sweep 

(A) is increased, the component o f velocity perpendicular to the leading-edge will 

decrease and the onset o f compressibility effects on the wing wiH be delayed. 

After the end o f the Second World War, American researchers were able to study 

the German data and were keen to apply the newly gained Imowledge to their 

own designs. On October 1947, two weeks before the record breaking flight o f  

the BeU X-1, the North American XP-86, later to become the highly successful 

F-86 ‘Sabre’, made its first flight. Less than a year later, the same aircraft was 

placed into a shaUow dive and went supersonic. This was the first time that an 

aircraft designed for combat had exceeded the speed o f sound (Anderson (ibid.)).

The progression from the simple swept wing to the delta wing design was not 

long in coming. The Convair XF-92A (a fore-runner o f the F-102 Delta Dagger) 

first flew in 1948, and the British-designed Avro 707 took to the skies in 1949. 

The Avro 707 was a scale-model o f the proposed Avro 698, which later became 

the highly successful Wulcan’ strategic bomber. The advantages o f  the delta wing 

design are numerous (Friemer (1996)). A combined aerodynamic and structural 

benefit is given by the long root chord which provides absolute wing thiclmess 

together with a high fineness ratio required for low wave drag at supersonic 

speeds. This aUows a lighter but stronger wing structure with high volumetric 

efficiency maximising the internal fuel and store carrying capacity. The delta
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planform is not however, without its disadvantages. Aircraft designs using this 

configuration tend to exhibit aerodynamic instability about the pitch axis under 

stall conditions at all subsonic speeds (Friemer (1996)), Similarly, at low speed and 

high angles o f incidence in pre-stab conditions, manoeuvres employing a rob/yaw 

content or externaby appbed lateral aerodynamic forces can lead to self-induced, 

unstable oscblations about the rob axis which are often coupled with a lateral 

yawing motion (Jobe (1996)). This non-bnear and discontinuous robing moment 

characteristic, or so-cabed ‘wing rock’ phenomenon, is prevalent in aircraft with 

particularly slender delta wings, i.e. with an aspect ratio (AR) less than unity. In 

the 1950’s and 1960’s, the problems posed by such undesirable characteristics and 

the complex nature o f stability augmentation and control devices required to 

overcome them, shifted popular thinking in terms o f aircraft design, away from 

the delta planform and towards simpler swept wing designs. There have been a 

few notable exceptions including the Anglo/French Concorde high speed 

transport, and the Dassault Mirage and General Dynamics F-16 fighters. Each 

aircraft has been highly successful and each is stib in service today 30 years on, 

their longevity a testament to the effort put into, and perhaps the extravagant cost 

of, the research and design process.

The growing sophistication o f onboard computers for control and stabibty 

augmentation, and significant advances in propulsion and materials technology, 

has greatly expanded the potential manoeuvring envelope o f current and future 

combat aircraft. These advances, coupled with the development in recent years o f 

short-range, ab-aspect capabibty air-to-air missiles and sophisticated medium- 

range, radar-guided weapons, have led to significant changes in two areas o f 

fighter combat strategy. Short-range combat, previously bmited to forward-firing 

weapons only, was characterised by two or more engaged aircraft making a series 

o f sustained turns to gain the upper hand. Convergence to a firing position was 

dependent on achieving a better turn-rate than the opponent. Combat
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effectiveness was, therefore, very sensitive to thrust/weight ratio and wing 

loading. Herbst (1983) has shown, via results obtained in extensive computer 

combat modelling, manned combat simulation and flight testing, that the most 

combat-effective pre-launch manoeuvring tactic, using modern ab-aspect short- 

range weapons, is provided by a head-on firing position. The attainment o f this 

position is cruciaby dependent on superior instantaneous manoeuvre capabibty, 

rather than sustained performance. Simbarly, medium-range combat has moved 

on from semi-active guided missbes and the use o f stand-off tactics. Herbst was 

able to show, via air combat modebing using the latest generation radar-guided 

medium-range missbes, that aircraft would now have to perform very rapid 

dynamic manoeuvres in order to achieve a tiring position, (in terms o f  relative 

aspect, speed and altitude), which provided a target hit with the minimum 

counter-hit probabibty. The change in short-range combat characteristics toward 

unsteady manoeuvre performance in the low subsonic regime and the need for 

supersonic manoeuvrabbity in medium-range combat are contradictory design 

requirements. This presents a significant design problem if both mission types are 

to be performed by the same aircraft. In finding a solution to this problem, 

designers o f current and future combat aircraft have turned again to the delta 

wing planform. The Eurofighter 2000 programme and the Future Offensive 

Aircraft (FOA) are examples o f the genre that have brought the delta wing to the 

forefront. The renewed interest in delta wings from a design point o f  view has 

done a great deal to rekindle research interest in this area.

1.2 T h e  d e l t a  w in g  flo w -f ie l d

Aircraft utibsing delta wings can be designed for effective high-speed 

performance such that they are able to generate bit in the conventional sense, that 

is, using camber, twist or smab angles o f incidence. However, at higher angles o f
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incidence, vortices are formed above the leeward surface o f  the wing and 

additional lift can be generated because the highest velocities o f the flow, at the 

periphery o f the vortex sub-core, can be as much as three times that o f  the 

freestream. The associated low pressures generated by this increased flow velocity 

increasingly dominate the total lift curve o f the wing as the incidence is increased 

to high values. The vast majority o f experimental research into delta wing vortex 

flows uses a model wing planform having an isosceles triangle shape without an 

associated fuselage, i.e. the model has a single apex, two leading-edges and a single 

trailing-edge. The terminology used in the following explanation assumes such a 

model.

1.2.1 The static flowfield
The dominant features o f delta wing flows at high incidences are a pair o f  vortical 

structures known as the primary vortices. Their centrelines extend from the wing 

apex, along a ray located somewhere inboard o f each leading-edge and into the 

wake beyond the trailing-edge o f the wing. These primary vortices are formed 

when the attached approach flow on the windward surface o f  the wing turns 

outboard and heads towards either leading-edge. Unable to negotiate the sharp 

leading-edge turn, the flow separates from the wing surface and forms a free shear 

layer or vortex sheet. The combined influence o f the bound vorticity in the shear 

layer and a spanwise pressure gradient, (which, on the leeward surface is positive 

towards the wing centreline), results in the shear layer moving around the leading 

edge and inboard over the top surface o f the wing, rolling up in a spiral fashion to 

form the two vortex cores. The leading-edge vortex can be divided into three 

regions: 1) The shear layer, which feeds vorticity into the vortex along the entire 

leading-edge o f  the wing, tends to grow in thickness with increasing distance from 

the leading-edge. 2) The rotational core, which is approximately 30% o f the local 

semi-span in diameter, contains vorticity that is assumed to be distributed 

continuously. Vorticity is transported downstream along the rotational core and is
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shed from the trailing-edge enabling the vortex to remain stationary above the 

wing surface. 3) The viscous sub-core, which has a diameter approximately 5% o f  

the local semi-span and rotates as a solid body. It is defined as a region in which 

the gradients o f local head, static pressure and velocity are very high. The roU up 

o f the shear layer and the vortex regions are shown in Figure 1.1.

Feeding vortex
layer vortex core

Solid vortex sub-core—

 -------   Vortex centreline

centreline

Figure 1.1 - Roll up o f shear layers & principle vortex regions.

Lambourne & Bryer (1961) showed that for a static wing, the location and height 

above the wing o f each vortex centreline is chiefly dependent on angle o f  

incidence, sweep angle and leading-edge profile. The creation o f  the primary 

vortices causes the attached boundary layer on the leeward surface underneath 

each structure to turn outboard towards the leading-edge. This outflow meets a 

spanwise pressure gradient, which is adverse in the direction o f  the leading-edge, 

causing the flow to separate into a secondary shear layer. This, in turn, roUs up 

into a secondary vortex structure rotating in opposition to its primary parent. The 

principle flowfield and topological surface features are shown in Figure 1.2.
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The main effect o f the secondary vortex is to displace the primary vortex upwards 

and inwards. The effect is greater if the boundary layer is laminar, i.e., separation 

occurs earlier, thereby increasing the size o f the secondary vortex structure.

Primary vortex

vortex sheet
Tertiary vortex 
-  structures

Secondary 
Vortex I

Primary vortex 
attachment point

Attached lower 
surface flow

Secondary vortex 
separation point

Wing
centreline

Figure 1.2 - Topological features o f the vortex flowfield.

The generated primary vortices tend to grow in strength as the wing incidence is 

increased further and allows the generation o f useable lift to continue at angles o f  

incidence beyond the recognised stall condition o f  conventional wings. In cases 

with highly swept wings (AR < 1.0), an increase in vortex lift with an increase in 

incidence can be non-Hnear. The dominance o f the theoretical total lift curve by 

the vortex lift component is illustrated in Figure 1.3 (taken from Polhamus 

(1971)). The increased benefits o f vortex lift are not, however, inexhaustible. At 

some value o f incidence and at some position along the vortex core, a 

transformation takes place causing the axial velocity o f the flow to stagnate and 

the vortex to dissipate into large scale turbulence. This phenomenon is known as 

Vortex breakdown' or Vortex bursting’. With a subsequent increase in incidence.
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the vortex breakdown stagnation point progresses upstream towards the apex o f  

the wing heralding a decrease in vortex lift followed by the onset o f stall.

75 deg delta wing

1.2

Total Lift, Cl

0.8 Vortex 
Lift, C.

0.4

Potential Lift, C^

0 10 20 30

incidence (deg)

Figure 1.3- Diagram showing the influence o f vortex Hft on tire 
total lift curve (from Polhamus (1971))

1,2.2 Slender wing rock
Dynamic manoeuvres about the roll axis or lateral excitation forces at low speeds 

and high incidences have long been known to generate highly non-Hnear 

aerodynamic effects on delta wings. The upward motion o f one half o f  the delta 

wing leads to a convective time lag in the corresponding motion o f  the leading- 

edge vortex. This in turn causes a momentary reduction in the height above the 

wing surface o f  the rising vortex. It has been shown by Levin & Katz (1984) that 

such a movement o f the leading-edge vortex towards the wing surface wiU 

generate an increase in suction. At the same time, the downward moving leading-
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edge finds its vortex momentarily lifting away and detaching from the wing 

surface causing a corresponding decrease in suction. An illustration o f this effect 

is shown in Figure 1.4. The combination o f  the two effects generates an unstable 

dynamic rolling moment that can, in certain circumstances, overcome the in-built 

wing damping forces. The roll amplitude increases until it reaches its Hmit-cycle 

magnitude, where the destabilising effect is balanced by a restoring moment, itself 

induced by the lifted-off vortex re-attaching itself to the wing surface. This 

happens as a consequence o f  the increased roU angle, where the effective apex 

half-angle (8eff) on the falling half o f the wing increases, causing the lifted-off 

vortex to attach again. This action produces the restoring rolling moment which 

provides the positive aerodynamic ‘spring’ needed for the rigid-body oscillation in 

roU to begin. At this point o f balance a discontinuous change in vortex induced 

Hft and associated roUing moment occurs as described by Ericsson (1990).

Separation of primary 
vortex from downward 

moving wing surface

Figure 1.4 - An illustration o f vortex separation caused by a rolling
motion

It is clear that delta wings with sufficiently high in-built wing damping forces are 

not Hkely to suffer from ‘wing-rock’ problems. Indeed, it was shown by Levin & 

Katz (1984) using a free-to-roU experimental set-up, that self induced slender 

wing rock could not be induced in wings o f AR > 1.0. Where it did occur, a 

considerable reduction in the value o f the normal force coefficient (Cn) was
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observed, when compared to the static case. For all wings where slender wing 

rock occurs, the effect o f vortex breakdown, when it is induced by an increase in 

incidence, is to reduce the suction produced by the leading-edge vortices. This has 

been shown by Er-El et al (1989) to reduce the measured value o f the rolling 

moment coefficient (Ci) when compared with the non-breakdown case.' Hence, 

the presence o f vortex breakdown wül suppress wing rock motion.

1.2.3 Sideslip

The problems o f induced wing rock are not confined to pure rolling manoeuvres. 

Under conditions o f sideslip, each leading-edge o f the wing experiences an 

change in effective sweep angle (Acff). The edge leading into the flow will see a 

decrease in effective sweep angle, whereas the edge trailing-edge will see an 

increase in effective sweep angle. The effect o f a decrease in Aeff will be to cause 

a stronger vortex with increased suction which is more susceptible to vortex 

breakdown. Similarly, an increase in Aeff wiU cause a weaker vortex with reduced 

suction and a delay in the onset o f  breakdown. Guglieri & Quagliotti (1997) 

showed the effect o f increasing degrees o f sideslip ((3) on static normal force, 

pitching moment and rolling moment coefficients with respect to incidence. The 

effect o f increasing sideslip on static normal force and pitching moment is to 

reduce, both the magnitude o f  Cn and Cm at a given incidence, and the magnitude 

o f CNmax and CMmax ptiot to Stall. It also reveals an increased negative static roUing 

moment at a given incidence. -CRmax occurs at an incidence just prior to the arrival 

o f vortex breakdown at the traiHng-edge o f  the wing on the windward side. These 

levels o f rolling moment may be great enough to induce wing rock on delta wings 

o f  very low aspect ratio (Ericsson (1984)). As breakdown progresses up the wing 

on the windward side, the rolling moment becomes less negative. At some point, 

the Hft capabiHty o f  the leeward vortex becomes greater than the windward vortex 

and the roHing moment becomes positive. Ciimax occurs when the windward
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vortex breakdown reaches the apex o f the wing. The rolling moment remains 

positive until the leeward vortex breakdown also reaches the wing apex, after 

which it becomes negative again before stabilising.

1.2.4 Pitching motions
The type o f motion employed in vortex behaviour studies on pitching delta wings 

may be divided into three generic classes: 1) plunging motions, 2) sinusoidal or 

harmonic motions and 3) ramp-type motions. AU three classes o f  motion have 

important parts to play in the understanding o f delta wing flows. For example, the 

consequences o f rapid changes in incidence during plunging and smaU amplitude 

sinusoidal forcing are important in the understanding o f staU and flutter stability, 

whereas ramp-type motions are more directly related to practical aircraft 

manoeuvres. It was suggested by Ashley et al (1991), that concerns about stall and 

flutter stabüity on the Concorde high-speed transport aircraft prompted some of  

the first unsteady investigations. Lambourne et al (1969) carried out water-tunnel 

dye-injection visualisation tests on three delta-shaped plates with leading-edge 

sweep angles o f 60°, 70° and 80°. They observed the formation and growth o f  

vortices during plunging tests at various plunge velocities. They reported a 

transient phase in vortex formation which saw a spanwise movement o f the 

vortex core centreline from the leading-edge to a steady state position inboard. 

They concluded that the vortex flow over a delta wing foUowing a sudden plunge 

can be regarded as reaching this steady-state condition in a time-scale o f  

approximately one convective chord-length. Maltby et al (1963) carried out smoke 

visualisation tests on a 76° flat plate model in oscillatory motion. They observed a 

hysteretic phase lag o f up to 60° In the height o f the vortex core above the wing 

surface during the motion. Jarrah (1990) and Green (1998) showed for ramp-type 

pitch up cases that the flow is characterised by a spanwise shift o f each vortex 

system outboard at a given incidence, when compared to the static case. Both
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studies showed that the vortices tended to move further outboard with an 

increase in pitch rate. This is accompanied by an increasing delay in the growth o f  

the main vortex core and a delay in the subsequent upstream progression o f  

vortex breakdown, i.e. breakdown passes a given chordwise position at a higher 

incidence with increasing pitch rate. In the ramp-type pitch down case, the 

primary vortex is seen to begin its ‘restoration’ at the wing apex. The point o f  

vortex core restoration moves progressively towards the wing trailing edge with a 

decrease in incidence. When compared with the static case, there is a delay in the 

progression o f vortex core restoration, which tends to pass a given chordwise 

location at a lower incidence with an increase in pitch rate magnitude. Following 

the vortex restoration, Green (1998) showed that the location o f the vortex 

centreline tended to shift inboard at a given incidence compared with the static 

case. Again, the effect is more marked with increasing pitch rate magnitude.

1.2.5 Vortex breakdown
The phenomenon o f  vortex breakdown is the major limiting factor in the 

aerodynamic performance o f aircraft utilising delta wings. As a consequence, the 

wing win experience a gradual loss o f suction peak pressure as breakdown 

progresses upstream, resulting in a reduction in Hft and a reduction in the 

magnitude o f  the nose down pitching moment. The phenomenon and its effects 

has greatly interested researchers since it was apparently first observed by 

Peckham & Atkinson (1957) and defined by Lambourne & Bryer (1961). It can be 

characterised by a sudden increase in the vortex core diameter accompanied by a 

decrease in axial and circumferential velocity foUowed by large scale turbulent 

dissipation. It should be noted that the deceleration and expansion o f the vortex 

core does take place over a finite length o f  the vortex axis and this has led to 

problems in the past in defining the vortex breakdown position. To get around 

this problem, McKernan et al (1988) assumed a chordwise breakdown region 

which extends to five or six times the vortex core diameter. Despite many years
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o f research into the phenomenon, a clear picture o f its exact nature is still not yet 

available. However, a great deal o f work has been carried out in many areas o f 

experimental research, in theoretical methods and in computational studies, such 

that a great many pieces o f the puzzle are in place. The following sections are 

designed to highlight the important aspects o f this work and serves as an 

introduction to, and a justification of, the current study programme.

1.3 V o r t e x  b r e a k d o w n  - A  su r v ey  o f  r e se a r c h

1.3.1 Experimental research
During forty years o f experimental research, a number o f experimental 

programmes have analysed a wide range o f flowfield characteristics in an effort to 

find the causes o f vortex breakdown. These experiments can be grouped together 

under the following five general topic headings. 1) Diverging tube investigations 

on the nature o f the physical phenomenon using visualisation and flowfield 

measurement techniques for a range o f confined vortices under strictly controlled 

test conditions. 2) Visualisation o f  the response o f vortex breakdown to changes 

in delta wing geometry and test conditions. 3) Investigations into the structure of 

the delta wing leading-edge vortex and the conditions that determine its 

breakdown through flowfield measurements. 4) Measurement o f  the unsteady 

forces and moments on delta wings using load data. 5) Studies o f vortex 

breakdown on delta wings using surface pressure measurements.

1.3.1.1 Visualisation andflowjieldmeasurements - Dmrging-tube experiments

A great deal o f  experimental work has been carried out in diverging-tubes using 

water and dye visualisations and Laser-Doppler Anemometry (LDA) 

measurements. This is because it is considered that the essential parameters such 

as Reynolds Number, swirl magnitude and downstream pressure gradients are 

more easily controlled in a confined environment. It is not proposed to go into
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great detail describing this work, however, it is important that two principle pieces 

o f work and their findings are presented in the literature survey to enable 

comparisons to be made when regarding delta wing phenomena.

It was shown by Sarpkaya (1974) using LDA measurements, that the vortex 

breakdown position is sensitive to the pressure gradient along the core o f  the 

vortex, i.e. an increasingly adverse pressure gradient tended to precipitate 

breakdown. Similarly, it was also shown by visualisation that an increase in either 

inlet swirl angle or Reynolds number also tended to encourage the phenomenon 

and promote the upstream movement o f the breakdown position after initiation. 

A later series o f  experiments were reported by Faler & Leibovich (1977) who, by 

varying the swirl angle and/or Reynolds number, were able to identify a total o f  

six different classes o f breakdown, the spiral or S-type and bubble or B-type being 

the most common with the other four types sharing the characteristics o f  these 

two. All types exhibit a sudden deceleration in axial velocity and a breakdown to 

turbulence, however it is the expansion o f the vortex core that defines each type. 

S-type breakdown is an asymmetric spiralling o f the vortex core which remains 

intact for a few turns o f  the spiral before breaking down into turbulence. The 

sense o f  the spiral winding is opposite to the direction o f  rotation o f  the upstream 

vortex, however, the direction o f  rotation o f the fluid within the spiral winding is 

the same as the upstream vortex as shown in Figure 1.5. B-type breakdown, is 

characterised by a stagnation point on the vortex axis followed by an 

axisymmetric diffusion o f  the vortex core over a bubble-shaped region. The 

bubble is usually two to three upstream core diameters in length. The downstream 

end o f the bubble is usually open and irregular, and into which the flow 

recirculates before either; immediately brealdng down into turbulence, or 

reforming into a vortex core briefly before breaking down again in a spiral fashion 

(Figure 1.6).
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Core forms a helix 
around recirculation

Direction of rotation of the 
spiral Is In the same direction 
as the upstream vortex

r

Direction of rotation 
of the upstream vortex

Sense of 
the spiral

Figure 1.5 - Spiral or S-Type vortex breakdown.

Core expands around 
recirculation zone

stagnant bubble

Figure 1.6 - Bubble or B-Type vortex breakdown.
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1.3.1.2 Visualisation - Delta wings

The first observation of vortex breakdown on a delta wing was reported by 

Peckham & Atkinson (1957). Subsequent articles by EUe (1958) and Peclcham 

(1958) independently showed that the position along the vortex at which 

breakdown occurs depends primarily on a combination o f  leading-edge sweep 

and angle o f  incidence. For a given delta wing at low angles o f incidence, the 

breakdown occurs in the vortex some way downstream o f the traiHng-edge. With 

an increase in incidence or a decrease in sweep angle, the breakdown moves 

upstream until it reaches the traiHng-edge o f the wing. With a further increase in 

incidence or decrease in sweep angle, the breakdown point moves upstream 

towards the wing apex.

Lambourne & Bryer (1961) described experiments on a delta wing using both 

surface-oil and dye-injection visuaHsation together with relatively crude pressure 

measurements. As a result o f these experiments, they defined vortex breakdown 

as (quote): structural change at some position along a vortex from a strong regular spiral

motion to a weaker turbulent motion^ They noted that this change was characterised 

by a sudden deceleration o f the flow along the vortex axis foHowed by an 

expansion o f the vortex core and breakdown to large scale turbulence which 

resembles the wake behind a bluff body. Lambourne & Bryer observed only the 

two most common forms o f  breakdown seen in diverging tube experiments. They 

noted that the S-type breakdown was more commonly observed on static delta 

wings with the B-type appearing occasionaUy and then only briefly before taking 

up the spiral form. Other observers notably Parker (1977), have since reported 

only B-type breakdown on delta wings, whereas Johari & Moreira (1998) 

observed both types at various incidences and sweep angles with no specific 

trends apparent in the breakdown type observed.

From their experiments, Lambourne & Bryer (ibid.) were able to show one
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particularly important feature o f the delta wing vortex breakdown flowfield. They 

showed that for delta wings with sharp leading-edges, the position o f vortex 

breakdown for a given sweep angle and angle o f incidence is largely independent 

o f Reynolds number in the range 1.0x10^ < Re < 4.6x1 O'". Indeed, the later review 

by Erickson (1982) was able to extend the range to 9,8x10^ < Re < 4.0x1 OA The 

independence o f vortex breakdown position with respect to Reynolds number for 

sharp-edged wings is true only because shear layer separation is fixed at the 

leading-edge. Erickson (ibid.) argued that boundary layer laminar/turbulent 

transition on wings with round leading-edges and flaps would sfiU be sensitive to 

Reynolds number. Lee & Ho (1990) gathered results from a number o f  sources 

and showed that for sharp-edged wings the flow did indeed separate at the 

leading-edge producing high suction. On wings with elliptic or round leading- 

edges, separation occurred downstream o f  the leading-edge. The position o f  

separation depended on the Reynolds number and the local curvature which 

determined the pressure gradient. Vortex formation was then delayed and the Hft 

produced was significantly lower.

Gad-El-Hak & Ho (1985) and Gad-El-Hak & Blaclcwelder (1987) carried out 

oscillatory tests on delta wings wifli sweep angles o f 45° and 60° at Reynolds 

numbers in the range 2.5x10"  ̂to 3.5x10^. The tests were carried out using a mean 

incidence o f  15°, with ampHtudes o f 5° to 15°, and reduced frequencies o f  

K  =  0.05 to 0.3. Each study identified a hysteretic phase lag in the formation of  

the primary vortex and its eventual breakdown. Atta & Rockwell (1990) carried 

out water channel experiments on three geometrically similar delta wings with a 

sweep angle o f A = 52°, at Reynolds Numbers in the range 2900 to 13400. The 

wings o f various sizes were osciUated in pitch at mean incidences o f  10° and 20°, 

with an ampHtude o f  20°, over a range o f  reduced frequencies from K = 0.025 

to 1.7. The dynamic hysteresis loops o f  vortex development and breakdown were
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compared as functions o f reduced frequency. At a reduced frequency of  

K = 0.025, the hysteresis loop was seen as a clockwise variation in the position o f  

vortex breakdown with respect to incidence. The general trends and the direction 

o f each hysteresis loop was maintained for higher values o f  K  ranging from 0.05 

to 0.13. For these reduced frequencies, the formation o f  the vortex core was 

identified on a downstream region o f the wing during up-stroke motion moving 

upstream towards the wing apex with increasing incidence. Conversely, vortex 

breakdown was observed to move in a downstream direction on the down-stroke 

motion o f  the wing. At a higher value o f reduced frequency, K  =  0.28, the loop 

tended towards a figure o f eight form. This was characterised by a gradual 

appearance o f  the vortex core on the upstroke with breakdown occurring in the 

usual fashion, but accompanied by a drastic shift in phase. At still higher values o f  

reduced frequency, in the range K = 0.76 to 1.6, a dramatic change in the form of  

the hysteresis loop was seen, such that the sense o f the loop was found to be in 

the opposite direction. This change was manifest as the onset o f  ejection o f the 

vortex core from the apex region o f the wing, followed by the abrupt onset o f  

vortex breakdown. In addition to their observations o f the primary vortex, Atta & 

RoclcweU (1990) also focused their attention on the secondary vortex. They found 

that its development and breakdown were shifted in phase with respect to that o f  

the primary vortex. A consistent trend was apparent in the data in that the 

secondary vortex system breakdown always preceded that o f  the primary. As a 

consequence, immediately prior to the onset o f  primary vortex breakdown, there 

exists a region o f reverse flow between the leading-edge o f the wing and the core 

o f the primary vortex.

Wolffelt (1986), Jarrah (1990) and Green (1998) carried out ramp-type pitching 

tests on 60° and 76° delta wings at Reynolds numbers ranging from 1.0x10"̂  to 

1.1x10'". For a series o f pitch up cases, each observed an increasing delay in the
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growth o f  the main vortex core and a delay in the subsequent upstream 

progression o f vortex breakdown, i.e. breakdown passed a given chordwise 

position at a higher incidence with increasing pitch rate. In the pitch down cases, 

the primary vortex was seen to begin its ‘restoration’ at the wing apex. The point 

o f  vortex core restoration moved progressively towards the wing trailing edge 

with a decrease in incidence. When compared with the static case, there was a 

delay in the progression o f vortex core restoration, which tended to pass a given 

chordwise location at a lower incidence with an increase in pitch rate magnitude. 

It was found that a reduced pitch rate magnitude as low as k =  0.007 produced 

significant departures from the static case. Miau et al (1992) carried out similar 

pitch up and pitch down tests on four flat-plate delta wing models with sweep 

angles o f  59°, 63.4°, 67° and 70°. The tests were carried out at Reynolds numbers 

o f 9000 to 11000 and reduced pitch rates o f k = 0.01 to 0.073. In choosing the 

incidence limits o f the pitching motion for each test, Miau et al were careful to 

choose the limits o f incidence at which vortex breakdown was always present on 

the wing in the static case, i.e., for each planform, those incidences where 

breakdown was either immediately upstream o f the trailing-edge or just 

downstream o f the wing apex. From their observations, they were able to suggest 

that, in the pitch up case, the delay can be divided into two parts. The first delay 

takes place immediately after the wing is set in motion. That is, the vortex 

breakdown point remains at its initial position for a certain length o f time and 

then moves upstream at almost constant velocity. The trends revealed in the data 

showed that this delay became more pronounced as the value o f  k increased. For 

k ~  0.01 or higher, a second delay was observed during the pitch up motion. 

Upstream propagation o f the breakdown point was seen to slow down or hold 

still at some values o f incidence. It was noted that the chordwise position o f this 

propagation ‘plateau’ shifted upstream and the corresponding incidence values 

got higher as pitch rate was increased. In the pitch down cases, the first delay.
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seen previously in the pitch up cases, was again apparent, however, unlike the 

pitch up cases, no second delay was found in the pitching motion,

1.3.1.3 Flow-field measurements - Delta wings

A  number o f  research programmes have successfully measured the transient flow- 

held characteristics o f  delta wings over a wide range o f  angles o f incidence. These 

have been used principally for comparison with theoretical investigations and also 

to quantify the qualitative flowfield information supplied by visualisation 

experiments. Many different methods o f flowfield measurement have been 

adopted and these are summarised below;

Velocity probe measurements One popular technique to obtain such

measurements has been to insert a range o f probes into the flowfield to obtain 

velocity data. However, it has been appreciated for a number o f years that the 

physical presence o f the probe tends to have a detrimental effect on the flow. 

Payne et al (1987) carried out experiments using a seven hole probe arrangement 

to investigate this problem. They concluded that probe-induced vortex 

breakdown can occur ahead o f  the location when natural breakdown would have 

normally occurred downstream. The susceptibility to probe-induced breakdown 

was found to be particularly high on wings with a lower sweep angle. When the 

probe is inserted downstream o f the natural breakdown location, then the 

breakdown location is largely unaffected. Given these limitations, they concluded 

that the seven hole probe is reasonably accurate for velocity measurements where 

breakdown is not induced or indeed, after breakdown has passed. However, in 

the breakdown region the accuracy was deemed to be poor.

Within the bounds o f velocity probe application, a number o f  researchers have 

provided very good and detailed information on the vortex flowfield. Visser & 

Nelson (1993) used a cross-wire velocity probe to measure the distribution o f
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velocity, axial vorticity and circulation above a 75° flat-plate delta wing at two 

incidences for a range o f  chordwise locations. They observed that the majority o f  

pre-breakdown positive axial vorticity is concentrated about the primary vortex 

axis in a region approximately twice the diameter o f the vortex sub-core. Similarly, 

a region o f negative vorticity was observed in the area o f the secondary vortex. 

They also reported that the growth o f vortex circulation with distance from the 

apex was linear over the forward half o f the wing surface. The rate o f  growth was 

seen to decrease, however, aft o f  the mid-chord location. Using the local semi

span as a scaling quantity, Visser & Nelson (1993) showed that the behaviour o f  

vortex circulation was conical in nature and that it also increased in a linear 

manner with increase in incidence for a given chordwise station. Honkan & 

Andreopoulous (1997) used a novel velocity probe with good spatial resolution to 

measure the fluctuating spatial and temporal velocity and vorticity distributions on 

a 45° delta wing. They measured large vorticity fluctuations, o f the order three to 

six times the mean vorticity between the low speed side o f  the shear layer and the 

surface o f the wing. Indeed, they showed that the vortex shear layer reattachment 

zone inboard o f the vortex core and the region o f secondary separation are 

associated with intense turbulent activity whilst the vortex core is largely 

turbulence free.

'Non-intmsive techniques LDA measurements were obtained by Payne et al 

(1988). Their principle observation was a sudden change in the mean axial 

velocity distribution from a jet-like profile with core velocities up to three times 

the freestream prior to breakdown, to a wake-like profile downstream. In addition 

to their flow visualisation data, Miau et al (1992), used LDA measurements taken 

over a cross-sectional plane o f 300 grid points to obtain velocity distributions 

during ramp-type pitching motions. Their pitch up test results confirmed their 

observation o f delays in the upstream vortex breakdown progression during
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visualisation experiments. They were able to use their LDA results to verify that 

the lag in pitch up was a combination o f two delays. The first delay was found to 

be caused by the underdevelopment o f  the primary vortex when compared with 

the static case. The second delay was caused by the suppression o f  the primary 

vortex by the secondary separation irnrhediately after the initiation o f  the pitching 

motion. This is itself caused by the growth o f the secondary separation region that 

grows to a size that is larger than that fbund)in the static case. In pitch down tests, 

Miau et al (1992) also showed that there is a delay in vortex restoration 

progression downstream caused by the underdevelopment o f the primary vortex. 

Lilce their visualisation tests, no second delay in the pitch down case was apparent 

in the LDA results. Laser-Doppler Velocimetry (LDV) data were presented by 

Cornelius (1995) for a generic fighter configuration model with a 76° chined 

forebody and 56° sweep wing at a Reynolds number o f  1.25x10^. Cornelius 

obtained axial and cross-flow velocity measurements to calculate vorticity and 

turbulent kinetic energy contours above the wing surface. Using these 

measurements, he was able to formulate Rossby parameters consistent with 

Ludwieg’s spiral instability analysis. The significance o f these Rossby parameters is 

discussed further in Section 1.4.2.

Particle-Image Velocimetry (PIV) images were obtained by Magness et al (1992) 

for a 75° delta wing during ramp pitching motions. The tests used reduced pitch 

rates in the range, k = 0.025 to 0.15. They showed a marked difference in the 

cross-flow vorticity distribution in the pitch up cases when compared with either 

the static case, or pitch down cases at a similar pitch rate. At an incidence o f 45°, 

the levels o f vorticity were found to be higher and the vorticity distribution more 

coherent in the pitch up cases than was found in the static or pitch down cases. 

Also, for the pitch up cases only, a series o f vortical structures were seen to be 

entrained into the vortex core from the leading-edge shear layer. In the static and
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pitch down cases at the same incidence, the vortex core was found to be 

disordered and lacldng coherence and the vortical structures emanating from the 

leading-edge were found not to wrap into the vortex, but instead, were convected 

downstream. Lin & Rockwell (1995) used PIV measurements over another 75° 

delta wing to calculate and trace the evolution o f azimuthal vorticity contours and 

streamline patterns after the cessation o f a pitch up manoeuvre. The wing was 

pitched to an incidence o f 50° at a reduced pitch rate o f k =  0.15. They observed 

a switch in sign o f the azimuthal vorticity contours at the apex o f the breakdown 

bubble and concluded that the vorticity concentrations within the observed 

breakdown bubble are associated with an antisymmetrical streamline pattern 

suggesting a helical instability. CipoUa & RoclcweU (1995) used PIV measurements 

to calculate the cross-flow vorticity distribution over a pitching 45° delta wing in 

oscillatory motion. They were able to show the phase relationship between the 

wing motion and the flow structure, showing that it is possible to generate flow 

patterns that are phase-locked at every cycle, as well as every other cycle, o f  wing 

motion. In a later paper, CipoUa et al (1998) showed that, by combining the spatial 

and temporal components o f the snapshot proper orthogonal decomposition 

analysis o f experimental PIV measurements, coherent flow structures that evolve 

in space and time can be analysed effectively and the progress o f  vortex 

breakdown can be traced with a good degree o f accuracy.

1.3.1.4 Foad Measurements - Delta wings

Research into vortex breakdown has also been motivated by the need to 

understand its effects on the aerodynamic loading o f the delta wing. Onset o f  

vortex breakdown above a delta wing has been correlated with the initiation o f 

the non-linear portion o f the wing Uft curve for flow past a stationary wing by 

Hummel & Srinivasan (1966). They carried out three-component balance 

measurements for delta wings o f  varying aspect ratio observing that the Hft, drag
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and pitching moment all undergo an abrupt deterioration as the location o f vortex 

breakdown moves upstream over the trailing edge o f the wing. It was shown by 

Jarrah (1989 & 1990) using six-component airload measurements, that the 

hysteretic lag in vortex breakdown, first observed by Gad-El-Hak & Ho (1985) 

during visualisation experiments, also occurred in the corresponding values o f lift, 

drag and pitching moment.

1.3.1.5 Pressure measurements - Delta wings

One o f the earliest accounts o f the use o f pressure measurements on a delta wing 

were reported by Lawford & Beauchamp (1961). They used four variable- 

capacitance type pressure transducers on the leeward surface o f a 70° flat-plate 

delta wing. One transducer was mounted at x /c  = 0.4, y /s  =  0.66 and three more 

were equally-spaced across the semi-span from y /s  =  0.35 to 0.83 at a chord 

station o f  x /c  = 0.8. The root-mean-square (RMS) intensity o f  pressure 

fluctuations were measured and presented for each transducer. The results 

showed a sharp rise in the magnitude o f  pressure fluctuations at an incidence o f  

31° in the case o f the aft transducers, and at 35° in the case o f  the forward 

transducer. Similarly, the frequency spectra o f pressure fluctuations were 

calculated and presented for the forward transducer and the aft transducer closest 

to the leading-edge. The results reveal the appearance o f  a narrow band of  

frequencies that come to dominate the frequency spectrum at a similar incidence 

as the sharp rise o f  pressure fluctuations. The centre frequency o f  this dominant 

band was shown to be higher in the case o f the forward transducer.

For thirty years after Lawford & Beauchamp, very few studies were made o f delta 

wing flows using surface pressure measurements. It is possible that limitations o f  

data acquisition technology severely limited the potential to obtain sufficiently 

detailed information. Similarly, the cost o f such systems when compared to other 

experimental tools was likely to be prohibitive. Even recent studies, notably
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Rediniotis et al (1990), Thompson et al (1990) and Gursul & Yang (1995), have 

either used limited spatial resolution or have focused on specific sections o f the 

wing. Very rarely have detailed fuH-surface pressure data been presented. Where 

this has been possible, e.g. Vaughan & Wood (1995), results have exhibited a low 

pressure ridge associated with the leading edge vortex. However, no distinct 

response in the local pressure has been detected during vortex breakdown. 

Rather, it was proposed by GreenweU & Wood (1992), that the shape o f the 

spanwise pressure distribution may be sensitive to the vortex state and may, thus, 

provide a basis for identifying breakdown.

Significantly, most o f these studies limited themselves to the measurement o f  

mean pressure distributions and have, therefore, neglected the potentially valuable 

information contained in the time-varying signal. Where the time-varying signal 

has been studied i.e., Gursul (1994), Mabey (1996), Woods & W ood (1996) and 

Woods (1999), the work has been primarily targeted at determining post

breakdown buffet characteristics o f the wing flow. In this respect, much valuable 

information has been forthcoming and has provided useful insight into the buffet 

phenomenon. In some cases additional information on the evolution and 

structure o f  the leading-edge vortex system has also been obtained.

The study by Gursul (1994), which describes a series o f static experiments on 60°, 

65°, 70° and 75° delta wing planforms, found that the pressure frequency spectra 

in the post-breakdown region o f the wing exhibited a dominant frequency 

component that was not present prior to breakdown. It was established that this 

frequency was associated with the helical mode instability o f the vortex 

breakdown field. Gursul found that it was possible to use its presence as an 

indication o f the progression o f breakdown over the wing. Analyses o f  frequency 

spectra and RMS values o f  surface pressure fluctuations on novel wing planforms 

were conducted by Woods and Wood (1996). In general, the results obtained
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were consistent with those o f Gursul (1994) although an additional higher buffet 

frequency was identified in the region o f  vortex attachment on one o f the wings. 

It was noted there existed a peak in the RMS value o f the surface pressure near 

the attachment line o f  the primary vortex.

The research into pitching delta wings using pressure measurements is extremely 

limited. The only detailed information available concerns pressure data obtained 

from oscillating delta wings at various reduced frequencies. A  study by Thompson 

et al (1990) into oscillating delta wings used ensemble-averaged pressure data to 

identify a similar lag or hysteresis effect in pressure measurements as that seen in 

force measurements and visualisation experiments detailed previously. The degree 

of lag being chiefly dependent on the frequency o f  oscillation, even to the extent 

that the lag can be as much as 180°, (i.e. the Hft generated by the wing can be at a 

maximum at the incidence corresponding to minimum Hft in the static case and 

visa versa), Gursul & Yang (1995) suggested that this phase lag is very closely 

associated with the external pressure gradient generated by the wing. The 

deficiencies in the Hterature regarding pressure measurements are discussed in 

Section 1.5.

1.4 NUMERICAL METHODS

Accompanying the Hterature survey on experimental research is the foUowing 

survey o f numerical methods which examines three main areas in the field o f  

vortex breakdown research: 1) Theories o f vortex breakdown. 2) Empirical vortex 

breakdown prediction methods. 3) Computational studies.

1.4.1 Theories of vortex breakdown
Alongside the experimental observations made since the late fifties, a number o f  

theoretical explanations have been put forward concerning the nature and causes
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o f vortex breakdown. Theoretical studies can be categorised roughly according to 

whether breakdown is considered to be associated with: 1) Instability caused by 

axisymmetric/spiral disturbances or non-Hnear interactions. 2) Departure from 

predicted Hft and drag-due-to-Hft characteristics. 3) Wave phenomena resulting in 

numerical failure 4) Stagnation o f the flow along the vortex axis. 5) The 

generation o f  negative azimuthal vorticity in the primary vortex rotating core.

1.4.1.1 Instability

Jones (1960) was the first to suggest that hydrodynamic instabiHty might be 

responsible for vortex breakdown. The theory is based on a linear stabHity analysis 

appUed to the axisymmetric laminar Navier-Stokes equations. However, Jones 

was unable to define a criterion that could be appHed generaUy. The idea was later 

pursued by Ludwieg (1965) who suggested that after the onset o f  instabHity, spital 

disturbances could ampHfy, induce an asymmetry in the vortex core and 

subsequently lead to stagnation. Lessen et al (1974) studied the tnviscid stabiHty o f  

the Q-vortex (i.e. q remains constant) to infinitesimal non-axisymmetric 

disturbances with normal modes o f the form:

(exp[i(KX - n0 - Kyt)] (LI)

where : K = axial wave number, % — axial co-ordinate, n =  azimuthal wave 

number, 0 =  azimuthal co-ordinate, and y = complex phase velocity.

For negative wave-numbers (i.e. heHcal wave paths opposite in sense to the vortex 

rotation) the ampHfication rate increases with respect to swirl parameter (q) to a 

maximum at q — 0.85 and decreases again becoming negative at q > 1.58 

whereafter the flow is stable to aH disturbances. Garg & Leibovich (1979) and 

Escudier et al (1988) have both reported values o f  q which result from fitting 

Q-vortex velocity profiles to their experimental data for flows exhibiting
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breakdown. Garg & Leibovich found that q = 0.8 was the smallest value at any 

location, whereas upstream o f breakdown it was always significantly greater than

1.5 and downstream it was less than 1.5. It was claimed that this suggests stability 

to axisymmetric disturbances everywhere, and an instability to helical disturbances 

downstream o f the breakdown region. In aU theories o f  hydrodynamic instability, 

breakdown is analogous to laminar-turbulent transition,

1.4.1.2 Departure from lip predictions

Polhamus (1971) was the first to develop a theory using the analogy o f a two- 

dimensional laminar separation and reattachment bubble when regarding the 

separation and subsequent reattachment o f the flow over delta wings. This theory 

can be used to predict the low-speed lift and drag-due-to-lift characteristics o f  

sharp-edged delta planforms. The total lift generated by the wing is given by:

Cl = Kp sina cosot T Kv sin^a cosa  (1.2)

Where: Kp — potential flow lift constant equal to the normal force slope given by 

small disturbance potential flow lifting surface theory. Kv ~  vortex lift constant 

equal to dCsp/8(X^, such that Csp = potential flow leading-edge suction 

coefficient.

Polhamus showed that predicted lift values showed good agreement with 

experimental values for wings with aspect ratios in the range 1.5 to 0.7. These 

values were measured at incidences where visualisation tests under similar 

experimental conditions had shown an absence o f  vortex breakdown over the 

wing. A subsequent significant deviation o f experimental results from theoretical 

results at higher incidences was thought to be indicative o f the arrival and 

upstream progression o f vortex breakdown from the traiHng-edge to the apex.
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1.4.1.3 Wave Phenomena

Squire (1960) was the first to attempt to connect vortex breakdown with wave- 

motion. He considered the possibility o f the existence o f  standing waves on a 

cylindrical vortex motion for which the stream function satisfies the following 

equation for inviscid flow:

9h|L „  J . . d E  (1.3)
dx^ dr^ r dr p d\|/ 2 d\|/

where: (for inviscid flow) the total head H and circulation 27lK are functions o f  

the stream function (\|/) alone.

Squire assumed that if  standing waves could exist, then small disturbances coming 

from downstream wiU propagate in the upstream direction and ultimately provoke 

breakdown. He proposed that for a ‘supercritical’ flow, long waves propagating 

against the flow are carried downstream and do not affect events in the upstream 

direction, whereas for a ‘sub critical’ flow, long waves may propagate upstream, 

and hence for some limit situation, standing waves can exist on the flow.

Benjamin (1962) on the other hand proposed that vortex breakdown is a 

transition between two conjugate swirling flow states A  and B, each o f which is a 

solution o f  the equation for inviscid cylindrical flow:

d ^ _ _ _ L . d M  ^  £ . d H  _  K .d K 2  
dr  ̂ r dr p d\|/ d\|/

Benjamin showed that if  flow A  is supercritical then flow B is sub-critical in direct 

analogy with the shock/hydraukc jump in open channel flow. The critical state 

theory is based on the assumption that a columnar vortex can support
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axisymmetric standing waves. Benjamin, like Squire before him, found that the 

critical condition for the existence o f standing waves is :

Swirl Ratio (CXo) = Ve/Vx >1 .2  (1.5)

By decreasing the axial velocity component, or by increasing the swirl velocity 

component, (i.e. by increasing Ot and/or decreasing A), a supercritical flow is 

driven towards sub critical. Thus, if  this assumption is correct, vortex breakdown 

can be thought o f as the ability or not o f the flow to sustain standing waves.

1.4.1.4 Stagnation

One feature o f the flow that has already been described as an essential aspect o f  

vortex breakdown is the deceleration and eventual stagnation o f  the flow at the 

vortex axis. In the 1960’s, a number o f  numerical calculations were carried out 

using the quasi-cyHndrical form o f the equations o f motion to calculate the axial 

development o f  the vortex flow. The quasi-cylindrical equations are o f  the form :

f  - ^  = 0  (1.6)
dr r dz

J d  ^ Ü &  (1.7)
r p dr

dv uv dv f  d^v 1 dv v   ̂ (1-8)
dr r dz - '^ I ,d r 2 '^  r dr r^j

-dw +  ^_dw ^_JL_dp_ + ^ r_d!w ^ (1.9)
dr dz p dz dr̂  r dr J
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Where r and z are cylindrical polar co-ordinates, u, v  and w  are the radial, swirl 

and axial components o f velocity respectively, p, p and V are pressure, density and 

viscosity. The boundary conditions are those that a viscous fluid must satisfy on 

the axis o f  symmetry, namely u = v  = dw/dr =  0 at r =  0 and in addition, a 

condition such as a prescribed pressure distribution at the edge o f  the vortex core.

If at some location along the vortex core, the calculations o f  the quasi-cyHndrical 

vortex core show appreciable axial gradients instead o f  small axial gradients, then 

there also must be appreciable axial gradients in the corresponding real vortex 

core, even though the quasi-cyHndrical approximation fails. The idea is that, this 

occurrence o f  large axial gradients or the failure o f  the quasi-cyHndrical 

approximation, corresponds to the arrival o f vortex breakdown. A  number of  

investigators used these equations in different ways. The calculations o f  

Gartshore (1962) and Mager (1972) were o f the momentum-integral type, whereas 

Bossel (1969) uniquely divided the flow in the vicinity o f breakdown into four 

regions which he then matched together. HaU (1964), using this technique was 

first to demonstrate that the axial pressure gradient is composed o f  two 

components: 1) The imposed external pressure gradient 2) The swirl contribution. 

In a later paper, HaU (1972) brought together the quasi-cyHndrical approximation 

theory and the critical state theory o f Benjamin (1962) to build a framework for 

explaining vortex breakdown. He stated that a vortex core that is irdtiaUy 

supercritical wiH tend towards the critical state with increasing distance 

downstream. That is, if  the swirl is large enough and the conditions at the edge o f  

the core are appropriate. The development is described by the quasi-cyHndrical 

approximation which shows that such an approach to the critical is accompanied 

by a retardation o f  the axial flow that is most pronounced near the vortex axis. At 

or near the critical condition, the axial gradients increase beyond Hmits and the 

quasi-cyHndrical approximation fails. The abruptness o f the change in core
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S tru c tu re  is e x p la in e d  b y  th e  ex is te n ce  o f  th e  c ritica l s ta te , w h ic h  a lso  ex p la in s  th e  

s ig n ific an c e  o f  th e  m a g n itu d e  o f  sw irl in  b re a k d o w n  as d e s c r ib e d  b y  B e n ja m in .

1.4.1.5 A^pmuthal Vortiàty

A  number o f  investigators, notably Brown & Lopez (1990), Nelson & Visser 

(1993) and Boffadossi (1996) have suggested that the distribution o f  vorticity in 

the flow is a crucial factor in vortex breakdown. Their observations have shown 

that the onset o f  negative azimuthal vorticity, i.e. where the swirl ratio o f velocity 

(CCo) exceeds the swirl ratio o f vorticity (j3o), is a necessary condition for the onset 

o f breakdown. In fact, the attainment o f zero or negative axial velocity is only 

possible if azimuthal vorticity becomes negative. Nelson & Visser have examined 

this theory experimentally, (see also Lin & Rockwell (1995)), whilst Brown & 

Lopez have tested this condition against numerical Navier-Stokes equations o f  

swirling pipe flow and found the numerical solution would diverge rapidly only if:

To = OCo/Po > 1 (1.10)

Boffadossi (ibid.) used the theory originated by Brown & Lopez to develop a 

criterion for vortex breakdown using a computational method based on the 

unsteady formulation o f a non-linear vortex-lattice scheme. This scheme used 

Ranldne vortices with a viscous core diffusion model physically consistent with 

the turbulent diffusion mechanism o f  continuous shear layers. In his paper, 

Boffadossi predicts vortex breakdown for a series o f thin delta wings and plots his 

results against a series o f experimental data to very good effect.

1.4.2 Empirical vortex breakdown prediction methods
Examples o f  successful empirical vortex breakdown prediction methods are very 

few in number. The earliest example was that o f Lambourne & Bryer (1961) who.
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in addition to their visualisation results, suggested that if  vortex breakdown 

location is plotted as a function of:

x/C(bd) = cos‘1 (cos a  sinA) (1.11)

then the results for different sweep angles show a tendency to collapse onto a

single curve. Similarly, Lee & Ho (1990) suggested that swirl angle based on the

geometry o f the wing also provides a good correlation with breakdown location 

based on experimental results. This swirl angle (|), was calculated from the 

perpendicular and axial velocity components along the leading-edge:

tan (|) — sin a / ( c o s  Ot sinA) (1.12)

Jumper et al (1993) proposed a single criterion for vortex breakdown over slender 

delta wings where, according to slender wing theory, circulation was assumed to 

increase linearly with streamwise distance. Jumper et al found that vortex 

breakdown occurred when :

r/U « c  = 0.132. (1.13)

Gursul (1995) applied the methods o f  Lambourne & Bryer, Lee & Ho and 

Jumper et al to a large database o f published vortex breakdown location data. 

This study showed that all three methods produced a high degree o f scatter, 

particularly near the trailing-edge o f the wing. Gursul proposed a different 

criterion based on the variation o f T/UooX, which is related to the rate o f increase 

o f circulation along the streamwise direction, and showed a good correlation over 

the whole length o f the wing.

SpaU et al (1987) proposed a criterion for the onset o f  vortex breakdown using an 

appropriately defined local Rossby number which was used to delineate the 

region where breakdown occurs. The Rossby number (or inverse swirl ratio) was
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defined, as Ro = W /r* Q, where r* is the radial distance from the vortex 

centreline where swirl velocity is at a maximum, W represents the axial velocity at 

r* and Q is the rotation rate o f the vortex inner-core. SpaU et al showed, for a 

series o f experimental and computational results, that vortex breakdown tends to 

occur at Rossby numbers o f 0.65 and below for wing-tip vortices. For leading- 

edge vortices the critical Rossby number was increased to approximately 1.2.

Traub (1996) presented a series o f expressions to predict the chordwise variation

o f  vortex breakdown with incidence for a number o f  delta wings. Traub’s method 

was based on the work o f  Hemsch & Lucltring (1990) who showed that, by using 

Sychev similarity parameters, the vortex strength at the traiUng-edge o f  slender 

wings could be correlated. The parameter was given in the form:

g = AIO'2 = r/UooCr tan% cos a  (1.14)

where A = constant (given a value o f  4,63 by Visser & Nelson (1993)), K  is given 

by

K  = tan a /ta n  8 (1.15)

Using the results o f  Visser & Nelson (1993) and slender wing theory assumptions 

o f  conical flow, Traub arrived at the foUowing equations in terms o f non- 

dimensional cicculation:

r/UooCr =  4.63 tan̂ '̂ G tan^-^a cos a  (1.16)

tan OCBD-TE =  13.47 tan s (1.17)

x/C (bd) ~  (TBD-TE / r  a > BD-TE)̂  (1.18)
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Having calculated the incidence at which breakdown reaches the trailing-edge of  

the wing from Eq. (1.17), it is possible to use Eq. (1.16) to calculate the non- 

dimensional circulation at OCb d -t e  and other incidences where breakdown 

progresses upstream o f  the trailing-edge. Hence, Eq. (1.18) can then be used to 

track the progress o f breakdown from trailing-edge to apex. Traub’s results 

showed reasonable agreement with experimental data for delta wings o f sweep 

angles ranging from 65° to 80°.

1.4.3 Computational studies
The following section is designed to provide an overview o f computational 

studies o f  vortex breakdown from a historical point o f view. The treatment o f this 

work is not exhaustive, however, it aims to present the most significant 

developments in the field.

Those early investigators who did not use the quasi-cylindrical approximation, 

examples being Kopecky & Torrance (1973) and Grabowsld & Berger (1976), 

tended to confine themselves to calculations involving laminar flow using the fuU 

Navier-Stokes equations, subject only to restrictions o f axial symmetry, steadiness 

and incompressibUity. Later investigations have been able to use the vastly 

increased computing power o f super-computers and, more recently, computing 

cluster technology. Thomas et al (1990) applied an upwind-biased finite-volume 

algorithm to the laminar flow over the leeward surface o f  a delta wing with 

AR ==1.0 (i.e. sweep angle ~ 76°), for incidence angles in the range 0° to 40°. The 

differencing was second order spatially accurate and a multi-grid algorithm was 

used to promote convergence to the steady state. The results compared well with 

experimental values o f CLmax at a Reynolds number o f  0.95x10^. At 40°, an 

enlargement o f  the vortex diameter, thought to indicate vortex breakdown, was
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evident in the computational results extending from x /c  — 0.6 to just beyond the 

trailing-edge.

Agrawal et al (1992) used a computational algorithm based on a thin-layer 

approximation o f  the three-dimensional, time dependent, conservation law form 

o f the compressible Navier-Stokes equations. Like the previous example, the code 

used an upwind-biased spatial differencing scheme, with either flux difference 

splitting or flux vector splitting for the pressure and convective terms and central 

differencing for the shear stress and heat transfer terms. From their results, 

Agrawal et al were able to identify the presence o f vortex breakdown, if  not the 

exact breakdown location, from the contours o f axial velocity.

The first three-dimensional representation o f vortex breakdown was shown by 

Modiano & Murman (1994), who solved the Euler equations for inviscid, 

compressible flow using an adaptive grid method. Refinement was used to add 

nodes in the region o f the vortex and other interesting flow features. From their 

results, Modiano & Murman were able to predict the presence o f vortex 

breakdown in its spiral form in good agreement with experimental data.

The first computational results apparent in the literature for transient vortex 

breakdown above a delta wing subject to ramp-type pitching manoeuvres, was 

presented by Visbal (1994). The flows were simulated by the solution o f the full 

three-dimensional Navier-Stokes equations on a moving grid using the implicit 

Beam-Warming algorithm. An assessment o f the effects o f numerical resolution 

were carried out in comparison with experimental results. This assessment 

suggested that the computational method was able to capture the basic dynamics 

and initial stages o f vortex breakdown on the pitching wing. The most important
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finding o f this wotk was that the pressure gradient along the vortex axis played a 

dominant role in the initiation o f breakdown.

At this stage, vortex formation and development near the apex o f  delta wings was 

poorly represented in conventional grids due to dissimilar length scales o f the 

flow and the grid. Kumar (1996) overcame this problem by introducing an 

embedded conical grid surrounding the wing. Using this method, the computed 

Euler solutions showed that the vortex could be well resolved right from the 

apex, even at low incidences, and the prediction o f vortex breakdown was 

improved over a conventional grid set-up.

A further application o f  the Beam-Warming algorithm on a 65° delta wing has 

been made by Gordnier (1997). The use o f  both block tri-diagonal and diagonal 

inversion schemes with sub-iterations was investigated. The effects o f  time-step 

size and grid resolution were also discussed, Gordnier identified bubble (B-type) 

breakdown as being present for short periods during transient upstream 

movement o f  the vortex breakdown location during ramp pitching manoeuvres 

and identified a three-dimensional stagnation point at the head o f  the breakdown 

region.

1.5 U n r e s o l v e d  issu es  a n d  t h e  c u r r e n t  st u d y  pr o g r a m m e

Extensive experimental research using a wide range o f  techniques has greatly 

advanced the understanding o f  the physical mechanisms that make up the 

complex vortex flow-field on delta wings. The work carried out on flutter and 

stall stability, control and buffet characteristics have gone a long way to making 

large aircraft safer and to reducing fatigue Hfe across the board. However, the 

history o f research into high incidence flight dynamics and its associated 

aerodynamics on delta wings has seen a gradual evolution from concentration on
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the avoidance o f undesirable phenomena such as ‘wing rock’, toward increasing 

interest in such constructive ideas as ‘super-manoeuvres’. Considering this point 

o f  view, it is apparent that there are significant gaps in the literature regarding the 

use o f  pressure measurements during delta wing ramp-type motions. The 

following areas, in particular, have been identified as those where information is 

scarce or non-existent: 1) The general use o f whole surface pressure

measurements to identify topological features o f the flow as they interact with the 

wing surface. 2) The measurement o f pressure fluctuations and the effect on these 

measurements o f  the arrival o f vortex breakdown. 3) The use o f the time varying 

pressure signal to track the progress o f vortex breakdown over the wing surface. 

4) Analysis o f pitching wing buffet characteristics in the post-breakdown state.

The objectives o f  the current study programme are twofold: 1) To analyse 

pressure data obtained during an earlier research programme. The analysis takes 

the form o f  a detailed examination o f time varying pressure signals in static and 

ramp-pitching cases using a range o f statistical analysis techniques. 2) To carry out 

flow visualisation experiments to act as a validation tool for the pressure data 

analysis. The aims o f  the work can be summarised as follows: 1) To provide an 

insight into significant flow-field features including vortex breakdown, as they 

impinge on the wing surface. 2) To determine a reliable and robust method of  

tracldng the progress o f vortex breakdown for static, pitch up and pitch down 

cases. 3) To examine wing buffet characteristics during pitching motions.

The previous research programme, also carried out at Glasgow University, 

obtained surface pressure measurements during a series o f  experiments on a 60° 

delta wing. The upper surface o f the delta wing was highly instrumented on one 

side with miniature surface mounted pressure transducers. These were connected 

to a powerful two-hundred channel data acquisition system that has the capability 

to acquire data at the rate o f SOlcHz per channel. This equipment allowed surface
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pressure data to be obtained at high spatial and temporal resolution over a wide 

range o f  incidence and pitch rates. A complementary series o f low-speed flow 

visualisation tests have been conducted in the present study programme to 

provide supplementary qualitative flowfleld information. Analysis o f collected test 

data in static, pitch up and pitch down cases indicate that it is possible, on the 

basis o f surface pressure measurements alone, to monitor the structure and 

location of the leading edge vortex system. Similarly, the progression of 

breakdown towards the apex o f the wing with increasing incidence in the static 

and pitch up cases, and the restoration o f  the vortex core with reducing incidence 

in the pitch down cases, can both be tracked with a high degree o f  confidence. 

Using full-surface contour plots o f  the upper surface mean and RMS pressure 

distributions and single point signal analysis methods, i.e. frequency spectra, signal 

energy and cross-correlation functions, in each case, it is be possible to provide an 

insight into the principal surface features o f the flow not addressed by previous 

experimental investigations. The following chapters detail the work carried out.
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C h a p t e r  2

2. EXPERIMENTAL METHODS

Two types o f wind tunnel tests took place, namely pressure measurement tests 

and smoke flow visualisation tests. The tests, which took place in two different 

facilities at Glasgow University, are described as follows.

2.1 P r e ssu r e  m e a s u r e m e n t  t e st s

2.1.1 M odel design and construction.

The delta wing used in the pressure test programme was machined from a solid 

block o f  aluminium. It had a leading-edge sweep o f  60°, a root-chord (c) o f  

800mm and a trailing edge span (2stc) o f  923.8mm (wing area =  0.369m2), The 

wing had a flat leeward surface, a contoured windward surface (shown in Figure 

2.1), giving a thickness ratio o f  9.0%. The leading and trailing edges were bevelled 

on the windward side at angles o f 14° and 10° respectively. The model was 

designed to accommodate 192 KuUte Type CJQH-187 differential pressure 

transducers located primarily on the starboard side o f  both the leeward and 

windward surfaces. The location o f  the leeward surface and windward surface 

transducers is shown in Figures 2.2 and 2.3 respectively. The model was 

constructed such that the standard nose section could be removed and replaced 

with a rounded nose section. The rounded nose had a radius o f  50mm which 

reduced the root chord by 6.25%. It had a bevelled leading-edge similar to its 

standard counterpart providing a unique opportunity to investigate the effect o f  

the apex geometry on vortex formation and breakdown. Details o f  the rounded 

nose section are shown in Figure 2.4.
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B O O nn

Figure 2.1 - Delta wing model windward surface
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Figure 2.2 - Leeward surface pressure transducer locations
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Figure 2.3 - Windward surface pressure transducer locations.
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Figure 2.4 - Detaüs o f rounded nose section.
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2.1.2 The pressure measurement test facility.
The pressure measurement tests were conducted in the University's Handley-Page 

wind-tunnel facility. This is a closed-return type wind tunnel with an octagonal 

test section measuring 2.13m by 1.61m (working area =  2.667m^. This gave a 

model-span to tunnel width ratio o f 43.4% and a model blockage (not including 

strut fairings) o f  1.25% to 9.27% over the incidence range 0° < Ct < 42°. The 

model was mounted leeward side up, and was supported by three vertical struts 

attached to the windward surface, one placed at the quarter chord position and 

two at the trailing-edge. The forward strut was rigidly fastened to a support 

structure mounted on a concrete floor below the wind tunnel. The two rear struts 

were connected to a hydraulic actuation mechanism which provided a wide range 

o f movement in pitch and instantaneous incidence measurement to an accuracy 

o f ±  0.1°. A  schematic diagram o f the wind-tunnel facility is shown in Figure 2.5.

O ctagonal te s t  sectio n

M odel

F airings

T u n n e l f lo o r

T w in  re a r  yolk

H ydrau lic  A c tu a to r

S ingle fw d  
m o u n tin g

Figure 2.5 - A schematic diagram o f  the Handley-Page wind tunnel 
facility (used in conjunction with the data acquisition system).
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2.1.3 T h e  d a ta  a c q u is itio n  sy s te m .

Data acquisition was earned out by a PC equipped with a 486 processor, 

programmed using TEAM 256 software. The PC was configured and interfaced 

with proprietary Baltker Electronics BE256 modules that provided the necessary 

analogue to digital conversion. The system had 200 channels, each capable o f  

sampling at 50kHz. Six channels not taken up by transducers were used to sample 

temperature, model acceleration (x3), reference dynamic pressure and model 

incidence. Two channels were left empty. The signals from each transducer were 

delivered to a specially designed signal conditioning unit o f  modular construction, 

and each module contained its own control board. The control board was capable 

o f automatic offset and gain adjustment by sampling the minimum and maximum 

output o f each transducer during each run and adjusting the gains automatically as 

required. A  schematic diagram o f the path o f data flow is shown in Figure 2.6.
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IEEE BUS

HP 35470A 
DAT Drive

Data Tape
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D*A

Converter
SUN SPARC 10

Data Base Data Archive

Data Reduction Data Processing

n

HP 35470A 
DAT Drive

Figure 2.6 - A schematic diagram o f the patli o f data flow in the 
data acquisition system and model control.
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2.1.4 Pressure test procedure - static case

The pressure test model was set at a starting incidence o f  -5°. The wing was then 

pitched up in 1° increments to + 42°. A suitable period was allowed prior to data 

collection at each incidence and the pressure data were then sampled at a 

frequency o f l.OkHz for a period o f 2s. The total data set was divided into three 

Tuns' each covering an arc o f 16°, giving a data set o f 32000 samples per run. The 

mean free stream velocity was measured at 50ms"\ which gave a Mach number of  

0.16 and a Reynolds number o f 2.7x10"" based on root chord.

2.1.5 Pressure test procedure - pitching cases.

During testing, the pressure test model was set at a starting incidence o f -5° (pitch 

up cases) or 39° (pitch down cases). The wing was then pitched up or down 

through an arc o f  45°. Data collection was initiated on commencement o f  the 

pitching motion and continued for a suitable period after cessation o f  the motion 

to allow the flow to settle. The data set per cycle was 8000 samples and four 

cycles were combined to give a total data set o f 32000 samples. For each pitch 

rate, the sampUng frequency was set such that a minimum o f  6000 samples were 

collected during the motion phase o f the cycle. The nominal Reynolds number 

was again set at 2.7x10"". The pressure data in either static or pitching cases were 

not corrected for tunnel blockage effects.

2.2 Sm o k e  flo w  v isu a l isa t io n  t e st s

2.2.1 Model design and construction.
The models tested in the flow visualisation facility were geometrically similar to 

the model used for the pressure measurement tests in each o f  its two nose 

configurations. The sharp-nosed model had a root chord o f  346mm and a trailing 

edge span o f 400mm. Each model was constructed in two parts. The main body,
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which included the contoured shape o f the windward surface, was machined from 

solid aluminium and was used to house a plenum chamber that was supplied with 

smoke. The main body upper surface was machined to leave pathways (shown in 

Figure 2.7) for the smoke along the entire length o f both leading-edges. Each 

model was completed by a 2mm thick flat plate with edges bevelled to match the 

main body. The two parts fitted together provided slots located 2mm below the 

top surface o f the model enabling smoke to be ejected along the whole leading- 

edge. The models were mounted in a similar fashion to the pressure measurement 

tests. The mechanism for pitching the models was provided by a lead-screw and 

flange nut assembly below the tunnel floor. The two rear support struts were 

attached to the nut by a yoke, which as the screw shaft rotated, was constrained to 

move in the vertical direction.

Non-machlned portion N ote: M ach in in g  2 m m  d ep th

C han n els  7 m m  w id th

M ach in ed  channels 
& p len u m  ch a m b e r

Figure 2.7 - A diagram o f the macliined patliways providing smoke 
egress along botli leading-edges.
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2.2.2 The flow visualisation facility.
The flow visualisation facility is an open-retufn type wind-tunnel with a square 

working section o f 0.9m x 0.9m. This gave a span to tunnel width ratio o f 44.4% 

and a model blockage o f 0.77% to 5.72% over the same incidence range as the 

pressure measurement tests. AU tests were carried out at a mean free stream speed 

o f 0.44ms'^ that gave a nominal Reynolds number o f 10000 based on root chord. 

A schematic diagram o f the smoke visualisation wind-tunnel faciUty is shown in 

Figure 2.8.
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Figure 2.8 - A schematic diagram o f  the flow visualisation facility.

2.2.3 The optical system.

In the static case, iUumination was provided by a Cyonics 0.5W Argon ion laser o f  

525nm-480nm wavelength located above the wind tunnel. Suitably arranged 

mirrors expanded the beam into a thin sheet, which shone down into the wind 

tunnel. The whole system was mounted on a troUey such that movement o f  the 

troUey along the length o f  the wind tunnel and adjustment o f  the optics aUowed 

the Ught sheet to be positioned at any chosen chord station or at any lateral angle
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relative to the trailing edge. For the pitching cases, the illumination was switched 

over to a Spectra Physics GCR-130-10 NdiYAG laser located alongside the 

Argon ion laser. The laser had a maximum output energy o f  250mJ at 532nm 

(green), the repetition rate was lOHz and the pulse duration was 8ns. The optical 

set-up was similar to the static case. A schematic diagram is shown in Figure 2.9.

2.2.4 Flow visualisation test procedure - static case.

The static tests were carried out by positioning the laser light sheet parallel to the 

trailing edge at a chord position (x/c) o f 0.95. The model was then placed at a 

starting incidence o f 0° (accurate to within to ± 0.5°), and was then pitched up in 

increments o f 0.5° until breakdown was observed to pass through x /c  =  0.95. 

Then at each higher incidence the light sheet was positioned at the chord location 

where the vortex core was seen to fluctuate between breakdown and reformation. 

This chord position was recorded against incidence. Images were capmred using a 

Kodak Megaplus ES 1.0 digital video camera and Imaging Technology IC-PCI 

digital frame grabber.

2.2.5 Flow visualisation test procedure - pitching cases.
For each pitching case, a series o f ‘runs’ were carried out. For each run the laser 

light sheet was positioned parallel to the trailing edge at a single chord position, 

starting at x /c  =  0.9. In each successive run the laser sheet was moved towards 

the wing apex in 0.1c increments to x /c  = 0.4. For each run in the pitch up cases, 

the model was placed at a starting incidence o f 0° and then pitched up through an 

arc o f  30°. In the pitch down cases, the model was placed at a starting incidence 

o f  30° and then pitched down through an arc o f 35°. Images were captured using 

the same equipment as the static case. However, model pitch control, and laser 

pulse to camera synchronisation were achieved via a 300MHz Pentium II PC 

fitted with a National Instruments PC-TIO-10 counter-timer card and
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programmed using LabVTEW. Full details o f the flow visualisation model, camera 

and laser control methodology are given in the work by Green (1998).
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Figure 2.9 - A schematic diagram o f tire visualisation optics
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C h a p t e r  3

3. STATISTICAL ANALYSIS METHODS

The high spatial and temporal resolution o f the pressure data allowed a detailed 

analysis to be carried out. Before this could commence, each ‘raw’ data set 

containing 192 channels o f 32000 pressure transducer samples were non- 

dimensionaUsed to produce values o f Cp. These were written to file and made up 

a ‘reduced data’ file measuring 192 x 16 x 2000 data values in the static case, 

(i.e. 2000 samples at 16 discrete incidence values from 192 transducers) or 

192 X 4 X 8000 data values in each pitching case, (i.e. 8000 samples collected 

during 4 separate runs from 192 transducers). This manipulation o f the data took 

place using bespoke code written in C. Each file was given a unique file number 

based on model configuration, motion type, run reference number and run 

version. The fourth identifier was added to allow the original run reference 

number to be used again. This was necessary in cases where an individual 

experimental run was repeated following data corruption during the original 

collection process. The use o f an additional identifier made cataloguing much 

simpler. At the top o f the file, a run information block (RIB) was added to log 

experimental variables such as flow speed, barometric/reference pressures, mean 

air temperature, sampling frequency and pitch rate. An example o f  the full data 

provided in a typical RIB is shown in Appendix A. At the bottom o f the reduced 

data file, 8 rows o f 32000 data samples (in either 16 x 2000 or 4 x 8000 format, 

depending on motion type) were added from the original raw data file. These 

extra rows were made up o f temperature (Row 193), model acceleration x 3 

(Rows 194 - 196), empty channels (i.e. zeros) x 2, (Rows 197 & 198), incidence 

(Row 199) and reference dynamic pressure (Row 200). A  schematic diagram
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showing the make-up o f the reduced data file is shown in Figure 3.1. It was at this 

stage in the analysis process that the current study programme begins.

D atafile: 18020372

model no. motion type run no. run version

Run Information Block (RIB)

Row 1

16 X 2000 (static) or 4 x 8000 (pitching) samples o f Cp pressure data

Row 192

Row 193 - 16 x 2000 (static) or 4 x 8000 (pitching samples o f
temperature data

Row 194
16 X 2000 (static) or 4 x 8000 (pitching) samples o f  

acceleration data
Row 196

Row 197 32000 zeros
Row 198

Row 199 - 16 X 2000 (static) or 4 x 8000 (pitching) samples o f
incidence data

Row 200 - 16 X 2000 (static) or 4 x 8000 (pitching) samples o f  
reference dynamic pressure data

Figure 3.1 - Composition o f Cp pressure data file.
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Statistical methods were employed to measure the following five pressure signal 

properties'. 1) The mean pressures (static case), the instantaneous pressures 

(pitching cases), and distributions. 2) The Root-Mean-Square (RMS) pressures and 

distributions. 3) The frequency content o f the pressure signal. 4) The cumulative 

signal energy, (pitching cases only), and 5) The cross-spectral density function. 

These provided a basis for a quantitative comparison between: a) Two or more 

spatially distributed signals over a given time interval, b) Multiple time intervals at 

a given point location, or c) signals measured in tests carried out under differing 

experimental conditions. The following sections detail the methods used.

3.1 T h e  m e a n / in s t a n t a n e o u s  pr e ssu r e  d is t r ib u t io n

3.1.1 The mean/instantaneous pressure calculation
To calculate mean or instantaneous pressure values, the reduced data file was 

manipulated using bespoke code named ‘CPRMS versions 1 and 2’, written in 

FORTRAN 77 for a UN IX platform. The first task o f  the CPRMS programme 

code in all cases was to read in the data into suitably configured arrays. The RIB 

information was fed into an single-dimension array for later output and the 

remainder was fed into a 3D array for calculation purposes.

The static case The next task o f  CPRMS 1 (static cases) was to identify and

segregate data collected at a given incidence. This was achieved in the static case 

by creating an array o f  16 reference incidence values, which were fed, in turn, 

through a main loop whose task was to filter each row o f  data values. Each 

reference incidence array value was used as the test criterion used in an IF ’ 

statement to filter aU data values, row by row, using the corresponding value o f  

incidence found in Row 199 as the test subject. A sub-loop repeated the filter for 

each row o f  the data file (200 times) and employed an indexing counter to count 

the number o f  samples within each sub-loop. The integer value generated was
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used later as the divisor in the averaging process. The filtering o f each row was 

followed by a summation loop, after which the sum was divided by the sub-loop 

count value to produce 192 mean values o f Cp, three acceleration values, and one 

value each o f temperature, Incidence and reference dynamic pressure. The main 

loop was repeated 16 times.

The pitching cases The process o f identification and segregation of 

instantaneous Cp, acceleration, temperature, incidence and reference dynamic 

pressure values in the pitching cases using CPRMS2 was essentially similar to the 

mean calculations in the static case. However, the pitching case data sets were 

different from the static case, in that the values o f Cp and other variables were 

collected continuously throughout the incidence range, rather than at discrete 

incidence values hence an average value was not applicable. In this analysis, for all 

pitching cases, the instantaneous pressure distributions were always indexed up 

(pitch up cases) or down (pitch down cases) in increments o f 1°, Hence, for every 

pitching case, the reference incidence array filter contained 45 values and the main 

loop was repeated 45 times.

3.1.2 The mean/instantaneous pressure surface distribution
Having calculated the mean or instantaneous pressure values, subroutine 

‘CO NPOINT’ was called by CPRMS to generate a set o f  coordinate points for a 

right-angled-triangle-shaped grid system designed to represent the top surface o f  

one half o f a 60° delta wing. The grid contained 17 rows and 14 columns. Rows 

were numbered from the top, columns from the left. Row 1 represented the wing 

apex coordinates. Rows 2 - 1 6  represented the 15 rows o f  right-hand upper 

surface pressure transducer locations on the pressure test model (see Figure 2.2) 

and Row 17 represented the wing coordinates o f the traiUng-edge. Each row was 

vertically spaced according to the chordwise pitch o f the transducer locations and 

the wing geometry o f  the pressure model, normalised by the root chord, (c).
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Figure 2.2 reveals that the largest number o f pressure transducers at a single 

chordwise location was thirteen. This occurred at x /c  =  0.9, represented in this 

grid by Row 15. Hence, grid Columns 1 - 1 3  represented the spanwise locations 

o f  pressure transducers from the wing centreline towards the leading-edge, and 

included extra coordinate points in rows where transducers were absent. Column 

14 represented the wing coordinates o f the leading-edge. Each column was 

horizontally spaced according to the spanwise pitch o f the transducer locations 

and the wing geometry o f the pressure model, this time, normalised by the local 

semi-span, (s). The coordinate system for the sharp and round-nosed wing 

variants were similar for Rows 3 - 1 7 ,  i.e. aft o f the round-nosed radius centre at 

x /c  — 0.125 shown in Figure 2.4. However, for the round-nosed wing grid, the 

column coordinate values in Rows 1 and 2 were revised to produce a rounded 

shape in common with the planform shape o f the model.

Having generated the grid, extra Cp values were calculated using a sub-routine 

called ‘CPCAL’. This was based on a three point Lagrangian extrapolation 

method which was developed for the previous research programme and was 

adapted for the delta wing data by Dr. Frank Coton o f  the Department. The Cp 

values generated included those where transducers were absent on the wing 

surface, those at the wing apex in its sharp and round-nosed forms and those at 

the wing leading and traiUng-edges. When the subroutines were complete, the 

resulting full data set generated by CPRMS included three separate sub-sets: 

1) x-coordinates (row position), 2) y-coordinates (column position), and 3) Cp 

values. All full data sets were written to tile in a text format, allowing screen 

checlting and use by another code format.

The full surface contour plots o f  the mean pressure distribution shown in Chapter 

4 were produced using a programme named ‘CPCON’ written in Visual 

Numerics PV-Wave CL programming language. The ‘CONTOUR’ command
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allowed a 3D image, (i.e. the ‘out o f page’ direction represented in the diagram by 

colour or grey-scale contours), to be built using the three sub-sets o f data 

produced by the CPRMS programme as the x, y and 2 variables o f the contour 

plot. Using the CONTOUR command, the combination o f  setting upper and 

lower limits and the total number o f contours in the z-direction, determined the 

Cp range assigned to each contour level. The results shown in Chapter 4 have the 

upper limit set at +1.0, the lower limit at -12.0 and contour levels at 150 per plot. 

Grey-scale levels were assigned to contour levels using the ‘CONTOURFILL’ 

command. The PV-Wave package has a grey-scale palette o f  256 blacks, greys and 

whites each allocated a palette number, (i.e., very black =  0, very white = 256), 

which are recognised by the CONTOURFILL command. The specification o f a 

particular grey-scale palette number to a given contour range was determined by a 

sub-routine in the code which allocated white and lighter shades o f grey to high 

values o f  negative Cp, and darker shades o f grey and black to lower negative 

values and positive values o f Cp. The specification routine allowed a choice o f  

minimum and maximum grey-scale numbers and incorporated a bias mechanism 

which added a weighting factor to lower palette numbers. This gave greater grey

scale resolution where Cp pressure gradients were lowest in order to highlight the 

limits o f mean pressure flowfield features on the surface o f the wing.

3.2 T h e  R o o t -M e a n -Sq u a r e  p r e ssu r e  d is t r ib u t io n

3.2.1 The Root-Mean-Square pressure calculation

The calculation o f  Root-Mean-Square (RMS) pressure values was also carried out 

within the CPRMS programme, the reading-in and segregation o f data values by 

incidence, being shared between the two calculation processes. The RMS pressure 

values are a measure o f  the statistical standard deviation o f  the signal and as such 

provide the magnitude o f the fluctuating component o f pressure around the mean 

value. The calculation of the RMS pressure values involved obtaining a trend line
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by applying a linear best-fit through the data contained within a pre-determined 

‘incidence window’. The trend line was determined using the following formulae 

from Lapin (1993).

y = a + bx (3.1)

Where: nSxy - SxSy
n Z x 2 .( Z x ) 2

And: a — y  (mean) ~ b x (m ea n ) (3.3)

X = incidence values fro m  R o w  199. y — correspond ing  Cp values fro m  R ow s 1-192 
X(mean) =  Z x /n ,  y(mean) — 2 y /n ,  u  =  n u m b er o f  data values w ith in  the incidence w indow.

Given that: x(m can) = Z x/n  and y(m ean) =  Zy/n, Formula 3.2 was simplified to:

1 _  Zxy - n(x;(mean) yçmearo).
Z x2_n(x(m can))2

The advantage o f  computing the calculation o f  b from Formula 3.4 is that each 

step involves computations with values o f moderate size. Although this increases 

the danger o f rounding errors, such errors are usually negligible (Lapin ibid.). The 

RMS values were then determined by the calculation o f  the standard deviation o f  

pressure fluctuations about the trend Hne. The standard deviation was calculated 

using the following formula, also adapted from Lapin (ibid.)

a =  I (3.5)

W liere: y(trend) =  the value o f  y o n  th e  tren d  line w hose co rresp o n d in g  incidence value (x) 

is also tha t o f  the data value (y) u n d e r consideration.
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The method o f fitting a trend line and calculating RMS values was applied in 

pitching cases only. For the static case, there were problems in the trend Mne 

calculation. This was due, in some instances, to the calculation o f  the 

denominator in Equation 3.4 finding a value equal to zero. The result was a 

computed gradient o f infinity for the subsequent trend line calculation. Therefore, 

calculations o f  the RMS pressures in the static case used y (mean) in a modified 

Equation 3.5 to replace the trend line value y(trcnd). y(mean) was taken as the mean 

value o f  aU 2000 samples collected an incidence in question, where all 2000 values 

were included in the RMS calculation.

Due to the ‘continuous’ nature o f  the pitching case data collection process, the 

sample size for each pitching case calculation could be adjusted by nominating 

various upper and lower limits to create incidence ‘windows’ o f different size, 

within which the corresponding values o f Cp could have the RMS calculation 

performed on them. In this RMS analysis, the sample size was varied from 

approximately 300 data values using a 1° incidence ‘window’ in a 70°/s pitch up 

case, where each cycle was sampled at 5.181cHz (i.e. 75 values per cycle for each o f  

the 4 cycles in the data set), to 1400 data values using a 4° incidence window in a 

120°/s pitch up case, where each cycle was sampled at 10.381cHz (i.e. 4 cycles o f  

350 values per cycle). Having set the incidence window, it is clearly possible to 

nominate any value within its Hmits as the incidence under consideration. For this 

analysis, the incidences presented in Chapter 4 are those which sat centrally within 

the chosen incidence window limits and the calculation was performed in 1° 

incidence increments such that the calculation was repeated 45 times.
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3.2.2 The RMS pressure surface distribution

The sub-routines CONPOINT and CPCAL were also employed in the RMS 

pressure surface distribution calculation to generate sub-sets o f  wing 

x-coordinates and y-coordinates, and to carry an interpolation routine to generate 

extra RMS values In the absence o f transducer locations. The output o f CPRMS 

consisted o f  three sub-sets o f  3D arrays. The first and second subsets contained 

x-coordinates and y-coordinates respectively, and the third contained alternate 

rows o f Cp and RMS data values.

The PV-Wave code used to generate images o f RMS pressure contours called 

‘RMSCON’ was developed from the CPCON programme for Cp pressure cases. 

The range o f  RMS value magnitudes were clearly different and always positive. 

Hence, the code required adjustment to suit. The upper and lower limits o f  

z-variable range were reduced and narrowed to +0.12 and 0.0 respectively, 

although the number o f  contours remained at 150. The grey-scale specification 

routine was adjusted to allocate white and lighter shades o f  grey to higher values 

o f  RMS pressure and darker grey and black shades to RMS values approaching 

zero. The bias was also adjusted to give a weighting towards higher palette 

numbers to give greater grey-scale resolution where RMS pressure gradients were 

highest to give definition between closely-spaced but distinct unsteady flowfield 

features on the surface o f the wing.

3.3 S ig n a l  ENERGY

The advantage o f using a cumulative pressure signal energy analysis over the RMS 

pressure analysis method in the detection and tracking o f  vortex flow surface 

features in pitching cases, is that frequency resolution problems and complicated 

choices o f optimum incidence window size cease to be an issue. The rationale 

behind this analysis, however, is similar to the previous two analyses where large
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increases in the magnitude o f pressure fluctuations were seen to appear in the data 

when the instantaneous incidence under consideration was increased to, and 

beyond, the point where vortex breakdown was Imown to be present over the 

surface o f  the wing. Hence, it was thought that a cumulative summation o f the 

pressure signal energy should be able to detect any non-linear rise in the 

magnitude o f  pressure fluctuations.

The energy content o f the fluctuating pressure signal generated by each upper 

surface pressure transducer was calculated using a programme called ‘ENERGY’ 

written in FORTRAN 77. For this analysis, each o f the four cycles contained in 

the reduced data file was treated separately, hence the first task o f  ENERGY was 

to read In 200 rows o f  8000 samples o f  Cp pressure data. The energy or average 

power o f a signal is given by (adapted from Lynn (1982)):

average power =  p(y) . y  ̂dt (3.6)

Where: a = Incidence (Row 199) upper limit of 40°, b =  Incidence (Row 199) 

lower limit of 0°, and p(y) = an amplitude probability density function.

The procedure involved a calculation o f  the square o f the magnitude o f pressure 

fluctuations either side o f a mean value, and a summation o f those fluctuations 

across an incidence range o f 0° to 39° inclusive. The main loop o f  the programme 

was designed to segregate Cp pressure data using a nominal incidence window o f  

1°, and obtain a trend Une by applying a Unear best-fit through the segregated 

values in a similar manner to the CPRMS programme in the RMS analysis. This 

was not a requirement o f  the calculation, but provided a simple means of  

identification in terms o f incidence for the plotting programme. The incidence 

window was carefully set such that there was no overlap o f  samples, or missed 

samples, from one window to the next. Having calculated the trend Une, the
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signal was processed to remove the d.c. component and the result squared prior 

to integration. The integration process, for each iteration o f the main programme 

loop, involved the use o f a simple summation sub-loop resulting in an output 

value to fill an array o f  40 values per row to be written to file. The output value o f  

the first iteration o f  the main loop served as the input value for the second 

iteration, and so on, hence, the output array was, in effect, a series o f  40 snapshots 

taken during the summation process each identifiable with a value o f incidence.

The output array was written to file in a text format for use in a PV-Wave image 

creation programme called ‘EPLOT versions 1 to 3’. Each version o f  EPLOT 

used the PV-Wave PLOT command, as described in Section 3.3, to create the 

signal energy image. The x-axis values were created simply using an indexing loop 

to create an array o f 40 values from 0 to 39. The y-axis values in EPLOTl were 

input from ENERGY. Figure 3.2, plot a) shows one set o f  8000 data samples 

taken from transducer T47 located at x /c  = 0.6, y /s  — 0.6 measured during a 

pitch up cycle at a reduced pitch rate, k =  0.015. What is clear from the plot is the 

steady increase in suction as the first 2400 samples o f  pressure data were collected 

during the early stages o f  the ramp manoeuvre. This was followed by a sudden 

increase in pressure fluctuations during the middle o f  the cycle for a duration o f  

approximately 2800 samples (0.27 seconds o f sampling duration at 10.381cHz, or 

16.9 convective time units), and then a reduction in activity and suction as the 

wing approaches very high incidence and behaves more like a bluff body. Plot b) 

shows that, by inspection, this increase in signal energy as occurring somewhere in 

the incidence range 14° to 20°, and is indeed not so sudden as first impressions 

might suggest. Clearly, with these error limits, the measurement o f signal energy 

alone did not provide an accurate method o f tracking features such as vortex 

breakdown. Hence, a number techniques were applied to find a better method of 

pinpointing the breakpoint in the increase in signal energy, two o f which are 

described here. The first was to increase the number o f  iterations in the
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summation procedure to 80 and then 160. This produced no significant difference 

in signal energy output, but did serve as a useful validation exercise for

(P i tch  up cases ) k =  0 . 0 1 5  

b)

100

8 0

LÜ 40

20
- 2

2000 4 0 0 0 6 0 0 0 8 0 0 0 0 200 10 4 03 0
samples incidence (deg)

c) d)

incidence (deg) incidence (d eg)

100100

8 08 0

6 0 6 0
‘O

4 0

20 20

10 20 3 00 4 0 0 10 20 3 0 4 0

T r a n s d u c e r  =  4 7  x / c  =  0 . 6 ,  y / s  =  0 . 6

Figure 3.2 - Results from transducer T47, located at x /c  = 0.6, y /s  =  0.6 in a 
pitch up case, k = 0.015 showing a) tlae Cp pressure signal against sample 

count, b) tlie signal energy E, c) the first derivative o f  E  wrt incidence, ÔE/Ôot, 
and d) (§E/ôa)^, each plotted against incidence. Note; plot d) includes Energy 

Data Reference Incidences, EDRI’s (*).
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the iteration method. The second method was to take the first derivative o f the 

calculated signal energy values with respect to incidence. Plot c) shows that, by 

using the first derivative, the incidence corresponding to the breakpoint can be 

narrowed to the range 18° to 20°. The breakpoint could be sharpened further still 

by squaring the result to produce (ôE/ÔCt)  ̂ and this is shown in Plot d). Two 

incidence values were plotted: 1) the incidence at which (ÔE/Ôot)  ̂ first reached an 

arbitrary value o f 2.0, as incidence was increased from 0° to 40°, where the signal 

energy had started to increase in a non-linear manner, and 2) at a value o f 10.0, 

where the violent increase in signal energy could be said to be well under way. 

This provided a valid comparison between the range o f  potential breakpoint 

incidence values from one transducer to the next. Hence, the breakpoint in the 

increase in pressure signal energy could be said to lie within a narrow 'corridor' of  

Energy Data Reference Incidence (EDRI) limits that could then be plotted for a 

series o f transducer locations against chordwise distance from the wing apex, 

(x/c), and compared with vortex breakdown locations determined by visualisation 

methods. The results o f this analysis are presented in Chapter 4.

3.4 F r e q u e n c y  SPECTRA

A series o f FORTRAN 77 and PV-Wave CL code programmes were used in two 

separate exercises designed to calculate the frequency power spectra o f pressure 

fluctuations for a range o f transducer locations on the leeward side o f  the pressure 

test model. The first exercise was primarily concerned with the analysis o f vortex 

breakdown buffet frequency calculations. This exercise required only frequency 

content and magnitude output and so made use o f a Fast Fourier Transform 

(FFT) library routine within PV-Wave. The second exercise was concerned with 

the analysis o f the cross-spectral density function o f  two pressure signals and 

therefore additionally required phase measurements which the PV-Wave routine
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was unable to supply. This problem was solved by employing a series o f  

FORTRAN Library routines which were able to output both the magnitude and 

phase o f  frequency spectra. The second exercise will be discussed in Section 3.5, 

where in addition, the two methods will be compared.

The subject o f this section concerns the calculation o f vortex breakdown buffet 

frequencies using a PV-Wave programme called ‘SPECMP versions 1 to 3'. 

Before input into the programme, the reduced data files were manipulated using 

FORTRAN code 'SPECTRUM’ which was developed from the earlier CPRMS 

programme. It was designed to separate the RIB from the reduced data file and 

output selected sets o f  data, each defined by incidence criteria, (i.e. one incidence 

value in the static case, or an incidence window in the pitching cases) using the 

same methods employed in the pre-calculation stages o f CPRMS. The RIB data 

was output as an unformatted ASCII file and the C p  data output was written in a 

text format for input into the subsequent PV-Wave code.

Static cases The calculation o f frequency spectra in the static case was

carried out by SPECMPl. This used a PV-Wave library function ‘FFT’ which 

employed the Cooley-Tukey algorithm to calculate the single-sided Fourier 

transform o f a scaled-time function, defined as:

H (f) = f   ̂ h(t)e-i“' dt (3'7)

Where: /  relates to the frequency domain, and t relates to the time (space) domain

The input to the FFT calculation was processed to remove the d.c. content from 

the Cp pressure signal. The output o f the FFT function returned an array o f  

complex values, the real part described by the output data and the imaginary part 

set to zero. Hence, the inability o f the FFT function to contribute to the
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calculation o f  phase values. The one-sided output function calculated by the FFT 

command had frequency limits o f  0 < /  < (a two-sided output function would 

have limits o£ ~ ^ <  f  <  oy), and the output array had the same number and size o f  

dimensions as the input. The magnitude o f the output values, called the one-sided 

Power Spectral Density or PSD, was normalised by a factor o f 1 /n , where n was 

the number o f data values in the input array, to produce the one-sided PSD per 

unit time.

The plotting routine for the calculated frequency data was also included in 

SPECMPl. Images were constructed using the ‘PLOT’ command, (the 2D  

version o f  CONTOUR) which required the input o f  x and y variables. In this 

case, the y-variable was the calculated PSD data, and the x-variable was an 

floating-type array generated by a programme sub-loop. This sub-loop generated 

a set o f  array values by indexing from 0 to (n-1) and multiplying the index value 

by /s /n , where fs  equals the data sampling frequency (l.OkHz in the static case). 

The sampling frequency information was input into the programme from the RIB 

data extracted from the reduced data file by the SPECTRUM programme.

Switching cases The calculation and presentation o f the frequency spectra in

the pitching cases was carried out using the SPECMP2 programme. The FFT 

calculation and the presentation o f results were carried out in a similar manner to 

the static cases, however, the pitching motion o f the wing presented additional 

factors that had to be considered. For example, a data sample extracted from a 

pitching wing full data set over any given 1° incidence window having a linear 

pitch rate o f  120°/s, would have a sample period o f  1/120 second. A  frequency 

analysis would be unable to successfully resolve frequencies whose period was 

greater than half the sample period, i.e. 1/240 second, which would fail to meet 

the Nyquist criterion. Hence, for a 1 ° incidence window, frequencies o f less than
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240 Hz cannot be resolved. To solve this problem, a high-pass filter was 

employed in the SPECMP2 programme to remove the frequencies below the 

critical frequency, prior to the FFT calculation.

The PV-Wave ‘DIGITAL_FILTER’ and ‘CONVOL’ library functions were used 

in series to construct a Finite Impulse Response (FIR) digital filter. The 

DIGITAL_FILTER function returned the coefficients o f a convolution kernel 

which were then passed through the CONVOL function to apply the filter to the 

signal. The array size o f the kernel was equal to (2 x NTERM) - 1, where 

NTERM was the number o f terms in the filter formula and determined the order 

o f  the filter. NTERM was one o f five input parameters that could be 

independently controlled by the user. The remainder were: ‘FLOW’ - the value o f  

the low-pass frequency o f  the filter, ‘FHIGH’ - the value o f the high-pass 

frequency o f the filter, these were both expressed as a fraction o f  the upper 

Nyquist frequency, ‘GIBBS’ - the size o f the Gibbs Phenomenon variations, 

expressed in decibels (-dB), and ‘CENTRE’ - the ability to undo the phase shift 

imparted on the output signal by Hnear-phase delay, a feature o f  the FIR filtering 

process. Thus, ‘CENTRE =  1’ switches phase centering on and ‘CENTRE = 0’ 

leaves phase centering switched off. The Gibbs Phenomenon variations are 

oscillations which result from the abrupt truncation o f  the infinite Fourier series 

(Lynn (1982)). The PV-Wave user notes warned that setting GIBBS too high or 

low may produce unacceptable results. It recommended a value o f  50 -dB for 

most applications, and this, together with a FHIGH value o f  1.0 and phase 

centering, was used for aU calculations whose results are shown in Chapter 5. The 

parameters FLOW and NTERM were tested to assess their effect on a given 

signal prior to their application to ‘real’ data. To assess the effect on filter 

efficiency and to promote correct usage, a series o f tests were performed using a 

much simpler signal waveform. A  third filtering programme was written and 

called ‘SPECMP3’. This programme used a sine wave to test the effects o f  input
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parameter variations and also the effect o f filtered sample size with respect to the 

FFT calculation input sample size. This was important due to the transient start 

up characteristics o f the filter. The recurrence formula, which relates input and 

output sample values o f the digital filter, takes the general form (Lynn (1982)):

y(n) =  aiy(n - 1) + az . y(n - 2) + . . .  +box(n) + bi . x(n - 1) ^

+ hz . x(n - 2) +

The first non-zero output value occurs when the first non-zero data value is 

delivered to the filter’s input. Hence, the first non-zero output is bo times the first 

non-zero input. As more non-zero inputs are applied to the filter, then more 

terms in the recurrence formula take on finite values, until finally all terms are 

taken into account. This means that if a steady level input, or a sinusoidal input is 

applied to the filter, then a number o f sampling periods will elapse before the 

output reaches its ‘steady-state’ response, i.e. the filter exhibits a start up transient. 

This characteristic means to get a valid output from the final FFT calculation, it is 

necessary to filter more data samples than are actually passed through the FFT 

calculation stage. Section 3.1.1 revealed that, in the instantaneous pressure 

analysis, up to 1400 values made up a sample o f data in a 4° incidence window at 

a linear pitch rate o f  120°/s. Hence, in a similar analysis o f the frequency content 

o f  pressure fluctuations, the same number o f  values may pass through the final 

FFT calculation. Therefore, a series o f  sine waves, each with the formula: 

y = sin X + sin lOx, was tested. The resolution the data that made up each sine 

wave was one data value per degree o f sine wave, hence 360 data values made up 

one sine wave cycle and the effective sampling rate was 360Hz. Thus, the Nyquist 

sampling cut-off frequency in this case was 180Hz. The purpose o f  the tests was 

to filter out the IH z sine wave cycle frequency component (i.e. sin x) and leave 

the lOHz frequency component (sin lOx) unaffected. Hence, the low-pass
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frequency was set at 2Hz by setting FLOW to a value o f  2 /180  =  0.0111. Three 

tests o f sample size were carried out, such that 1400, 2800, and 5600 data values 

were filtered. For each test, 1400 filtered values were passed through the final 

FFT calculation. Similarly, the effect o f variations in the NTERM  parameter were 

tested using the following values: 1 ,10, 100, 200 and 400. The summary of these 

test results are shown in Figures 3.3 to 3.9. Figure 3.3 shows a signal o f 1400 data 

samples and its frequency spectrum in unfiltered/filtered format where aU 1400 

samples were passed into the FFT calculation. In this case, NTERM  =1 and 

shows that the filter in this format has no effect on the input waveform. Figure

3.4 shows the same signal, but for this test, NTERM = 10. Already, the effects o f  

the start up transient are evident in the filtered signal resulting in a undesirable 

reduced magnitude o f  the lOHz spike shown in the filtered frequency spectrum. 

If NTERM is increased to 100, as shown in Figure 3.5, the IH z spike is being 

filtered out but the lOHz spike is worse affected. If the filtered sample set is 

increased to 2800 values, and values 721 to 2120 inc. are passed through the FFT 

calculation, then the effects o f the start up transient on the FFT output are 

negated. Figure 3.6 shows a restored lOHz spike and the partial suppression o f  

the IHz frequency content. By increasing NTERM to 200, as shown in Figure 

3.7, the IHz frequency content is further reduced with no transient interference 

and is suppressed completely when NTERM = 400 (Figure 3.8). A further 

increase in the filtered sample size to 5600, where values 2161 to 3560 were 

passed though the FFT calculation, revealed no increased benefit (Figure 3.9). 

Finally, Figure 3.10 shows the application o f these results to a ‘real’ pitch up case, 

(Ic = 0.015), where the linear pitch rate = 1 2 0 ° /s, sampling frequency =  10.381cHz, 

and incidence window = 2°. The lower cut-off frequency =  120Hz and the upper 

Nyquist frequency = 5.191dHz, hence FLOW = 120/5190 =  0.0231. Figure 3.10 

shows the successful suppression of the frequencies below 120Hz, without 

detrimentally affecting higher frequencies o f interest.
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Figure 3.3 - Results o f  filtering tests on a y = sin x + sin 1 Ox waveform. 
Showing signal and frequency spectrum in botli un filtered and filtered 
formats. 1400 filtered samples, 1400 samples input to FFT calculation, 

FHIGH = 1.0, FLOW = 0.0111, GIBBS =  50, NTERM = 1.
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Figure 3.4 - Results o f  filtering tests on a y  = sin x -H sin lOx waveform. 
Showing signal and frequency spectrum in both un filtered and filtered 
formats. 1400 filtered samples, 1400 samples input to FFT calculation, 

FHIGH = 1.0, FLOW = 0.0111, GIBBS = 50, NTERM = 10.

Note: bold type denotes change o f parameter from previous figure.
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Figure 3.5 - Results o f filtering tests on a y = sin x + sin 1 Ox waveform. 
Showing signal and frequency spectrum in both unfiltered and filtered 
formats. 1400 filtered samples, 1400 samples input to FFT calculation, 

FHIGH = 1.0, FLOW = 0.0111, GIBBS = 50, N T E R M  =  100.

Note: bold type denotes change o f parameter from previous figure.
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Figure 3.6 - Results o f filtering tests on a y = sin x + sin 1 Ox waveform. 
Showing signal and frequency spectrum in botli un filtered and filtered 

formats. 2800 filtered sam ples, 1400 samples input to FFT calculation, 
FHIGH = 1.0, FLOW = 0.0111, GIBBS = 50, NTERM = 100.

Note; bold type denotes change o f parameter from previous figure.
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Figure 3.7 - Results o f  filtering tests on a y = sin x +  sin lOx waveform. 
Showing signal and frequency spectrum in botli un filtered and filtered 
formats. 2800 filtered samples, 1400 samples input to FFT calculation, 

FHIGH = 1.0, FLOW = 0.0111, GIBBS = 50, N T E R M  =  200.

Note: bold type denotes change o f parameter from previous figure.
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Figure 3.8 - Results o f filtering tests on a y = sin x +  sin 1 Ox waveform. 
Showing signal and frequency spectrum in botli un filtered and filtered 
formats. 2800 filtered samples, 1400 samples input to FFT calculation, 

FHIGH = 1.0, FLOW = 0.0111, GIBBS = 50, N T E R M  = 400.

Note: bold type denotes change o f parameter from previous figure.
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Figure 3.9 - Results o f filtering tests on a y " sin x +  sin lOx waveform. 
Showing signal and frequency spectrum in botli un filtered and filtered 

formats. 5600 filtered sam ples, 1400 samples input to FFT calculation, 
FHIGH = 1.0, FLOW = 0.0111, GIBBS = 50, NTERM = 400.

Note: bold type denotes change o f parameter from previous figure.
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Figure 3.10 - Results o f  filtering tests on a ‘real’ data waveform from a pitch 
up case, k =  0.015 (^ 18° instantaneous incidence, using a 2° incidence 
window. Showing signal and frequency spectrum in botli un filtered and 

filtered formats. 1500 filtered sam ples, 724 sam ples input to FFT 
calculation, FHIGH = 1.0, FLOW = 0.0231, GIBBS = 50, NTERM = 400.

Note: bold type denotes change of parameter from previous figure.
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3.5 C r o ss-spe c t r a l  DENSITY FUNCTION

The cross-spectfal density relationship o f  magnitude and phase between the 

output o f two pressure transducers can provide valuable insights into the 

behaviour o f the flowfield just above the surface o f the wing, (Gursul 1994). The 

measures o f  statistical properties so far described have been used primarily as a 

basis for a subjective comparison between two or more pressure signals. 

However, it is also possible to calculate a quantitative value o f the shared signal 

frequency content o f two signals and so establish their relationship in terms of  

shared frequency components. This frequency relationship between two 

transducer signals, measured at various positions on the surface o f  the wing can, 

under certain circumstances, provide information regarding the direction of  

movement o f disturbances in the vortex flowfield.

The relationship o f  two signals in terms o f the cross-spectral density function in 

the frequency domain may be expressed as (Lynn 1982):

Pxy(CO) J  rxy(T) . e-i“ t . dT (3-9)

W liere i'xy('t) — the cross correlation function in the tkne domain expressed as:

% (4 =  I  /l(t) . /2(t +  T) . dt (3.10)

W here / ]  and f z  are the two signals under consideration and T is an im posed  time shift.
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It is convenient to split the cross-spectrum function Pxy(CO) into its real and 

imaginary parts, hence:

Pxy(CO) — Cxy(CO) 4- jQ xy(C O ) (3 . 1 1 )

Where C x y ( C O )  is called tlie ‘co-spectrum’ and Q x y ( C O )  the ‘quadrature-spectrum’.

Therefore:

I P x y ( m )  I =  (C.,2(0)) +  Q ..q ,2 (0 ) ) ) l / 2  ( 3 . 1 2 )

and:

0 .,( tO )  =  t a n - '  j  (3 .1 3 )

Where ())xy(tt)) — the phase difference between components in the two signals at a given 

frequency CO.

Data to be analysed were first segregated by incidence and transducer value using 

PV-Wave programmes called ‘DATASET versions 1 and 2’. The output file from 

DATASET supplied one set o f data for a given transducer taken over a pre

determined incidence window, preceded by an index value stating the number o f  

subsequent data values contained therein. DATASET2 was modified to include a 

filtering routine for pitching case data similar to that found in the SPECMP2 

programme for frequency analysis. The data files created by DATASET where 

then input into a FORTRAN programme called ‘FOURIER’ which was designed 

to calculate the discrete Fourier transform o f the data set using the N A G  library 

routine ‘C06EAF’. This provided an opportunity to compare the FFT output o f  

the PV-Wave and N A G  library routines. The N A G  library routine differs from
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the PV-Wave routine in that the output was normalised by a factor o f l/(n)^/^ (as 

opposed to 1/n), where n was the number o f data values in the input array, to 

produce the one-sided PSD per unit time. Hence, to obtain comparable values, 

the N A G  output was multiplied by a factor o f  1 / (n) /̂ .̂ The output from 

FOURIER was in the form o f the co-spectrum and its corresponding quadrature- 

spectrum as shown by Formula 3.11, therefore another FORTRAN programme 

called ‘PHASE’ was written to calculate the PSD magnitude and phase angle 

using Formulas 3.12 and 3.13. Shown in Figure 3.11, for a single transducer 

located at x /c  = 0.6, y / s  =  0.6, at an incidence o f 18° in the k =  0.015 pitch up 

case, are: plot a) - the N A G  output magnitude, plot b) - the PV-Wave output 

magnitude, plot c) - the N A G  output phase and plot d) - the filtered sample under 

consideration. Comparison o f the two magnitude plots by inspection showed no 

significant differences in the output spectra produced by the two routines.

The data files created by DATASET were also input into FORTRAN 

programmes called ‘CROSS versions 1 and 2’, designed to calculate the cross- 

spectral density function o f two data sets o f equal length, for static and pitching 

cases respectively. This was achieved using NA G  library routine G13CCF which 

was capable o f calculating the smoothed cross-spectrum using one o f  four 

possible smoothing methods - Rectangular, Bartlett, Tukey or Parzen. Each 

method was tested to assess the effect on two data sets o f 2000 and 714 values 

from the static and k =  0.015 pitch up cases respectively, at an instantaneous 

incidence o f 18°. There appeared, by inspection, to be no significant differences 

in the output o f each calculation, although the rectangular window is generally 

regarded as being the least satisfactory and the Parzen window the most adaptable 

for the analysis o f random signals (Lynn 1982), hence, for all cross-spectral 

density results shown in Chapter 5, the Parzen smoothing window was the one 

used. The biggest problem in applying the cross-spectrum calculation routine to
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Figure 3.11 - Results from transducer T47, located at x /c  =  0.6, y /s  =  0.6 in 
a pitch up case, k = 0.015 showing a) the NAG  output frequency spectrum 

magnitude b) die PV-Wave output frequency spectrum magnitude c) the 
N A G  output frequency spectrum and d) the data set under consideration.
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the pressure data signal concerned the number o f data samples entered. The 

library routine would flag up an error message if  a prime factor o f  the number n 

(of data samples) was greater than 19, or indeed, if the prime factors exceeded 19 

in number. For speed o f calculation the ideal number o f  input values would be o f  

the form 2", although, for small numbers o f prime factors (less than 6) the 

improvement in calculation speed wasn’t significant. In the static case, where 

n =  2000 for all data sets passed through the calculation, this was never an issue, 

however, for the pitching cases using a variety o f incidence window sizes from 

300 to 1400 samples, this became a persistent problem. A  solution to the problem 

required the implementation o f a processing loop in CROSS2 which took account 

o f the index value o f data set size taken from the output o f  DATASET. The 

processing loop was designed to test the index value for compliance with the 

prime factor criterion. Upon completion o f the processing loop routine, extra 

values were added, if required, to the input data set as zeros at the end o f  the file 

which did not affect the final outcome o f  the calculation (Lynn 1982), Shown in 

Figure 3.12 is an example o f the cross-spectrum results discussed in Chapter 4. 

Shown, are the frequency spectra for two transducers T45 and T47 both located 

at chord station x /c  ~  0.6. Their spanwise locations were: T45 @  y /s  =  0.4875 

shown in plot a) and T47 @ y /s  =  0.6, shown In plot b). Both plots show the 

k = 0.015 pitch up case at an instantaneous incidence o f 18°. Plot c) shows the 

cross-spectrum PSD against frequency and plot d) shows the corresponding 

phase relationship.
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Figure 3.12 - Results from two transducers botli located at x /c  =  0.6, with 
spanwise locations o f y /s  = 0.4875 (T45) and y /s  =  0.6 (T47), in the pitch up 

case, k — 0.015 at an incidence o f 18°, showing a) the NAG frequency spectrum 
magnitude o f T45, b) tlie N A G  frequency spectrum magnitude o f  T47, c) the 

cross-spectrum magnitude and d) tlie cross-spectrum phase relationship.
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C h a p t e r  4

4. RESULTS-VORTEX BREAKDOWN DETECTION 

METHODS

The presentation o f vortex breakdown detection method results is divided into 

four separate study areas. These are; 1) Flow visualisation, 2) Mean and 

instantaneous pressure measurements, 3) RMS pressure measurements, and 

4) Pressure signal energy. It will also be shown later, that pressure signal frequency 

spectral analysis can also provide a method o f vortex breakdown detection, 

however, these results are presented in Chapter 5 entitled, ‘Results 2 - Analysis o f  

vortex breakdown buffet frequency spectra.’

4.1 V isu a l isa t io n

The advantage o f  conducting smoke flow visualisation tests at low Reynolds 

numbers is that important features o f  the flow structure can be clearly seen. 

Figure 4.1 shows a photographic image o f the vortex structure on the right-hand 

half o f  the leeward surface o f  the wing at a chord position o f  x /c  = 0.7, at an 

incidence o f  12° during a static test. Indicated on the image are the principle 

features o f  the vortex flow structure in the pre-vortex breakdown state. In this 

image, the position o f  the wing leading-edge is marked by the limit o f  the wing 

surface laser light sheet illumination at the right-hand side o f  the picture. The 

figure is a close up o f a photograph, which in its entirety, also showed the position 

o f the wing centreline. Hence, the local semi-span (s) could be determined and 

used as a reference length in positional measurement. The position o f  the primary
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vortex core is indicated by a region o f the flow, approximately 2.5% o f the wing 

semi-span in diameter, which is devoid o f smoke at the centre o f the primary 

vortex spiral (Payne et al 1986). It has a lateral position o f y /s  = 0.48 and a vertical 

height above the wing surface, z /s  = 0.125. Also seen is the secondary vortex 

structure centred at y /s  = 0.76, z /s  = 0.0625, and its separation point just above 

the wing surface at y /s  = 0.61.

se c o n d a r y  v o rtexn n m a r v  v o r te x

se c o n d a r y  se p a r a tio n  p o in t

Figure 4.1 - Vortex flow structure above the leeward surface o f the 
delta wing at x /c  = 0.7, at 12° incidence during a static test 

Re = 10000.

Given that clarity o f results can be obtained, is it possible to compare vortex 

breakdown location data between these tests and pressure measurement tests 

carried out at a Reynolds number o f 2.7x10^ ? The justification for carrying out 

these visualisation tests on scaled down models is based on the findings o f a 

number o f researchers. It was shown in Chapter 1, via the findings o f Lambourne 

& Bryer (1961), Erickson (1982), Atta & Rockwell (1987) and others, that for
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Static w in g s , th e  c h o rd w ise  p o s it io n  o f  v o r te x  b re a k d o w n  is la rg e ly  u n a f fe c te d  by

Reynolds number in the range 10000 < Re < 4.0x1 Oh More recently, Thompson

& Nelson (1992) have suggested that, rather than an effect o f  Reynolds number,

there may be a significant influence on the position o f vortex breakdown due to

the physical attributes o f the wind-tunnel and the model. By increasing model size

and peak firontal area blockage from 3.7% to 6.5% they noted a significant 
upstream shift in vortex breakdown location at a given model incidence by as

much as 0.15c. Significantly, they also reported that increasing model size to give

a peak frontal area blockage o f  14.8% did not induce a significant further shift in

vortex breakdown location. Lowson & Riley (1995) successfully reproduced

results from a number o f previous experiments, including Lambourne & Bryer,

concluding that the detail geometry o f the wings used was by far the most

important factor in determining the position o f vortex breakdown. Indeed, it was

suggested that the up-wash effect caused by the proximity o f  the wing to the

tunnel walls may influence breakdown. This effect had been previously

investigated by Weinberg (1992) who found that by increasing the wing span to

tunnel width ratio from 17.5% to 35% produced a downstream shift o f up to 0.3c

in the position o f vortex breakdown, under otherwise similar test conditions, at a

given model Incidence. Weinberg concluded that the closer proximity o f  the

tunnel walls in the test with the larger model, created an effectively cambered

wing which tended to move the vortex breakdown location backward when

compared with the smaller model. Finally, the excellent survey o f  experimental

work and empirical methods carried out by Jobe (1998) also supported all o f  the

above findings. Hence, geometrically similar models with the same span to tunnel

width ratio were used in the present study to provide a basis for correlation

between the pressure measurement and flow visualisation tests.

Previous work by Lowson (1991) has shown however that, unlike the position o f  

vortex breakdown, the position o f the main vortex core is significantly affected by
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Reynolds number. Lowson displayed results from a number o f tests involving 

delta wings. These were plotted as non-dimensional spanwise position against the 

ratio o f  incidence to semi-apex angle. It is clear from Lowson’s results that the 

lateral position o f  the vortex core, at a given ratio o f  incidence to semi-apex angle, 

was further outboard for those tests at high Reynolds numbers, compared with 

those at low Reynolds numbers. Similarly, the vertical position o f  the vortex core 

for tests at high Reynolds numbers is closer to the surface o f the wing than at 

lower Reynolds numbers although the effect is not so marked. It was suggested 

that the smaller turbulent secondary vortex structure which forms at high 

Reynolds numbers is not as effective in displacing the primary vortex as its larger 

laminar counterpart which exists at lower Reynolds numbers. In this respect, the 

results from the visualisation tests done as part o f  the present study show 

agreement with Lowson’s findings.

4.1.1 V isu a lisa tio n  ~ s ta t ic  te s ts

During static tests at a Reynolds number o f  10000 and at an incidence o f  12°, the 

lateral position o f  the vortex core was found to oscillate very gently across the 

range, y /s  =  0.48 to y /s  = 0.52. Shown in Figure 4.2 are three images o f  the 

vortex flow at x /c  = 0.7, at 12° incidence during a static test. The three images are 

captured at time intervals o f  0.2s and together make up approximately one cycle 

o f  oscillation. Shown in image a), captured at t =  0, a concentrated region o f  

vorticity is apparent to the right o f  the primary vortex. This feature, marked as ‘A ’, 

has a similar structure to one previously reported by Gad-el-Hak & Blaclcwelder 

(1985) which was then thought to be the result o f  a Kelvin-Helmlioltz instability. 

However, unlilte the previous structure which moved towards the primary vortex, 

image b) at t =  0.2s shows that vortex A has moved to the right and downward 

towards the wing surface and another vortex ‘B’ is beginning to form to the top- 

right o f  the primary vortex. In the meantime, vortex A is apparently extracting 

vorticity from the secondary vortex which, at this stage, is very weak or diffuse 

and is barely rotating. The reduction in size and strength o f  the secondary vortex
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allows the primary vortex to take up a more outboard position by as much as 

0.025s. In image c), at t = 0.4, vortex A is close to the wing surface and, due to its 

proximity, will be quickly drawn into the region o f slow moving fluid near the 

leading-edge (Doligalski 1994). This is followed by the reinstatement o f the 

primary vortex position due to an increase in size and strength o f the secondary 

vortex whose revitalised vorticity content is the product o f the adverse pressure 

gradient under the primary core in the direction o f the leading-edge.

F igu re 4 .2  - T h e  v o r tex  f lo w  structure a b o v e  the leew ard  su rfa ce  o f  the  

w in g  at x / c  =  0 .7 , at 12 ° in c id e n c e  durin g  a static test. C ap tured  o v e r  
three 0 .2 s  tim e step s. R e =  1 0 0 0 0
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The mean lateral position o f the primary vortex core at approximately y /s  = 0.5 

did not compare well with the findings o f the pressure data at a Reynolds number 

o f 2.7x10^ which placed the centre o f  the vortex at y /s  =  0.7. For both cases, 

there were sHght variations in lateral core position at different chordwise locations 

but these did not follow any particular pattern. It is thought that the unusual 

shape o f the windward surface o f the wing may have an effect on vortex core 

position but this has not been positively determined.

In the flow visualisation study, vortex breakdown was first observed on the wing 

at x /c  =  0.9 at an incidence o f 11°. It was seen to progress steadily up the wing 

until the observations were concluded at an incidence o f  19° when the 

breakdown position had reached x /c  = 0,35. Shown in Figures 4.3 and 4.4 are 

four images at a chord position x /c  = 0.8, at four incidences o f  8°, 10°, 12° and 

14° in the static case. In Figure 4.3, image a) at 8°, the vortex is a tightly formed 

steady structure. In this image the smoke has not become entrained underneath 

and outboard o f the main vortex structure and as such the secondary vortex is not 

visible. Smoke is however, entrained in the feeding sheet emanating from the 

leading-edge to the right o f the image and a discrete vortex that maintains its 

position in the separated shear layer is visible. Figure 4.3, image b) shows a 

photograph taken at 10° incidence. In this image, the secondary vortex structure 

is clearly visible and the discrete vortex structure in the separated shear layer 

previously described, is moving towards the wing surface and leading-edge. This 

win be shed and replaced by another discrete vortex at an increasingly greater 

frequency with increasing incidence. In Figure 4.4, image a) at 12°, the secondary 

vortex structure is barely rotating indicating that it is very weak or diffuse and the 

primary vortex core is just at the point o f expansion. At a given incidence where 

vortex breakdown was observed on the wing, the point o f expansion o f the 

vortex core was seen to gently oscillate along the vortex centreline. The amplitude
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o f the oscillation was approximately 0.05c. Therefore, at this chord location and 

incidence the primary vortex core is fluctuating between a tightly rotating 

structure and an expanded, incoherent mass o f fluid. The first appearance o f the 

expanded core, fluctuating or not, is the criterion used to decide whether vortex 

breakdown has reached this particular chord location. Finally, Figure 4.4, image b) 

at 14° shows the fully broken down structure.

primary vortex

wing centre-line leading edge

a)

secondary 
vortex

b)

F igu re 4 .3  - V o rtex  f lo w  structure a b o v e  the leew ard  su rface  o f  the  

delta  w in g  at x / c  =  0 .8 , at in c id e n c e s  o f  8° and 10 ° d u r in g  a static  
test. R e =  10 0 0 0 .
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a)

broken-down 
vortex

b)

F igu re 4 .4  - V o r te x  f lo w  structure a b o v e  the leew ard  su rface  o f  th e  

d elta  w in g  at x / c  =  0 .8 , at in c id e n c e s  o f  12° and 14° d u rin g  a sta tic  test.
R e =  100 0 0 .

N o te: b o ld  type d en o te s  ch an ge o f  param eter from  prev iou s figure.

The observed location o f vortex breakdown at a given incidence in the static case 

is shown in Figure 4.5. The plot shows that the progression o f  vortex breakdown 

with an increase in incidence from x /c  = 0.9 to x /c  = 0.35 is almost linear. There 

are two deviations from linearity. The first occurs very close to the trailing-edge, 

where vortex breakdown was observed to ‘jump’ onto the wing at x /c  = 0.9 as 

incidence was increased to 11°, rather than move onto the wing from the wake at
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the trailing-edge. The second deviation occurs around x /c  =  0.62, where vortex 

breakdown occurs slightly rearward o f  the expected breakdown location. This 

may be explained by experimental error or may be due to the shape o f the 

windward surface (Figure 2.1) which changes direction abruptly at x /c  = 0.58 and 

may influence the feeding shear layer immediately downstream.

Static case

c
5
o
3  0.6
o0)

A  0 .4
o

0.2 Visualisat ion data

0.0
12 1 4 16 18 228 10 20

i nc idence (deg)

Figure 4.5 - The chordwise location o f vortex breakdown as a 
function o f incidence in tlie static case. Measured during flow 

visualisation experiments. Re = 10000

4.1.2 Visualisation - pitch up tests
In the pitch up cases, the determination o f the point o f  vortex breakdown is more 

difficult than in the static case. Figure 4.6 shows photographic images o f the 

vortex structure on the right-hand half o f  the leeward surface o f  the wing at a 

chord position o f x /c  = 0.8 at three instantaneous incidences (12°, 14° and 16°) 

and a pitch rate o f  k = 0.015. Plot a) at 12° shows a coherent primary vortex 

structure with a weak or diffuse secondary vortex. By 14° in plot b), the periphery 

o f the main vortex has become very unsteady. A series o f discrete vortices can be
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f e l l
fo ld ing  in  ou te r  

laye rs  o f  
p r im a ry  v o r te x

a)

very  d is to r ted  
p r im a r y  bu t  co h e ren t  

core  still e v id e n t

b)

c)

F igu re 4 .6  - V o r te x  f lo w  structure a b o v e  th e  leew ard  su rfa ce  o f  th e  

d elta  w in g  at x / c  =  0 .8 , at in c id e n c e s  o f  1 2 ° , 14 ° and 1 6 °  and  
k =  0 .0 1 5  du rin g  a p itch  up  test. R e =  1 0 0 0 0 .
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seen moving around the vortex core in the same direction as the free shear layer, 

becoming entrained into the main core with increasing frequency as incidence is 

increased. In this case however, the centre o f the primary vortex core is still 

tightly formed and rotating, and as such has not yet broken down. By 16° in 

plot c), the primary vortex core has broken down. The manner o f  breakdown is 

different to that in the static case. In the pitch up case, there is no chordwise 

oscillation o f  the breakdown point, it merely moves steadily upstream with 

increased incidence. Similarly, there is no expansion and diffusion o f  the vortex 

core, indeed, the core was seen to apparently disintegrate in a relatively violent 

manner. This disintegration takes place over a small incidence range, beginning 

with a ‘budding’ o f  the core centre (not shown) and ending with the core being 

ripped apart from the inside out. The disintegration process occupies a greater 

incidence range as the pitch rate is increased.

The observed chordwise progression o f vortex breakdown for two pitch up cases 

(Ic = 0.007 and k = 0.015) is presented in Figure 4.7. By comparing these two 

plots with that o f  the static case, it is clear that that the appearance o f  vortex 

breakdown on the wing (at x /c  = 0.8 and 15.5°, for k =  0.007 and at x /c  = 0.9 

and 14°, for k =  0.015) and its subsequent progression upstream towards the wing 

apex were subject to an increasing delay or lag with increase in pitch rate. The 

sudden appearance o f  vortex breakdown at x /c  =  0.8 in the k =  0.007 case is an 

anomaly that is as yet unexplained. It is particularly puzzling when seen alongside 

the k — 0.015 case where vortex breakdown was observed on the wing at 

x /c  =  0.9 as per the static case. The speed o f vortex breakdown progression for 

the two pitch up cases as a function o f non-dimensional pitch rate magnitude is 

shown in Figure 4.8. These data are taken from a larger data set which includes 

progression rates for higher pitch rate cases shown by Green (1998). Taken as a 

whole, there is an indication that the acceleration o f vortex breakdown upstream
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p ro g re s s io n  w h ic h  w o u ld  b e  e x p e c te d  w ith  a n  in c re a se  in  n o n -d im e n s io n a l  p itc h  

ra te  is m u c h  re d u c e d .

Pitch up coses Vlsuol i sot ion d a t a
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a— □ k =  0 , 0 1 50.0
1 0 1612 14 18 20 22 2 4
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Figure 4.7 - The chordwise location o f vortex breakdown as a function o f  
incidence in the static and two pitch up cases (k = 0.007 & 0.015). Measured 

during flow visualisation experiments. Re = 10000

Pitch up cases Visua l isa t ion  d a t a

0 . 0 4 0 . 0 6 0 . 0 8

Figure 4.8 - The speed o f upstream progression o f  vortex breakdown as a function 
o f pitch rate in four pitch up cases (k ~  0.007, 0.015, 0.035 & 0.07). Measured 
during flow visualisation experiments. Re = 10000. Taken from Green (1998).
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4.1.3 Visualisation - pitch down tests
In the pitch down cases, the determination o f the point o f  vortex breakdown is 

again more difficult than in the static case. Figure 4.9 shows photographic images 

o f  the vortex structure at x /c  = 0.8 on the right-hand half o f the leeward surface 

o f the wing at three incidences (10.0°, 8.4° and 7.6° respectively) for the reduced 

pitch rate k =  -0.017. Plot a) at 10° shows that the primary vortex core is in a pre- 

reformation state. The outer core is rotating slowly, but the inner core has no 

coherent structure. By 8.4° in plot b), the periphery o f  the main vortex core is 

now rotating with greater energy and the inner core is beginning to reform. Note  

the lack o f  discrete vortices either surrounding the main vortex core (a feature o f  

the pitch up cases), or in the separated shear layer (a feature o f  the static case). It 

is at this stage that the vortex is said to be on the ‘point’ o f  reformation, although 

it should be noted that this reformation process takes place over a finite range of 

incidence that increases with increasing pitch rate magnitude. By 7° in plot c), a 

coherent primary vortex structure has reformed with a weak or diffuse secondary 

vortex. The manner o f  reformation in the pitch down cases would appear to be 

different from the breakdown phenomenon in either the pitch up or static case. 

In the pitch down case, the main vortex core reforms from the outside towards 

the centre and does so over a relatively long incidence range when compared to 

breakdown during a pitch up case with a comparable pitch rate magnitude.

The observed chordwise progression o f vortex reformation for two pitch down 

cases (Ir = -0.007 and k = -0.017) is presented in Figure 4.10. Comparison with 

the progression o f breakdown in the static case shows that during pitch down, the 

reformation o f  the main vortex at the apex o f the wing and its subsequent 

progression downstream towards the wing trailing edge occurs later in the pitch 

down motion with an increase in pitch rate magnitude.
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b r o k e n  d o w n  
v o r te x

f u l ly  r e s to r e d  
v o r te x

a)

b)

c)

Figure 4.9 - Vortex flow structure above the leeward surface o f  the 
delta wing at x /c  = 0.8, at incidences o f 10.0°, 8.4° and 7.6° and 

k = -0.017 during a pitch down test. Re = 10000.
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Pitch down cases Visual isat ion data
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Figtue 4.10 - The chordwise location of vortex breakdown as a 
function o f incidence in the static and two pitch down cases 
(k — -0.007 & -0.017). Measured during flow visualisation 

experiments. Re = 10000

The speed o f vortex core reformation downstream progression for the two pitch 

down cases as a function o f  non-dimensional pitch rate magnitude is shown in 

Figure 4.11, plot b). This is also taken from a larger data set o f  pitch down cases 

(Green ibid.). The larger data set indicates a progressively reduced acceleration in 

vortex reformation with increase in non-dimensional pitch rate magnitude, 

however this is not as pronounced as that found in the pitch up cases. The pitch 

down case with a non-dimensional pitch rate magnitude o f  | k| =  0.007 reveals a 

vortex reformation speed o f u(b/d)/U =  0.06. The corresponding pitch up case 

reproduced in plot a) has a 25% higher vortex breakdown progression speed 

measured as u(b/d)/U =  0.075. In the two higher pitch rate cases, the pitch rate 

magnitudes are different, which makes comparison difficult. However, if the ratio 

o f  progression speeds o f  pitch up and pitch down cases were maintained at 1.25:1
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Visualisation data
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Figure 4.11 - The speed o f upstream progression o f vortex breakdown as a function 
o f pitch rate in four pitch up cases (k ~  0.007, 0.015, 0.035 & 0.07) and four pitch 

down cases (k = -0.007, -0.017, -0.035 & -0.07). Measured during flow visualisation 
experiments. Re = 10000. Taken from Green (1998).

at the higher pitch rates where, in the k =  0.015 case, U(b/d)/U =  0.125 and using a 

crude linear scaling over the range 0.015 < {k| < 0.017, it would be reasonable to 

expect the pitch down case o f k = -0.017 to indicate a vortex reformation speed 

of:

u(b/d)/U = (0.125/1.25) X (0.017/0.015) =  0.113 (4.1)
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However, the k = -0.017 case actually reveals a vortex reformation speed of  

u(b/d)/U = 0.135, a 19% increase on the expected figure. Even allowing for the 

linear scaling method used in the estimation, this indicates that the pitch down 

cases are subject to a reduced delay in the acceleration o f vortex reformation with 

an increase in pitch rate magnitude. This is in agreement with the findings o f Miau 

et al (1992), who identified two delays in the progression o f vortex 

breakdown/reformation in pitching cases. The first delay, equally applicable to 

pitch up and pitch down cases, was caused by the underdevelopment o f the 

primary vortex when compared with the static case. The second delay, a feature 

o f pitch up cases only, was caused by the suppression o f  the primary vortex by 

the secondary separation immediately after the initiation o f  the pitching motion.

4.1.4 Visualisation - changes in apex geometry

The vortex flow features over the leeward surface o f  the round-nosed wing were 

essentially similar to those o f  its sharp-nosed counterpart during static tests. 

Indeed they were so similar that it is felt that the inclusion o f  photographic images 

in this section comparing the features o f sharp and round-nosed cases would not 

prove worthwhile. However, the principal difference between the two wing 

planforms was in the chordwise location o f  vortex breakdown at a given 

incidence. Figure 4.12 shows the location o f vortex breakdown as a function o f  

incidence for the sharp and round-nosed wings during static tests. This diagram 

shows that vortex breakdown appears on the surface o f  the round-nosed wing at 

an incidence o f 10°, compared to 11° for the sharp-nosed case. Similarly, for a 

given incidence, vortex breakdown occurs further upstream on the round-nosed 

wing. The difference in breakdown position is 0.08c towards the traiHng-edge at 

11° incidence increasing to 0.14c above the wing mid-section at 15°. Given that 

the experimental conditions were similar, it must be concluded that these 

variations are due to the shape o f  the wing apex.
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Stat ic coses Visual isat ion data
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Figure 4.12 - The chordwise location o f vortex breakdown as a 
function o f incidence in the sharp and round-nosed wing static 

cases. Measured during flow visualisation experiments. Re =  10000

4.2 P r e s s u r e  m e a s u r e m e n t s

4.2.1 Static tests

For a given transducer in the static test case, the pressure data at each angle o f  

incidence were non-dimensionalised and averaged to produce values o f mean Cp. 

The uncertainty in the pressure coefficient values obtained in this way was± 0.5%. 

The mean C? distribution was found to be dominated by a localised suction ridge 

on the leeward surface o f the wing originating at the apex and extending towards 

the trailing-edge. Figure 4.13, shows a series o f contour plots indicating the mean 

Cp distribution on the leeward surface o f  the wing at incidences o f  0°, 1°, 2°, 4°, 

6° and 8°, The contour plots chart the formation and growth o f  the suction ridge 

from its origins as a region o f low suction at the leading- edge o f  the wing just 

downstream o f  the apex to a fully formed vortex originating at the wing apex and
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Stat ic  c o s e
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Figure 4.13 - Contour plots o f mean Cp pressure distributions at 
0°, 1°, 2°, 4°, 6° and 8° incidences during static pressure 

measurement tests. Re = 2.7x10'’

Key: Suction pressure ridge labelled as (1)
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extending along a my at a span station o f  y /s  = 0.7. In plot a) at an incidence o f  

0°, a suction region can be seen on the leading-edge o f  the wing at x /c  = 0.2, 

indicated by the area marked as (1), In plot b) at an incidence o f  1°, this region 

began to form a ridge extending towards the traiHng-edge along a ray at y /s  = 0.8. 

By 2° incidence in plot c), the ridge had increased in size and magnitude. At 4° 

incidence (plot d), and again at 6° (plot e), the origin o f  the suction ridge had 

moved progressively towards the wing apex, such that by 8° incidence shown in 

plot the origin had reached the apex and the ridge had begun to move inboard 

towards a "stable’ spanwise location. This stable spanwise location is defined as 

the estabHshed position o f the primary vortex core which was largely fixed over a 

range o f incidence after vortex formation, during vortex breakdown and before 

vortex collapse in an inboard direction towards the wing centreHne. Figure 4.13 is 

indicative o f  a general trend. That is, for aU angles o f incidence the magnitude and 

locaHsation o f  the suction ridge were at a maximum at the apex o f  the wing, with 

a decrease in magnitude towards the traiHng edge. Similarly, the ridge increased in 

magnitude and tended to move inboard as the wing incidence was increased. This 

behaviour is consistent with the observations o f Parker (1977) that the ridge is 

indicative o f  both the position and, to some extent, the condition o f  the leading- 

edge vortex. For the final incidence case shown in Figure 4.13, the vortex is fully 

developed and the path o f the centreHne o f  the vortex core can be clearly seen as 

indicated by the region marked as (1).

Figure 4.14 is a continuation o f the previous diagram showing contour plots o f  

the mean Cp pressure distributions at incidences o f 10°, 14°, 18°, 24°, 30° and 

36°. In plot a) at 10° incidence, the suction ridge, labeUed as (1), began to broaden 

across the wing rather than extend any further towards the traiHng-edge, At 14°, 

shown in plot b), it had widened further and had found its stable spanwise 

position o f y /s  = 0.7. By 18° incidence shown in plot c), the peak magnitude o f
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Stat ic  c o s e
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Figure 4.14 - Contour plots o f mean Cp pressure distributions at 
10°, 14°, 18°, 24°, 30° and 36° incidences during static pressure 

measurement tests. Re = 2.7x10'’.

Key; Suction pressure ridge labelled as (1)

Note: bold type denotes change of parameter from previous figure.
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the suction ndge located between x /c  =  0.2 and x /c  == 0.125 had reached its 

maximum value. However, spanwise peak suction values at chord stations to the 

rear o f x /c  =  0.2 were beginning to decline. At an incidence o f  24°, illustrated in 

plot d), the peak suction magnitude had fallen, although the general form o f  the 

suction ridge was still apparent. However, at this incidence, the suction ridge (1) 

had begun to move inboard towards the wing centreline. By 30° shown in plot e), 

the suction ridge had moved further inboard and the peak suction magnitude had 

fallen to approximately half o f  its value at 18° incidence. At 36° in plot £), the 

pressure distribution over the wing surface is almost uniform and the wing 

resembles a bluff body.

The rise and fall o f  mean Cp pressure at a given chordwise location can also be 

illustrated using Une plots. Figure 4.15 shows the mean spanwise Cp pressure 

distributions at x /c  =  0.3875 for three sets o f four incidences. Plot a) shows the 

increase in the peak suction at this chord station as incidence is increased from 0° 

to 4°, and plot b) clearly shows the inboard movement o f the suction ridge over 

an incidence range from 6° to 14°. Plot c) on the other hand, illustrates the 

decline and levelling o ff o f  peak suction at x /c  = 0,3875 and downstream, from a 

high at 16° incidence.

Figure 4.16 shows three sets o f  maximum spanwise suction values measured over 

the chord range, x /c  = 0.2 to x /c  = 0.95, each set measured over four incidences. 

Like the previous diagram, plot a) charts the increase in the chordwise pressure 

gradient over the incidence range 0° to 4° and plot b) illustrates a sharp rise in the 

chordwise pressure gradient as the suction ridge found its stable lateral position at 

14°. Plot c) shows the peak suction magnitude at 18° incidence and thereafter a 

decline until the uniform pressure state is reached at an incidence o f  36°.
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Mean spanwise pressure 
Static case S / N o s e d  Wing

a)
incidonce =  0  dog 
incidence =  I deg 
incidence =  2 deg 
incidence -  4 deg2

0
0 .60 ,4 0.80.2 1.0

Y / S

3
0 ------□ incidence = 6 deg
6 ------Û incidence = 8  deg
O------ O incidence -  10 deg

— *  incidence = 1 4 deg2

0
0.60.2 0 . 4 0.8 1.0

b)

Y / 5

3

2

B------B incidence -  16 deg  —
a ------ A  incidence = 18 deg
O------ O incidence = 22 deg
X 4* incidence -  24  deg

0
0 . 40.2 0.6 0.8 1.0

c)

Y / 5

X / C  =  0 . 3 8 7 5

Figure 4.15 - Line plots o f mean spanwise Cp pressure 
distributions at x /c  = 0.3875 for 0°, 1°, 2°, 4°, 6°, 8°, 10°, 14°, 
16°, 18°, 22° and 24° incidences. Data collected during static 

pressure measurement tests. Re = 2.7x10'’
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Figure 4.16 - Line plots o f maximum spanwise mean Cp pressure 
values at chord stations from x /c  = 0.2 to x /c  — 0.95 for incidences o f  

0°, 1°, 2°, 4°, 6°, 8 \  10°, 14°, 18°, 24°, 30° and 36° data coUected 
during static pressure measurement tests. Re = 2.7x10^
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4.2.2 Pressure measurements - pitch up tests
For the pitching cases, the pressure data collected at each transducer location 

were non-dimensionaHsed to produce values o f  instantaneous Cp. Once again, 

these data were characterised by the growth o f a localised suction ridge on the 

leeward surface o f the wing. Like the static case, the suction ridge on the wing in 

each pitch up case originated in a region on the leading-edge just downstream of  

the apex at an incidence 1°. Figures 4.17, 4.18 and 4.19 show contour plots o f  

instantaneous Cp pressure distributions on the leeward surface o f  the wing for 

static and two pitch up cases (Ir — 0.007 and k = 0.015).

Figure 4.17 shows, that at an incidence o f 2° for the pitch up cases (plots b and c), 

a suction ridge (1) was forming and extending towards the traiHng-edge in a 

similar manner to the static case reproduced in plot a). It is apparent however, 

that with increase in pitch rate magnitude (as illustrated in the k =  0.015 case), this 

downstream extension is subject to a delay. At an incidence o f  4°, shown in plots 

d) to f), the origin o f the suction ridge in aU cases began to move upstream 

towards the wing apex. Figure 4.18 reveals however, that at 8° incidence, in both 

pitch up cases (plots b and c), the origin o f the suction ridge (1) had yet to reach 

the wing apex contrary to the static case (plot a). At 14° incidence, indicated in 

Figure 4.18, plots d) to f), the origin had reached the wing apex in aU cases, and 

the suction ridge has reached its stable spanwise location at y /s  =  0.7.

Figure 4.19 shows that at 24° incidence, the downstream extremity o f  the suction 

ridge (1) in the pitch up cases (plots b and c), is more pronounced than the static 

case shown in plot a) and at 30°, shown in Figure 4.19, plots e) and £), there is a 

progressive delay in the inboard movement o f the suction ridge towards the wing 

centreline when compared with the static case shown in Figure 4.19, plot d). Also, 

the peak suction near the wing apex increased with increasing pitch rate.
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Figure 4.17 - Contour plots o f mean & instantaneous Cp pressure 
distributions at 2° and 4° incidences for static, k = 0.007 and k = 0.015 
cases. Data collected during pressure measurement tests. Re = 2.7x10'’.

Key: Suction pressure ridge labelled as (1)
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Pitch up cases
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Figure 4.18 - Contour plots o f mean & instantaneous Cp pressure 
distributions at 8° and 14° incidences for static, k = 0.007 and k = 0.015 
cases. Data collected during pressure measurement tests. Re = 2.7x10**.

Key: Suction pressure ridge labelled as (1)

Note: bold type denotes change of parameter from previous figure.
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Figure 4.19 - Contour plots o f mean & instantaneous Cp pressure 
distributions at 24° and 30° incidences for static, k = 0.007 and k = 0.015 

cases. Data collected during pressure measurement tests. Re = 2.7x1 O'*.

Key: Suction pressure ridge labelled as (1)

Note: bold type denotes change of parameter from previous figure.
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Figure 4.20 shows the distribution o f -Cp across the span o f the wing for the same 

three pitch rates at chord station x /c  = 0.3875 at incidences o f  2°, 4° and 8°. At 

an incidence o f  2° in plot a), all three spanwise suction peaks were located at 

y /s  = 0.8 with the two pitching cases slightly lagging the static case in terms of 

peak magnitude. At 4° shown in plot b), there is very little difference in the 

magnitude o f  each suction peak, but it is at this incidence that the suction peak 

origin in all cases began its upstream movement towards the wing apex and the 

ridge itself began its inboard movement towards its stable spanwise position and 

subsequently demonstrated a progressive lag in both phenomena with an increase 

in pitch rate magnitude, At 8° indicated by plot c), the lead in terms o f inboard 

movement and peak magnitude o f the static over the pitching cases is quite clear.

Figure 4.21 presents the spanwise pressure distributions for the same three cases 

at incidences o f 14°, 24° and 30°. At 14° incidence shown in plot a), all three 

suction ridges have reached their stable spanwise position at x /c  =  0,7 and the 

suction peak magnitudes are very similar. By 24° indicated in plot b), the static 

case spanwise peak suction is declining and the k =  0.007 case has reached its 

maximum value. The k = 0.015 case wiU reach its maximum at 26°. At 30° 

incidence shown in plot c), static case suction has declined considerably and Is 

clearly moving towards the wing centreline, whereas the pitching cases exhibit a 

higher level o f  suction and a position which lies further outboard,

4.2.3 Pressure measurements -pitch down tests

For the pitch down cases, the instantaneous Cp distributions revealed similar 

features and characteristics to the static and pitch up cases. The suction ridge first 

became apparent at an incidence o f  21° along a ray at a span station o f y /s  = 0.5. 

Figures 4.22, 4.23 and 4.24 present a series o f  contour plots o f  the static case 

mean pressure and instantaneous pressure distributions for two pitch down cases
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Figure 4.20 - Line plots o f spanwise mean and instantaneous Cp pressure 
distributions at x /c  =  0.3875 for static, k =  0.007 and k = 0.015 cases at 2°, 4°and 

8° incidences. Data collected during pressure measurement tests. Re = 2.7x10^
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Instantaneous spanwise pressure 
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Figure 4.21 - Line plots o f spanwise mean and instantaneous Cp pressure 
distributions at x /c  =  0.3875 for static, k = 0.007 and k = 0.015 cases at 14°, 24°and 

30° incidences. Data collected dutiirg pressure measurement tests. Re ~  2.7x10^’

Note; bold type denotes change of parameter from previous figure.
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(k — “0.007 & k = -0.017) on the leeward surface o f the wing at incidences o f 18°, 

14°, 10°, 8°, 4° and 0°. At 18° incidence shown in Figure 4.22, plots a) to c), 

indeed at all incidences where the suction ridge was present on the wing, there 

appeared to be a progressive lag in its growth, and in the progression o f the ridge 

towards the traüing-edge with an increase in pitch rate magnitude. By 14°, the 

suction ridge (1) in the k = -0.007 case, indicated in Figure 4.22, plot e) had 

extended further downstream and has reached its stable spanwise location. The 

suction ridge in the k = -0.017 case, shown in plot f), lags its lower pitch rate 

counterpart in terms o f  downstream progression and spanwise movement, not 

reaching its stable spanwise location until an incidence o f 12°,

By 10° indicated in Figure 4.23, plots a) to c), the suction ridge (1) was more 

defined in each case although the progression towards the traüing-edge was still 

less advanced with an increase in the pitch rate magnitude. At 8° incidence, 

shown in Figure 4.23, plots d) to f), the suction ridge in the pitch down cases still 

advanced towards the tralMng-edge, however in aU cases, the ridge began to 

narrow. At an incidence o f 4°, presented in Figure 4.24, the static case suction 

ridge origin, shown in plot a), has yet to advance upstream towards the wing apex 

from a position on the leading-edge at x /c  =  0.2. However, in both pitch down 

cases, shown in plots b) and c), the origin has only receded as far as x /c  = 0.125. 

Similarly, the static case suction ridge, having taken up a spanwise location of  

y /s  =  0.8, leads the two pitch down cases, where spanwise location o f the suction 

ridge was positioned at y /s  — 0.75. At 0°, the origin o f  the suction ridge in both 

pitch down cases has finally receded to x /c  =  0.2 and the downstream extent o f  

the ridge, particularly the k — -0.007 case, is greater than the for the static wing.

Figures 4.25 and 4.26 show a series o f line plots o f  the spanwise mean and 

instantaneous Cp distributions at a chord station o f  x /c  ~  0.3875, for the static
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Figure 4.22 - Contour plots o f mean & instantaneous Cp pressure 
distributions at 18° and 14° incidences for static, k = -0.007 and k = -0.017 

cases. Data collected during pressure measurement tests. Re = 2.7x1 OC

Key: Suction pressure ridge labelled as (1)
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Figure 4.23 - Contour plots o f mean & instantaneous Cp pressure 
distributions at 10° and 8° incidences for static, k = -0.007 and k = -0.017 

cases. Data collected during pressure measurement tests. Re = 2.7x10'’.

Key: Suction pressure ridge labelled as (1)

Note: bold type denotes change o f parameter from previous figure.
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Figure 4.24 - Contour plots o f mean & instantaneous Cp pressure 
distributions at 4° and 0° incidences for static, k = -0.007 and k = -0.017 
cases. Data collected during pressure measurement tests. Re = 2.7x10'’.

Key; Suction pressure ridge labelled as (1)

Note: bold type denotes change o f parameter from previous figure.
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and two pitch down cases. Figure 4.25, plot a) shows the spanwise distributions at 

18° incidence where the progressive lag in peak suction with increase in pitch rate 

magnitude, can be clearly seen. At 14° incidence, shown in Figure 4.25, plot b), 

the lag in peak pressure magnitude was still apparent and it is clear that, in the 

k = -0.017 case, the suction peak had yet to reach its stable spanwise location. By 

10° incidence shown in Figure 4.25, plot c), the peak spanwise suction on the 

static wing now lagged the k = -0.007 peak magnitude and is fast being 

approached by the peak suction magnitude in the k = -0.017 case, which, at this 

chord station and incidence is reaching its maximum value. At this incidence, the 

three suction ridges were located at a span position o f  y /s  =  0.7. At an incidence 

o f  8°, shown in Figure 4.26, plot a), the static case now displays the lowest peak 

suction magnitude o f  the three cases and is taldng up a span station o f y /s  = 0.75. 

By 4° incidence, shown in Figure 4.26, plot b), it is clear that in the two pitch 

down cases, the suction peaks have just started their outboard movement towards 

the leading-edge in a similar fashion to the initial formation o f  the static case but 

tended to lag the static case at this incidence. Finally, by 0° incidence shown in 

Figure 4.26, plot c), the suction ridge in the k = -0.007 case was still discernible at 

a span station o f  y /s  = 0.8 and the higher rate pitch down case o f  k = -0.017 

shows, surprisingly, a lower peak magnitude centred around y /s  =  0.75.

4.2.4 Pressure measurements ~ changes in apex geometry
For the round-nosed wing during static tests, the formation and development o f  

the leeward surface suction ridge was essentially similar to that o f  its sharp-nosed 

counterpart, however, subtle key differences were observed throughout the 

incidence range. Figures 4.27 and 4.28 show contour plots o f  the mean pressure 

distributions in the sharp and round-nosed static cases at incidences o f 2°, 6°, 10°, 

16°, 24° and 30°. Figure 4.27, plots a) and d) show, for the sharp and round
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Figure 4.25 - Line plots o f  spanwise mean and instantaneous Cp pressure distributions 
at x /c  = 0.3875 for static, k = -0.007 and k = -0.017 cases at 18°, 14°and 10° 
incidences. Data collected during pressure measurement tests. Re — 2.7x10'’
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Figure 4.26 - Line plots o f  spanwise mean and instantaneous Cp pressure distributions 
at x /c  =  0.3875 for static, k =  -0.007 and k = -0.017 cases at 8°, 4°and 0° incidences. 

Data collected during pressure measurement tests. Re = 2.7x10^

Note; bold type denotes change o f parameter from previous figure.
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nosed wings respectively, that at 2° incidence, both suction ridges originated at 

the leading-edge at a chord station o f x /c  = 0.2 and extended towards the trailing- 

edge along a ray at y /s  = 0.8. It was apparent that the downstream extent o f the 

suction in the round-nosed case lagged that o f the sharp-nosed case at this 

incidence. At an incidence o f 6°, the general form o f the suction ridge was similar 

for the two wings. However, in the sharp-nosed case, shown in plot b) the origin 

o f the suction ridge was moving towards the wing apex, whereas the round-nosed 

case ridge (plot e) apparently remained stationary at x /c  = 0.2. At 10° incidence, 

shown in plots c) and the origin o f the suction ridge had reached the wing apex 

in the sharp-nosed case (plot c) whereas the tidge origin in the round-nosed case 

(plot f), had moved upstream only as far as x /c  = 0.13. However, the round

nosed case indicates a higher suction pressure at a chord position o f  x /c  = 0.2 

than is evident in the sharp-nosed case. By 16° incidence for the round-nosed 

case, as indicated In Figure 4.28, plot d) the origin o f  the suction ridge has yet to 

reach the apex o f the wing, although the form o f  the suction ridge is similar to the 

sharp-nosed case shown in plot a). By 24° and again at 30° incidence, as shown in 

plots b) & e) and c) & f) respectively, the differences between the two mean Cp 

distributions are minimal.

It is clear from the previously described contour plots o f the mean Cp 

distributions that the most significant differences between the sharp and round 

nosed cases occur during the initial formation and development o f  the suction 

ridge at incidences o f 10° or less. Figure 4.29 shows the spanwise mean Cp 

distributions for the sharp and round-nosed cases at a chord position o f  

x /c  = 0.3875, at incidences o f 2°, 6° and 10°. At 2° incidence shown in plot a), 

where the origin o f the two suction ridges were similarly located at x /c  ~  0.2, the 

magnitude and spanwise position o f  the two ridges was also similar. At 6°
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Figure 4.28 - Contour plots o f mean Cp pressure distributions on sharp 
and round-nosed wings at 16°, 24° and 30° incidences for static cases. Data 

collected during pressure measurement tests. Re = 2.7x10*.

Key: Suction pressure ridge labelled as (1)

Note: bold type denotes change o f parameter from previous figure.
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incidence, shown in plot b), where the origin o f the suction ridge in the sharp

nosed case was moving towards the wing apex and where it was still stationary in 

the round-nosed case, there was little difference in the magnitude o f the peak 

suction pressure, however, the sharp-nosed case ridge was beginning to show an 

inboard movement towards its stable position and the round-nosed case was 

starting to lag behind. By 10° incidence shown in plot c), the difference in 

spanwise position was still evident and the magnitude o f  the peak suction pressure 

at this chord position was significantly higher in the sharp-nosed case than for its 

round-nosed counterpart at the same incidence. This corresponds to the arrival o f  

the suction ridge origin at the wing apex in the sharp-nosed case and the delay in 

upstream movement o f the origin on the round-nosed wing. At subsequent 

incidences (not shown) the magnitude and position o f  the suction ridge in the 

round-nosed case caught up with the sharp-nosed wing, until at 19°, where the 

round-nosed suction ridge origin finally reached the wing apex, the differences in 

the two pressure distributions became negligible. Figure 4.30 shows the maximum 

spanwise suction pressure at each chord station from x / c  =  0.2 to x /c  = 0.95 for 

the sharp and round-nosed cases at incidences o f 2°, 6° and 10°. This diagram 

charts the increase in chordwise pressure gradient between the sharp and round

nosed wings as incidence was increased, where the origin o f  the suction ridge in 

the round nosed case remained at x /c  = 0.2, whilst its counterpart advanced 

upstream towards its sharp-nosed wing apex. This difference in chordwise 

pressure gradients and their effect on the arrival and upstream progression o f  

vortex breakdown is discussed in Chapter 6.

In summary, the analysis o f the mean and instantaneous pressure distributions 

provide useful information regarding the formation and development o f  vortices 

above the leeward surface o f delta wings with changes in incidence and pitch rate 

magnitude. At very low incidences, these vortices above the wing produce suction
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ridges on the surface o f  the wing which have their origins at some point on the 

leading-edge and extend towards the trailing-edge. In aU static and pitch up cases, 

at some incidence, the origin o f  each suction ridge moves to the apex o f  the wing 

and the vortex takes up a spanwise location inboard o f  its original starting point. 

An increase in pitch rate magnitude reveals a progressively increased lag in such 

movement and a subsequent delay in the increase in peak suction magnitude. 

Peak suction increases until, at some incidence, it declines again under the 

influence o f vortex breakdown. An increased overshoot in terms o f  incidence and 

a delay in the reduction o f peak suction, are observed with increasing pitch rate 

magnitude. Eventually, at a given incidence, the suction ridge moves towards the 

wing centreline, where the probable interaction o f the two primary vortices on the 

wing results in a rapid decline in peak suction. At very high incidence, the wing 

behaves like a bluff body.

Similarly, in pitch down cases, the initial appearance o f the suction ridge occurs 

during vortex restoration inboard o f  its steady state position and moves outboard 

with decreasing incidence showing a progressively increased lag in ridge 

movement and peak suction increase with an increase in pitch rate magnitude. At 

incidences o f 8° or less, the pitch down cases exhibit peak suction levels above 

that o f the static case at a comparable incidence and still maintain a coherent 

suction ridge at incidences as low as 0°.

Despite this detailed information, the analysis o f  the mean and instantaneous 

pressure distributions was unable to accurately track the progress o f vortex 

breakdown or restoration over the wing surface. The only clues apparent in the 

data were the decline in suction values at high incidences, but these occurred long 

after the arrival o f vortex breakdown at the traiÜng-edge o f  the wing. Hence, 

further investigation methods were examined.
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Figure 4.29 - Line plots o f spanwise mean Cp pressure distributions at x /c  = 0.3875 
on sharp and round-nosed wings for static cases at 2°, 6°and 10° incidences. Data 

collected during pressure measurement tests. Re = 2.7x1 O''
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Figure 4.30 - Line plots o f  maximum spanwise mean suction pressure at chord 
positions from x /c  =  0.2 to x /c  =  0.95 on sharp and round-nosed wings for static 

cases at 2°, 6°and 10° incidences. Data collected during pressure measurement tests.
Re = 2.7x106
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4.3 A n a l y s i s  o f  t h e  R o o t - M e a n - S q u a r e  p r e s s u r e  d i s t r i b u t i o n

4.3.1 Static tests

In addition to the study o f the mean Cp distribution, the RMS pressure 

fluctuations around the mean were examined for static test data at each angle o f  

incidence. Figure 4.31 shows a series o f  contour plots o f the RMS pressure 

distribution on the leeward surface o f the wing at incidences o f  0°, 1°, 2°, 4°, 8° 

and 10°. Examination o f the distribution at 0° incidence in plot a) shows the 

growth o f a region o f  high RMS pressure, labelled as (2), in the form o f a ridge 

located along a ray from a region on the leading-edge towards the trailing edge o f  

the wing. Like its counterpart in the mean Cp distribution, the region o f  high RMS 

grew in strength with an increase in incidence, but unlike the suction ridge its 

strength did not diminish with distance from the wing apex. As the incidence was 

increased to 1°, as shown in plot b), the taü o f the region o f  high RMS began to 

spUt into two at a chord station o f x /c  =  0.72. By 2° incidence, (plot c), the fork- 

tailed region o f  high RMS pressure (2) had grown in magnitude and the division 

point had moved upstream to x /c  = 0.6. At an incidence o f  4° shown in plot d) a 

further change in the structure o f the region o f high RMS pressure takes place. 

The ‘split’ region o f high RMS pressure was composed o f  two distinct ridge-Hke 

structures. The ‘primary’ region (2) extends from the apex towards the trailing 

edge whereas the ‘secondary’ region (3) is seen as a branch o f the primary 

emanating from some point downstream o f  the apex and terminating near o f  the 

trailing edge. At 8° incidence (plot e), the distinct nature o f  the two regions o f  

high RMS pressure was more apparent and the primary structure (2) had reached 

the trailing-edge o f the wing. By 10° incidence, as clearly illustrated by plot f), the 

two regions o f  high RMS pressure have separated completely such that the 

secondary region (3) appears to have an origin at x /c  — 0.25 on the leading-edge 

o f the wing.
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Figure 4.31 - Contour plots o f RMS pressure distributions at 
0°, 1°, 2°, 4°, 8° and 10° incidences during static pressure 

measurement tests. Re = 2.7x10'’

Key: Primary RAIS region labelled as (2)
Secondary RAIS region labelled as (3)

Martyn Jupp ~  A statistical approach to the analysis o f  surface pressure m easurem ents on a pitching delta wing

128



Results - Vortex breakdown detection methods

Figute 4.32 shows the RMS pressure distribution across the span o f the wing at 

chord station x /c  — 0.6 at an incidence o f 10°. Also plotted is the corresponding 

mean -Cp distribution. It is clear from both plots that the primary region o f high 

RMS pressure Mes inboard o f  the centreMne o f the primary vortex core. The 

secondary RMS pressure region, when apparent, Mes outboard o f  the core. These 

plots are typical o f the RMS pressure distribution over the incidence range 

corresponding to post-vortex formation and pre-vortex breakdown. The presence 

o f  a high RMS pressure region inboard o f  the vortex core was also observed by 

Woods and W ood (1996) in their work on novel planforms.
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Figure 4,32 - Spanwise distributions o f mean suction and RMS 
pressure in tire static case at x /c  = 0.6 and 10° incidence. 

Data collected during pressure tests. Re = 2.7x10*’

A  further series o f  contour plots o f  the RMS pressure distribution on the leeward 

surface o f the wing for six angles o f incidence (12°, 14°, 18°, 24°, 30° and 36°) are

Martyn Jupp — A statistical approach to the analysis o f  surface pressure measurements on a pitching delta wing

129



Results " Vortex breakdown detection metliods

shown in Figure 4.33. At 12° incidence shown in plot a), it can be seen that the 

secondary branch o f  high RMS pressure (3) first shown in Figure 4.31 was still 

apparent, although it had begun to fragment. More significantiy, an additional 

peak o f  high RMS pressure (4) is forming on the ridge o f  the primary region (2) at 

a point close to the trailing edge. Careful scrutiny o f  aU contour plots revealed that 

this additional peak first appeared at this location on the wing at an incidence of  

11° (not shown). The significant features accompanying the appearance o f  the 

additional peak were a Vaisfing’ o f  the above-described ridge upstream o f the 

peak centre followed by a significant expansion towards the peak. At 14° 

incidence in plot b), the secondary region o f high RMS pressure was still apparent, 

but had significandy reduced in length. Meanwhile, the additional peak o f high 

RMS pressure (4) had increased in size and the waist had progressed upstream 

along the primary region (2) towards the wing apex. As the incidence was 

increased to 18°, (plot c), the secondary region o f  high RMS pressure was no 

longer apparent. The additional peak o f high RMS pressure (4) had expanded in 

all directions and the waist (5) had moved further upstream to x /c  =  0.4. At this 

incidence it is possible to detect the beginning o f the upstream movement o f  the 

centre o f  the peak, but this occurs much more slowly than either the expansion o f  

the high RMS pressure peak or the movement o f the waist. By 24°, shown in 

plot d), the waist (5) upstream o f  the additional peak o f  high RMS pressure had 

reached x /c  = 0.2 and the additional peak itself (4) had begun to move inboard 

towards the wing centreline in a similar manner to the mean pressure distribution 

suction ridge described in Section 4.2.1. By 30° incidence (plot e), the waist in the 

RMS pressure contours had reached the apex o f the wing and the additional peak 

o f high RMS pressure (4) was very close to the wing centreline, and by 36° the 

RMS pressure distribution was almost uniform with a low magnitude across the 

wing surface.
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Figure 4.33 - Contour plots o f RMS pressure distributions at 
12°, 14°, 18°, 24°, 30° and 36° incidences during static pressure 

measurement tests. Re = 2.7x10**

Key: Primary RMS region labelled as (2)
Secondary RMS region labelled as (3)

Additional peak o f high RMS pressure, labelled as (4) 
“Waisting’ o f RMS pressure contours, labelled as (5)
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The upstream progression o f  the waisted region o f  RMS pressure contours, 

labelled in Figure 4.33 as (5) can be observed in some detail by plotting the 

chordwise distribution o f RMS pressure. Figure 4.34 presents the maximum 

spanwise RMS pressure value at chordwise locations from x /c  ~  0.2 to 

x /c  = 0.95 at incidences o f 14°, 16°, 18°, 20°, 22° and 24°. Indicated on plots a), 

b) and c) is the chordwise location o f the narrowest part o f  the waist in the 

contours o f  the primary region o f high RMS pressure, labelled as (5) in each 

incidence case. It is clear from these plots, that the waist corresponded to the 

minimum in a small localised trough o f RMS pressure which occurs before a 

rapid increase towards the peak. The plots as a whole show two general trends as 

incidence was increased. Firstly, the additional peak o f high RMS pressure 

increased in magnitude, and secondly, the localised trough o f  RMS pressure, and 

hence the waist, moved upstream towards the apex o f  the wing. It can also be 

clearly seen that at incidences o f  18° and higher, the centre o f  the additional peak 

moved upstream, but at a much slower velocity than the movement o f  the waist 

or the expansion o f the peak.

Figure 4.35 shows the chordwise position o f  the waisted region or localised 

trough o f RMS pressure as a function o f incidence in the static case. Also 

reproduced on this plot is the chordwise location o f  vortex breakdown as 

indicated by the flow visualisation tests, whose results were described in Section 

4.1. This diagram shows that there is a good agreement between the vortex 

breakdown position, as determined by the flow visualisation experiments, and the 

location o f  the waist or localised trough o f RMS pressure immediately upstream 

of the additional peak o f high RMS pressure.
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Figure 4.34 - Line plots o f maximum spanwise RMS pressure values at chord 
stations from x /c  = 0,2 to x /c  = 0.95 for incidences o f 14°, 16°, 18°, 20°, 22° and 

24° data collected during static pressure measurement tests. Re =  2,7x10^
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Martyn Jupp -  A statistical approach to tire analysis o f  surface pressure measurements on a pitching delta wing

133



Results - Vortex breakdown detection metliods

Static case

c
5
o
3  0.6
o(D

0 . 4
a

^  0.2
^  Visualisation data 
-Û RMS data

0.0
12 1 6 1810 1 4 20 22 2 4

inc idence  (deg)

Figure 4.35 - The chordwise location o f the waist or locahsed 
trough o f RMS pressure compared with tire chordwise location o f  

vortex breakdown as functions o f incidence in the static case. Data 
collected during pressure measurement tests & flow visualisation 

experiments. Re = 2.7x10'' and 10000 respectively.

4.3.2 RMS analysis - pitch up tests

The high temporal resolution o f the data provided the opportunity to study the 

RMS pressure distribution in a range o f  pitching cases. As described previously, 

this involved obtaining a trend line by applying a linear best-fit through the data 

signal for a given transducer over a pre-determined incidence range or ‘window’. 

In order to minimise ‘smearing’ o f physical effects across an incidence range, that 

is to say, mixing pre and post breakdown data, the incidence window had to be 

kept as small as possible. There was however, a limit to the size to which a given 

incidence window could be minimised. This was determined by the pitch rate and 

the pressure fluctuation frequency o f  Interest. Clearly, the higher the pitch rate, 

the smaller the time period spanning a given incidence range. Therefore, 

increasing the pitch rate increases the lower limit o f frequency o f  pressure 

fluctuations that satisfy the Nyquist criterion. Examination o f  the frequency
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power spectrum o f pressure fluctuations on the pitching wing at reduced pitch 

rates o f k =  0.007 (54°/s) and k =  0.015 (115°/s) revealed a band o f frequencies, 

whose appearance and dominance in the static case, had been shown by Gursul 

(1994), Woods & Wood (1996) and Mabey (1996) to be associated with the onset 

and progression o f vortex breakdown. In order to capture these frequencies in 

their entirety, it wiU be shown later in this section that it was necessary to set the 

incidence windows to 1.5 deg. and 2.0 deg. respectively.

Figure 4.36 shows a series o f contour plots o f the RMS pressure distribution on 

the leeward surface o f  the wing for three pitch rates, (static, k =  0.007 and 

k = 0.015) at incidences o f  2° and 4°. Like the static case, the distribution in each 

pitch up case is dominated by two ridges o f high RMS pressure located along a 

ray from the apex towards the trailing edge. The initial appearance o f the primary 

ridge in each case occurred at an incidence o f 1°. At 2° incidence, shown in plots 

a) to c), there was clearly a lag in the formation and division o f  the primary region 

o f high RMS pressure (2) with an increase in pitch rate magnitude. This trend was 

continued at an incidence o f 4°, where the separate nature o f  the secondary ridge 

o f  high RMS pressure (3) was apparent in the static case (plot d), however, for tlie 

two pitching cases, (plots e and the single primary region o f  high RMS pressure 

(2) was in a progressively earlier stage o f development and division as pitch rate 

magnimde was increased.

Figure 4.37 is a continuation o f the previous diagram presenting the RMS 

pressure distributions o f the same static and pitch up cases at incidences o f 8° and 

14°. By the time the wing incidence reaches 8° in each case, the secondary ridge 

o f  high RMS pressure (3) is formed, however in the two pitch up cases, shown in 

plots b) and c), the division o f  the two regions o f high RMS pressure is not as well 

defined as in the static case, shown in plot a). In plots d) to Ç at 14° incidence, the
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secondary region o f  high RMS pressure (3) is still apparent in aU three pitch rate 

cases, however, in the k = 0.007 case (plot e), the region has receded upstream to 

a lesser extent than the static case shown in plot d). The same feature in the 

higher pitch rate case k = 0.015 (plot has surprisingly aU but disappeared. The 

additional peak o f high RMS pressure (4) is also apparent and was centred at 

x /c  =  0.9, for aU three cases. This first appeared on the wing in the k = 0.007 case 

at 13°, and in the k — 0.015 case at 15°. However, the chordwise position o f the 

waist in the contours o f  RMS pressure, clearly indicated at x /c  “  0.7 on the static 

wing, is not so obvious in the k = 0.007 case. On the other hand, for the higher 

pitch rate o f k = 0.015, the waist is again apparent, this time at x /c  = 0.8.

Figure 4.38 shows the RMS pressure distribution across the span o f  the wing in 

the static and two pitch up cases, k =  0.007 and k =  0.015, at a chord station of  

x /c  =  0.6 and an incidence o f  10°. Also plotted is the corresponding 

instantaneous negative Cp distribution. It is clear from Figure 4.38 that in the 

pitch up cases (plots b and c respectively), the locations o f  the primary and 

secondary ridges o f  high RMS pressure in relation to the primary vortex core are 

similar to their static counterparts reproduced in plot a).

Figure 4.39 shows contour plots o f the RMS pressure distribution for same three 

pitch rates at an incidences o f 24° and 30°. In each case at 24°, (plots a to c), the 

secondary ridge o f  high RMS pressure has disappeared and the additional peak o f  

high RMS pressure (4), together with the upstream waisting o f the primary ridge 

contours (5), is present. The major difference between each case is a lag in the 

growth o f  the additional peak on the primary ridge, its upstream movement and 

the upstream movement o f the waist as the pitch rate is increased. Similarly, plots 

d) to £), presenting results at 30° incidence, show for each case, the progressive lag 

in inboard movement o f  the additional peak o f  RMS pressure (4) that 

accompanies the inboard movement o f  the vortex suction ridge at this incidence.
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Figure 4.36 - Contour plots o f RMS pressure distributions for static and 
two pitch up cases (k = 0.007 & k = 0.015) at incidences o f  2° and 4°. 

Data collected during pressure measurement tests. Re = 2.7x10*’

Key; Primary RMS region labelled as (2)
Secondary RMS region labelled as (3)
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Figure 4.37 - Contour plots o f RMS pressure distributions for static and 
two pitch up cases (k = 0.007 & k = 0.015) at incidences o f  8° and 14°. 

Data collected during pressure measurement tests. Re = 2.7x10*’

Key; Primary RMS region labelled as (2)
Secondary RMS region labelled as (3)
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Note; bold type denotes change o f parameter from previous figure.
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Figure 4.38 - Spanwise distributions o f mean suction and RMS pressure 
in the static and two pitch up cases (k — 0.007 & k = 0.015) at x /c  =  0.6 

and 10° incidence. Data collected during pressure tests. Re = 2.7x1 O'*
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Figure 4.39 - Contour plots o f  RMS pressure distributions for static and 
two pitch up cases (k = 0.007 & k = 0.015) at incidences o f 24° and 30°. 

Data collected during pressure measurement tests. Re = 2.7x1 O'*

Key; Additional peak o f high RMS pressure, labelled as (4) 
‘Waisting’ o f RMS pressure contours, labelled as (5)

Note: bold type denotes change o f parameter from Figure 4.37.
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The upstream progression o f the waisted region o f RMS pressure contours, 

labelled in Figure 4.39 as (5) is presented in Figures 4.40 and 4.41, which show the 

maximum spanwise RMS pressure value at chordwise locations for the static and 

two pitch up cases (k = 0.007 and k = 0.015) from x /c  0.2 to x /c  =  0.95 at 

incidences o f  14°, 16° and 18° (Figure 4.40) and 20°, 22° and 24° (Figure 4.41). 

Like the static case, the chordwise location o f the narrowest part o f  the waist in 

the contours o f the primary region of high RMS pressure, are labelled as (5) in 

each case and incidence. The plots as a whole show two general trends for all 

cases as incidence was increased. Firstiy, the additional peak o f  high RMS pressure 

increased in magnitude, and secondly, the localised trough o f  RMS pressure, and 

hence the waist, moved upstream towards the apex o f  the wing. With an increase 

in pitch rate magnitude there is a trend indicating a lag in the upstream movement 

o f the waist. Again it can be seen that at incidences o f 18° and higher in all cases, 

the centre o f  the additional peak moved upstream, but at a much slower velocity 

than the movement o f the waist or the expansion o f  the peak.

Figure 4.42 shows the chordwise position o f the waisted region or localised 

trough o f RMS pressure as a function o f incidence in the static (plot a), k = 0.007 

(plot b) and k — 0.015 (plot c) cases. Also reproduced on each plot are the 

corresponding chordwise locations o f vortex breakdown as indicated by the flow 

visualisation tests, whose results were described in Section 4.1. This diagram 

shows that for static and pitch up cases there is a good agreement between the 

vortex breakdown position, as determined by the flow visualisation experiments, 

and the location o f the waist or localised trough o f RMS pressure immediately 

upstream o f the additional peak o f  high RMS pressure.
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Figure 4.40 - Line plots o f maximum spanwise RMS pressures for static and pitch up cases 
(k = 0.007 & k = 0.015) at chord stations x /c  = 0.2 to x /c  = 0.95 for incidences o f 14°, 

16° and 18°. Data collected during static pressure measurement tests. Re — 2.7x10'’

Key: ‘Waisting’ o f RMS pressure contours, labelled as (5)
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pressure compared with tire chordwise location o f  vortex breakdown as 
functions o f incidence in the static, k = 0.007 and k =  0.015 cases. Data 

collected during pressure measurement tests & flow visualisation 
experiments. Re = 2.7x10'* and 10000 respectively.
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4.3.3 RMS analysis ' pitch down tests
The technique used to determine the RMS pressure distribution in the pitch down 

cases was identical to that used for the pitch up cases. The incidence windows 

chosen at each pitch rate were simüar to those pitch up cases o f similar 

magnitude. Figures 4.43 and 4.44 show a series o f contour plots o f the RMS 

pressure distribution on the leeward surface o f the wing for static and two pitch 

down cases (k ~  -0.007 and k =  -0.017), at incidences o f 18° and 14° 

(Figure 4.43), and 10° and 8° (Figure 4.44). In Figure 4.43, plot c), an expanded 

region o f  high RMS pressure (4) which corresponds to that seen in the static and 

pitch up cases, is seen moving outboard after initially forming along the wing 

centreline. As either incidence or pitch rate is decreased, this region o f high RMS 

pressure moves further outboard and a waist forms on the RMS pressure 

contours upstream o f the peak o f  the high RMS region (5) near the wing apex. As 

the wing incidence is decreased further, the lateral position o f  the expanded 

region o f  high RMS pressure stabilises and the expanded peak o f  high RMS 

pressure recedes downstream towards the wing traHng-edge. For the pitch down 

cases. Figure 4.43 and subsequently Figure 4.44 clearly shows the recession o f  the 

expanded region o f high RMS pressure, the formation o f  the primary (2) and 

secondary (3) regions o f high RMS pressure previously described in the static and 

pitch up cases, and the delay or lag in the recession process as the magnitude o f  

the pitch rate is increased.

Figure 4.45 shows the RMS pressure distribution across the span o f  the wing in 

the static and pitch down cases, k =  -0.007 and k = -0.017, at a chord station o f  

x /c  = 0.6 and an incidence o f 8°. Also plotted is the corresponding mean 

negative Cp distribution. Clearly, the relative lateral position o f  the two ridges o f 

high RMS pressure to the main vortex core is similar in pitch down to that in the 

static and pitch up cases.

Martyn Jupp — A statistical approach to the analysis o f  surface pressure measurements on a pitcliing delta wing

145



Results - Vortex breakdow n detection m ethods

RMS pressure  d is t r ibu t ions
Pitch oown coses S / N o s e d  Wing

I nc i dence  =  18  deg

9MS 0 .2

0  0 , 5

S t a t i c

0 .0  0  7 0  4 0  6 0  8 1 0
y/'

k =  - 0 . 0 0 7

Inc i dence  =  14 deg  
° )  K ey

' o.ol

0.002

k = -0.01 /

RMS 0 2

0 .0  0 .2  0  4 0  6 0  8 1 0

RMS 0  2

0  002 0  4

S t a t i c k -  - 0 . 0 0 7 k =  - 0 . 0 1 7
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14°. Data collected during pressure measurement tests. Re = 2.7x10'*
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Figure 4.45 - Spanwise distributions o f mean suction and RMS pressure in 
the static and two pitch down cases (k = -0.007 & k = -0.017) at x /c  = 0.6 

and 8° incidence. Data collected during pressure tests. Re = 2.7x10*’
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Figure 4.46 shows a series o f contour plots o f  the RMS pressure distribution on 

the leeward surface o f the wing for the static and two pitch down cases 

(Ic =  -0.007 and k = -0.017) at incidences o f 4° and 0°. Like the static case, the 

distribution in each pitch down case is dominated by two ridges o f high RMS 

pressure located along a ray from the apex towards the trailing edge. At an 

incidence o f 4°, plots a) to c) reveal a trend. That is, there was a lag in the 

recombination o f  the primary (2) and the secondary (3) regions o f  high RMS 

pressure with an increase in pitch rate magnitude. This trend was continued at an 

incidence o f 0^, where the lag was seen in the recession o f the primary region 

towards the wing apex, such that the single primary region o f  high RMS 

pressure (2) remained in a progressively more advanced stage o f development and 

division as pitch rate magnitude was increased.

Similarly, the downstream recession o f  the waisted region o f  RMS pressure 

contours, labelled in Figure 4.43 as (5) is presented in Figure 4.47, which shows 

the maximum spanwise RMS pressure value for the same pitch rate cases, at 

chordwise locations from x /c  = 0.2 to x /c  = 0.95, and incidences o f 14°, 12° and 

10°. Like the static and pitch up cases, the chordwise location o f  the narrowest 

part o f  the waist in the contours o f  the primary region o f high RMS pressure, are 

again labelled as (5) for each case at a given incidence. The plots as a whole show 

two general trends for all cases as incidence was decreased. Firstly, the additional 

peak o f  high RMS pressure decreased in magnitude, and secondly, the localised 

trough o f  RMS pressure, and hence the waist, moved downstream towards the 

traikng-edge o f the wing. With an increase in pitch rate magnitude there is a trend 

indicating a lag in the downstream movement o f the waist, such that the 

additional region o f  high RMS pressure remains on the wing surface at 

progressively lower incidences.
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Figure 4.48 shows the chordwise position o f the waisted region or localised 

trough o f RMS pressure as a function o f incidence in the static (plot a), k = -0.007 

(plot b) and k =  -0.017 (plot c) cases. Also reproduced on each plot are the 

corresponding chordwise locations o f vortex breakdown/restoration as indicated 

by the flow visualisation tests. This diagram shows that for pitch down cases there 

is again a good agreement between the vortex restoration point, as determined by 

the flow visualisation experiments, and the location o f the waist or localised 

trough o f RMS pressure immediately upstream o f the additional peak o f high 

RMS pressure.

4.3.4 RMS analysis - changes in sample window size
Throughout this presentation o f  the RMS pressure analysis for pitch up and pitch 

down cases, the pressure sample window sizes, to which the RMS calculation was 

applied, remained constant at 1.5° for a pitch rate magnitude | k| =  0.007 and 2° 

for the pitch rate magnitudes o f [k| = 0.015 and |k | = 0.017. The optimum size 

o f  the sample windows was determined in each case by the pitch rate magnitude 

and a pressure fluctuation frequency o f interest. The frequency o f  interest was 

itself determined by reference to the frequency spectra analysis that is presented in 

some detail in the following chapter. The findings o f the spectral analysis can be 

briefly summarised by saying that, at incidences where vortex 

breakdown/restoration was observed over the wing between the apex and 

trailing-edge, the frequency spectra o f pressure fluctuations were characterised by 

a bandwidth o f  dominant frequencies. At a given chordwise location downstream 

o f the vortex breakdown/restoration point, the characteristic dominant frequency 

band was detected across a range o f spanwise locations on the wing surface. The 

area o f  greatest spanwise fluctuation activity was found to be in the region 

identified in this RMS analysis as the primary region o f high RMS pressure 

inboard o f  the path o f the main vortex core, labelled in the contour plots as (2),
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Figure 4.48 - The chordwise location o f the waist or localised trough o f  RMS 
pressure compared with the chordwise location o f vortex breakdown as 

functions o f incidence in die static, k = -0.007 and k =  -0.017 cases. Data 
collected during pressure measurement tests & flow visualisation 

experiments. Re = 2.7x1 O'’ and 10000 respectively.
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In order to resolve these dominant frequencies in the RMS analysis at a given 

pitch rate magnitude, it was generally necessary to increase the sample window 

size to a value greater than a nominal 1°, in order to increase the sample time 

period, so that the dominant frequency in question would fall into the frequency 

range that satisfied the Nyquist criterion at the lower end o f  the frequency 

spectrum as previously described in Section 3.3. The size o f the increase in the 

sample window was determined by the pitch rate magnitude, i.e., the higher the 

pitch rate, the smaller the time period spanning a given incidence range. 

Therefore, a greater increase in the sample window size was required, to lower the 

limit o f  frequency o f pressure fluctuations that satisfy the Nyquist criterion, in 

order to accommodate the frequency o f interest.

Figure 4.49 shows contour plots o f the RMS pressure distributions for the two 

pitch up cases, k = 0.007 and k — 0.015 at an incidence o f 24° using incidence 

windows o f 1°, 1.5° and 2° in the k = 0.007 case, and 1°, 2° and 4° in the 

k =  0.015 case. The diagram shows the variations in magnitude and extent o f the 

additional region o f  high RMS pressure (4) and variations in the chordwise 

location o f  the waist (5) across the range o f window sizes for each pitching case. 

Figures 4.50 and 4.51 show the chordwise position o f  the waist as a function of  

incidence for the k — 0.007 and k = 0.015 cases respectively, using the sample 

window sizes illustrated in Figure 4.49. Also plotted in each case is the observed 

position o f  vortex breakdown seen during the flow visualisation tests. For the 

k =  0.007 case, shown in Figure 4.50, the effect o f increasing the sample window 

size from 1° (plot a) to 1.5° (plot b) was to advance the indicated chordwise 

position o f the waist in the RMS contours by as much as 4° incidence at the 

trailing-edge o f the wing and show better agreement with flow visualisation 

results. Using a 2° incidence window, (plot c), the effects o f smearing can be seen, 

where pre and post vortex breakdown data were included In the RMS calculation.
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Figure 4.50 - The chordwise location o f the waist in tlie RMS pressure 
contours compared with the chordwise location o f vortex breakdown as 
functions o f incidence in tlie k = 0.007 case using sample window sizes 
o f 1°, 1.5° & 2°. Data collected during pressure measurement tests & 
flow visualisation experiments. Re = 2.7x10^’ and 10000 respectively
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Figure 4.51 - The chordwise locatioa o f the waist in die RMS pressure 
contours compared with the chordwise location o f vortex breakdown as 
functions o f incidence in the k  = 0.015 case using sample window sizes 

o f 1°, 2° & 4°. Data collected during pressure measurement tests & flow  
visualisation experiments. Re = 2.7x10^ and 10000 respectively.

Note: bold type denotes change of parameter from die previous figure
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Similarly, for the k =  0.015 case shown in Figure 4.51, a 1° sample window 

(plot a) produces a RMS data plot showing very poor agreement with the 

corresponding visualisation test result. This was undoubtedly due to the inability 

o f the RMS calculation to resolve the entire dominant frequency band, some of  

which lies outside the Nyquist frequency range. However, using a 2° sample 

window (plot b), where the vital excitation frequencies identified in the frequency 

analysis are satisfactorily resolved during the RMS calculation, the RMS data result 

shows much better agreement with the visualisation results. Plot c) shows, for a 4° 

sample window, the effect o f an incidence window that is too large, i.e. where 

there is a significant mixing pre and post vortex breakdown data.

The same sample window size analysis can be applied in the same way to pitch 

down cases. Figure 4.52 shows contour plots o f the pitch down cases k = -0.007 

and k = -0.017 at an incidence o f 12° using the same sample window sizes as the 

pitch up cases o f  similar pitch rate magnitude. Again there are variations in the 

extent o f the additional peak o f RMS pressure (4) and in the chordwise position 

o f the waist in the RMS pressure contours (5). In a similar manner to the pitch up 

cases, Figures 4.53 and 4.54 show the chordwise position o f  the waist as a 

function o f incidence for the k = -0.007 and k =  -0.017 cases respectively, using 

the same sample window sizes illustrated in Figure 4.52. Also plotted in each case 

is the observed position o f vortex reformation seen during the flow visualisation 

tests. The effect o f aliasing is not as significant as those shown for the pitch up 

cases, possibly due to the increased frequency o f  pressure fluctuations observed in 

both pitch down cases when compared with their pitch up counterparts at 

equivalent positions on the wing and at similar incidences. However, to capture 

the fuH range o f dominant frequencies that may influence the RMS pressure 

distributions, incidence windows were used in the pitch down analyses which 

were similar to those at corresponding pitch rate magnitudes in pitch up.
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at an incidence o f 12° using sample windows o f 1°, 1.5° & 2° (k = -0.007 case) and 

1°, 2° & 4° (k = -0.017 case). Data collected during pressure measurement tests.
Re = 2.7x10'̂ '

Key: Additional peak o f high RMS pressure, labelled as (4) 
‘Waisting’ o f RAIS pressure contours, labelled as (5)
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Figure 4.53 - The chordwise location o f  tlie waist in tlie RMS pressure 
contours compared with tlie chordwise location o f  vortex breakdown as 
functions o f  incidence in tlie k = -0.007 case using sample window sizes 

o f 1°, 1.5° & 2°. Data collected during pressure measurement tests & 
flow visualisation experiments. Re =  2.7x10'’ and 10000 respectively.
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Figure 4.54 - The chordwise location o f the waist in the RMS pressure 
contours compared with the chordwise location o f vortex breakdown as 
functions o f incidence in tlie k =  -0,017 case using sample window sizes 
o f  1°, 2° & 4°. Data collected during pressure measurement tests & flow 

visualisation experiments. Re — 2.7x10'’ and 10000 respectively.

Note; bold type denotes change o f  parameter from the previous figure
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4.3.5 RMS analysis - changes in apex geometry
The formation and development o f the leeward surface RMS pressure 

distribution on the round-nosed wing was essentially similar to that o f  its sharp

nosed counterpart, however, a number o f differences were observed throughout 

the incidence range. Figures 4.55 and 4.56 show contour plots o f the RMS 

pressure distributions in the sharp and round-nosed static cases at incidences o f  

2°, 6°, 10°, 16°, 24° and 30°. Figure 4.55, plot d) shows that at 2° incidence, there 

is a lag in the formation and division o f the primary region o f high RMS pressure 

(2) for the round-nosed wing when compared with the sharp-nosed case (plot a) 

and that its origin is located on the leading-edge o f  the wing at x /c  =  0.2. By 6° 

incidence, the general form o f the primary (2) and secondary (3) regions o f high 

RMS pressure was similar for the two wings (plots b and e), and in the round

nosed case, shown in plot e) the division point o f the two regions has caught up 

with its sharp-nosed counterpart. At 10° incidence in the round-nosed case, 

shown in plot the secondary region o f high RMS pressure (3) had akeady 

begun to fragment and an additional peak o f  high RMS pressure (4) had appeared 

on the primary ridge near the traikng-edge o f  the wing at x /c  =  0.9. Meanwhile, in 

the sharp-nosed case, the secondary region o f  high RMS pressure (3) was seen to 

be intact and no additional peak was present.

At subsequent incidences as shown in Figure 4.56, the trend in the data observed 

at 10°, was seen to continue. Plots a) and d) at 16° incidence show that the 

growth o f the additional peak o f high RMS pressure (4) and the upstream 

progression o f the waist in the RMS contours ahead o f  the peak (5) are more 

advanced in the round-nosed case (plot d). However, at 24° and subsequently 30° 

incidence, shown in plots b) & e) and c) & f) respectively, the final movement o f  

the peak towards the wing centreline was seen to occur at roughly the same 

incidence on the round-nosed wing as for the sharp nosed case.
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Figure 4.55 - Contour plots o f RAIS pressure distributions for sharp and 
round-nosed static cases at incidences o f 2°, 6° and 10°. Data collected 

during pressure measurement tests. Re = 2.7x10^

Key: Primary RMS region labelled as (2)
Secondary RMS region labelled as (3)
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Figure 4.56 - Contour plots o f RMS pressure distributions for sharp 
and round-nosed static cases at incidences o f 16°, 24° and 30°. Data 

collected during pressure measurement tests. Re = 2.7x10^

Key: Additional peak o f high RMS pressure, labelled as (4) 
‘Waisting’ o f RMS pressure contours, labelled as (5)

Note: bold type denotes change of parameter from previous figure.
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It is cleat from the previously described contour plots o f  the RMS pressure 

distributions that the most significant differences between the sharp and round 

nosed cases occur after the appearance o f the additional peak o f  high RMS 

pressure at incidences o f  10° or more. Figure 4.57 shows the maximum spanwise 

RMS pressure values at each chord station from x /c  — 0.2 to x /c  =  0.95, for the 

sharp and round-nosed cases at incidences o f  14°, 16° and 18°. The plots as a 

whole show two general trends for the two cases as incidence was increased. 

Firstly, the additional peak o f high RMS pressure increased in magnitude, and 

secondly, the localised trough o f  RMS pressure, and hence the waist, moved 

upstream towards the apex o f the wing. It can also be seen that at incidences o f  

18° and higher in both cases, the centre o f the additional peak moved upstream, 

but at a much slower velocity than the movement o f the waist or the expansion of  

the peak. The differences between the sharp and round-nosed wings are twofold. 

In the sharp-nosed case, there is a lag in the upstream movement o f  the waist, and 

a lag in the magnitude o f maximum spanwise RMS pressure downstream o f the 

waist, when measured at a given chord station, compared with the round-nosed 

wing.

Figure 4.58 shows the chordwise position o f the waisted region or localised 

trough o f RMS pressure as a function of incidence in the sharp-nosed static 

(plot a) and the round-nosed static (plot b) cases. Also reproduced on each plot 

are the corresponding chordwise locations o f vortex breakdown as indicated by 

the flow visualisation tests, whose results were described in Section 4.1. This 

diagram shows that for the round-nosed static case there is a good agreement 

between the vortex breakdown position, as determined by the flow visualisation 

experiments, and the location o f the waist or localised trough o f RMS pressure 

immediately upstream o f  the additional peak o f high RMS pressure.
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Figure 4.57 - Line plots o f maximum spanwise RMS pressures for sharp and round-nosed 
static cases at chord stations x /c  = 0.2 to x /c  = 0.95 for incidences o f 14°, 16° and 18°. 

Data collected during pressure measurement tests. Re = 2.7x10®

Key: Waisting’ o f RMS pressure contours, labelled as (5)

Martyn jupp “  A statistical approach to die analysis o f  surface pressure measurements on a pitching delta wing

166



Results - Vortex breakdown detection methods

Static cases
a)

c  U .og
o
5  0.6oQJ
A  0.4
u

^ 0 ^
- ^— * V i su a l i s a t i o n  d o t e  
- A — a RMS d a t a

0.0
18 208 10 12 14 1 6 22

incidence (deg)
Sharp —n o s e d  wing

b)

c  U .8  

o
3  0.6o
CD

A  0.4
V i s u a l i s a t i o n  d a t a

0.0
18 208 10 12 14 16 22

incidence (deg)
Round —n o s e d  wing

Figure 4.58 - The chordwise location o f tlie waist or localised trough o f  RMS 
pressure compared with die chordwise location o f vortex breakdown as 
functions o f incidence in tiie sharp and round-nosed static cases. Data 

collected during pressure measurement tests & flow visualisation 
experiments. Re = 2.7x10'' and 10000 respectively.
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4.4 A n a l y s i s  o f  p r e s s u r e  d a t a  s i g n a l  p o w e r

The pressure signal energy analysis method uses a simple numerical summation to 

perform an integration o f the square o f  each discrete RMS pressure value from a 

given transducer during the pitching motions over a range o f  incidence from 0° to 

39°.

4.4.1 Pitch up tests

Figure 4.59 and 4.60 show plots o f  (ôE/ôa)^ against incidence for the pitch up 

cases k = 0.007 and k — 0.015 respectively. The four transducers chosen for this 

illustration were those mounted on the wing at span station y /s  =  0.6, with chord 

locations o f x /c  = 0.4875 (Plot a), x /c  — 0.6 (plot b), x /c  =  0.7 (plot c) and 

x /c  =  0.8 (plot d). These were identified during the RMS analysis as being within 

the primary region o f high RMS pressure inboard o f  the vortex core suction 

region. What is clear from each result is that the integrated signal energy is nearly 

constant with an increase in incidence, i.e. (ÔE/Ôa)^ = 0, over the early part o f the 

incidence range. However, at some point, the value o f (ôE/ôa)^ shows a rapid 

increase in value, where the rate o f increase tends to infinity over a short 

incidence range. In order to compare results from transducer to transducer, 

arbitrary values o f (ÔE/ÔOC)̂  were chosen as references. Indicated by two dotted 

lines on each plot, are the incidences at which (ôE/ôot)^ exceed values o f  2.0 and 

10.0. The lower value was chosen to represent the initial deviation o f  signal 

energy away from the constant value o f  (ÔE/Ôa)^ associated with an increase in 

incidence and acts as a potential lower limit o f vortex breakdown activity, whilst 

the higher value was chosen to suggest a suitable upper limit. The resulting 

incidence values provided by each energy limit wiU be referred to as the ‘Energy 

Data Reference Incidences’ (EDRI).
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The trend apparent in each o f the Figures 4.59 and 4.60, is that the upper and 

lower EDRI values each tend to occur at a lower incidence as the transducer 

chosen for analysis is positioned closer to the traiHng-edge o f  the wing. 

Comparing one pitch up case with the other reveals no trend in the EDRI values.

4.4.2 Signal power - pitch down tests

The format o f the line plots that illustrate the pressure signal energy for the pitch 

down cases is similar to the pitch up results. However, their interpretation should 

be rather different. The summation process for the pitch down data is carried out 

in the same way to the pitch up cases, i.e. starting at 0°. Hence, the calculation o f  

signal energy is carried out in the opposite sense, in terms o f incidence, to the 

direction o f motion o f the wing during the test. Therefore, Figures 4.61 and 4.62, 

which show plots o f  ( ô E / Ô O t ) ^  against incidence for the same four transducers 

illustrated in the pitch up cases, but here for pitch down cases k ~  -0.007 and 

k = -0.017 respectively, should be read from right to left, such that the energy was 

seen to decline from an incidence o f 39°. Both figures illustrate a general trend. 

The pressure signal energy falls to a level, i.e., (ôE/ôa)^ approaches zero, at a 

lower incidence at successive chord stations in the direction o f  the trailing-edge o f  

the wing. Comparison o f the two pitch down cases shows that upper and lower 

EDRI values tend to occur at a lower incidence with an increase in pitch rate.

Shown in Figures 4.63 and 4.64 for the pitch up, (k = 0.007 & k =  0.015) and 

pitch down, (Ic = -0.007 & k = -0.017) cases respectively, are the variations in 

upper and lower EDRI values for the transducers that lie within the primary 

region o f  high RMS pressure as indicated in Figures 4.38 and 4.45, Also plotted 

for each case, is the vortex breakdown location indicated by the visualisation data 

previously shown in Section 4.1. For each pitching case, it can be seen that the 

EDRI limits form a corridor o f approximately 2° o f incidence that successfully 

bounds the observed vortex breakdown location.
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Figure 4.59 - Measurements o f the square o f tlie first derivative o f  signal 
energy E  wrt incidence, (ÔE/Sa)^, over the incidence range 0° to 39° 
inclusive, in the pitch up case, k = 0.007. Transducers positioned at 

y /s  =  0.6, with chord locations o f x /c  = 0.4875, 0.6, 0.7 and 0.8

Each plot includes Energy Data Reference Incidences, EDRI’s (*).
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Figure 4.60 - Measurements o f the square of the first derivative o f signal 
energy E wrt incidence, (SE/ôa)^, over the incidence range 0° to 39° 
inclusive, in the pitch up case, k  =  0.015. Transducers positioned at 

y /s  = 0.6, with chord locations o f  x /c  = 0.4875, 0.6, 0.7 and 0.8

Each plot includes Energy Data Reference Incidences, EDRI’s (*). 

Note: bold type denotes change o f parameter from previous figure.
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Pitch  down case
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Figure 4.61 - Measurements o f  the square o f tlie first derivative o f  signal 
energy E  wrt incidence, (ÔE/ÔOt) ,̂ over the incidence range 0° to 39° 

inclusive, in die pitch down case, k = -0.007. Transducers positioned at 
y /s  = 0.6, with chord locations o f x /c  = 0.4875, 0.6, 0.7 and 0.8

Each plot includes Energy Data Reference Incidences, EDRI’s (*). 

Note: bold type denotes change o f parameter from previous figure.
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Figure 4.62 - Measurements o f tlie square o f the first derivative o f  signal 
energy E wrt incidence, (8E/8o,)^, over the incidence range 0° to 39° 

inclusive, in the pitch down case, k =  -0.017. Transducers positioned at 
y /s  “  0.6, with chord locations o f x /c  = 0.4875, 0.6, 0.7 and 0.8

Each plot includes Energy Data Reference Incidences, EDRI’s (*). 

Note: bold type denotes change o f parameter from previous hgure.
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Figure 4.63 - The chordwise location o f  the upper and lower EDRI 
values compared with the chordwise location o f  vortex breakdown, each 
as functions o f  incidence in tlie pitch up cases k — 0.007 and k = 0.015. 
Data collected during pressure measurement tests & flow visualisation 

experiments. Re = 2.7x10^ and 10000 respectively.
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Figure 4.63 - The chordwise location o f  the upper and lower EDRI values 
compared with the chordwise location o f  vortex breakdown, each as functions 

o f  incidence in die pitch down cases k = -0.007 and k =  -0.017. Data collected 
during pressure measurement tests & flow visualisation experiments.

Re = 2.7x10'’ and 10000 respectively.

Note: bold type denotes change o f parameter from previous figure
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C h a p  t e r  5

5. RESULTS - ANALYSIS OF VORTEX BREAKDOWN 

BUFFET FREQUENCY SPECTRA

5 .1  A n a l y s i s  o f  s i n g l e  p o i n t  f r e q u e n c y  s p e c t r a

The power spectra of the sampled pressure data obtained during static and 

pitching tests were calculated for a number of transducers in each case. The 

transducers chosen were those identified by the RMS analyses as being located 

under the path of the vortex core centreline and in the region of high RMS 

pressure inboard of the vortex core.

5.1.1 Static tests

For aU frequency spectra examined in the static case, all data collected at a given 

incidence (2000 samples for a given transducer at each incidence) were processed 

to remove the d.c. component prior to input into the FFT calculation. No other 

filtering was applied. A series of power spectra are shown in Figure 5.1 for one 

chosen transducer located at x/c = 0.6 , y/s = 0.6 for four angles of incidence 

(12°, 14°, 16° and 18°). At an incidence of 12° (plot a) and again at 14° (plot b), 

there is a low frequency component of around 5Hz that dominates the spectrum. 

The exact nature and cause of this component is as yet unclear. It is noted that 

this phenomenon has not been described elsewhere and the results of the 

visualisation tests in the present study do not permit any detailed conclusions to 

be drawn. However, it first appears in the spectrum of each analysed transducer at 

an incidence of 2°, which coincides with the first appearance of the ridge of high
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negative Cp in the pressure data. Further analysis reveals three spatial and 

temporal trends regarding the behaviour of the magnitude and bandwidth of the 

low frequency component. Firstly, they both increase towards the apex of the 

wing. Secondly, they are at a maximum underneath and immediately inboard of 

the path of the vortex core and decrease dramatically towards the wing centreline. 

Thirdly, they appear to be independent of incidence between post-vortex- 

formation and pre-vortex breakdown. In plot c) at 16° incidence, the magnitude 

of the low frequency component, which has remained roughly constant since its 

first appearance, has dropped to about half of its previous value at 14°. In 

addition, another band of higher frequencies centred in the region of 

180Hz - 200Hz makes its appearance at this incidence. This behaviour is typical 

of the transducers analysed, although the sudden drop in magnitude of the low 

frequency component occurs at a higher incidence towards the apex of the wing. 

Similarly, the higher frequency band appears later, closer to the apex. Note that 

whatever the chordwise location, the initial appearance of the higher frequency 

signals always occurs before the fall in magnitude of the low frequency 

component. In Figure 5.1, plot d) at 18°, this higher excitation frequency band 

has come to dominate the frequency spectrum.

Previous work by Gursul (1994), described a series of experiments on various 

delta wing planforms. For each planform, Gursul identified a dominant frequency 

in the coherent pressure fluctuations observed downstream of vortex breakdown. 

It was thought that this frequency was associated with the helical mode instability 

of the vortex breakdown flow field. Figure 5.2 charts the appearance of the 

excitation frequency in the frequency spectra of successive upstream chord 

stations on the wing with increasing incidence. Also plotted is the upstream 

progression of vortex breakdown with incidence as determined by the results of 

the flow visualisation tests presented in Chapter 4. This diagram shows that there
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Figure 5.1 - Frequency spectra o f  pressure fluctuations for a single 
transducer located at x /c  = 0.6, y /s  = 0.6 at incidences o f  12°, 

14°, 16° and 18° in the static case. For each plot, 2000 samples o f  
data collected during pressure measurement tests. Re = 2.7x10'’.
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is a similar trend in the appearance of the excitation frequency and the arrival of 

vortex breakdown at a given chord station over the surface of the wing.

Static case

c

3  0.6
o(D

A  0 . 4
u

Visualisation data 
Frequency data

X

0.0
8 10 12 16 181 4 20 22

inc idence  (deg)

Figure 5.2 - The chordwise location o f  tlie appearance o f  the 
excitation frequency compared with die chordwise location o f  

vortex breakdown as functions o f incidence in tiie static case. Data 
collected during pressure measurement tests & flow visualisation 

experiments. Re = 2.7x1 O'’ and 10000 respectively.

Figure 5.3 shows another series of frequency spectra, this time at an incidence of 

18°, for four transducers positioned across the semi-span of the wing at a chord 

station of x/c = 0.6. The span stations chosen were y/s — 0.4875 (plot a), 

y/s = 0.6 (plot b), y/s = 0.7 (plot c) and y/s = 0.8 (plot d). The plots as a whole 

show that the band of excitation frequencies have their greatest magnitude 

inboard of the vortex core (plots a and b) reaching a peak at a given incidence and 

chord station in the centre of the primary region of high RMS pressure, in this 

case at y/s = 0.6 (plot b). Conversely, under the vortex core at y/s = 0.7 (plot c).
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Figure 5.3 - Frequency spectra o f pressure fluctuations at an incidence 
o f 18° in tlie static case for four transducers located at chord station 
x /c  =  0.6 and span stations, y /s  = 0.4875, 0.6, 0.7 and 0.8. For each 

plot, 2000 samples o f data collected during pressure 
measurement tests. Re = 2.7x10'’.
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the magnitude of the excitation frequency is reduced. Outboard of the vortex 

core, at y/s = 0.8 (plot d), the magnitude is reduced further still. Careful 

examination of the data in these plots reveals a tendency for slightly higher 

excitation frequencies in the high RMS pressure region inboard of the vortex core 

at a given chordwise position and incidence. However, the data for this 60° delta 

wing do not reveal the much higher excitation frequencies that have been 

observed previously by Woods & Wood (1996) and Woods (1999) in the high 

RMS pressure region of a more complex wing planform.

Figure 5.4 shows a third series of frequency spectra, again at 18° incidence in the 

static case, but for four transducers located at span station y/s = 0.6, in the centre 

of the primary region of high RMS pressure inboard of the vortex core, at chord 

stations of x /c  = 0.4875 (plot a), x /c = 0.6 (plot b), x /c  = 0.7 (plot c) and 

x /c = 0.8 (plot d). Plot a) reveals the initial appearance of an excitation frequency 

at chord station x/c = 0.4875, centred in the region of 200Hz - 220Hz. This 

is higher than the more mature excitation frequency band at x/c = 0.6 

(180Hz - 200Hz), reproduced in plot b). At subsequent chord stations of 

x /c  = 0.7 (plot c) and x /c — 0.8 (plot d), the centre of the excitation frequency 

band had fallen to regions around 150Hz - 170Hz and 120Hz - 140Hz 

respectively. Clearly these plots reveal a trend. In the static case at a given 

incidence, the dominant excitation frequency of pressure fluctuations tended to 

decrease in terms of centre frequency value with distance from the apex of the 

wing. This is in agreement with the work of Gursul (ibid.), who found for each of 

his planforms, (with sweep angles of 60°, 65°, 70° and 75°), that the centre of the 

excitation frequency band occurred at a higher frequency towards the apex of the 

wing.
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Figure 5.4 - Prequency^spectMi^of pres ŝvâe fluctuations at an 
incidence o f 18° in the static case for four transducers located at span 
station y / s  =  0,6 and chord stations, x / c  =  0.4875, 0.6, 0.7 and 0.8. 

For each plot, 2000 samples of data collected during pressure 
measurement tests. Re = 2.7x10^.

Note: bold type denotes change o f parameter from previous figure
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Figure 5.5 illustrates two trends in the frequency data concerning this central 

frequency value. Plot a) shows the variation in central frequency as a function of 

chord wise position for five incidences (16°, 18°, 20°, 22° and 24°). The trend 

apparent in Figure 5.4 is confirmed over this range of incidence. However, what is

Static case Frequency data
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Figure 5.5 - Line plots showing tlie variation o f central excitation frequency as:
a) a function o f  chord position for incidences o f 16°, 18°, 20°, 22° and 24°
b) a function o f incidence for chord stations x /c  =  0.4875, 0.6, 0.7 and 0.8.

Data collected during pressure measurement tests. Re = 2.7x10®
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also apparent is the variation in central frequency at a given chord station with an 

increase in incidence. This second trend is better illustrated in plot b) which 

shows the variation in central frequency as a function of incidence for four chord 

stations. It is clear that for each chord station, the central excitation frequency of 

pressure fluctuations decreased with an increase in incidence. This is also in 

agreement with Gursul’s findings who observed that, for all chordwise locations 

in each of his cases, an increase in incidence tended to decrease the central 

frequency of the high frequency band while the strength and bandwidth 

increased.

It has been shown by Mabey (1996) that this frequency can be expressed as a 

non-dimensional constant for a given geometry and angle of attack. Mabey 

suggested that this constant has a value of about 0.4 for delta wings with a sweep 

angle of 60°. Mabey (ibid.) has also suggested that a unique frequency parameter 

can be found for aU delta wings which takes into account the sweep angle as well 

as angle of incidence. It was suggested that the value of this modified frequency 

parameter nm is 0.25 ± 0.02. Jupp et al (1999) demonstrated that the excitation 

frequency signals identified above are consistent with these values.

5.1.2 Frequency spectra - pitch up tests
Despite the extensive analysis of post-breakdown dominant buffet frequencies on 

static wings carried out by Gursul (1994), Mabey (1996), Woods & Wood (1996) 

and Woods (1999), it is apparent that, until now, no data has been available 

regarding this dominant frequency in the pitching case. To satisfy the demand for 

pitch up and pitch down frequency data, the power spectra of the sampled 

pressure data were calculated for the same transducers that were highlighted in 

the static case analysis. Each calculation used the incidence window sizes 

determined by the RMS analysis. In each pitching case, the data had been filtered 

using a Finite Impulse Response (FIR) high-pass digital filter to remove spectrum
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data below the pitch rate Nyquist cut-off frequency. The determination of the 

Nyquist frequency and the filtering process was described in some detail in 

Section 3.4.

A series of power spectra are shown in Figures 5.6 and 5.7 for one chosen 

transducer in pitch up cases located at x/c = 0.7 , y/s = 0,6 (k ~  0.007) and 

x /c = 0.75, y/s = 0.6 (k = 0.015) respectively. Four angles of incidence are shown 

in each case (12°, 14°, 16° and 18°). At an incidence of 12°, shown in plot a), and 

again at 14° shown in plot b) of each diagram, there is very little activity in the 

power spectrum. In plot c) at 16° incidence in either case, a broad band of 

frequencies, this time centred in the range 150Hz - 250Hz, makes its appearance. 

In plot d) at 18°, this high frequency band now dominates the frequency 

spectrum. This result is indicative of the general behaviour of the high band of 

frequencies in the pitch up cases. The high frequency band showed similarity with 

its static counterpart but the observed changes in behaviour were delayed until a 

higher incidence with increasing pitch rate. Figure 5.8 reveals a series of line plots, 

showing the appearance of the excitation frequency in the frequency spectra of 

successive upstream chord stations on the wing with increasing incidence, in the 

static and pitch up cases (k = 0.007 and k = 0.015), Also plotted, is the 

corresponding upstream progression of vortex breakdown with incidence as 

determined by the results of the flow visualisation tests presented in Chapter 4. 

This diagram shows that there is again a similar trend in the appearance of the 

excitation frequency and the arrival of vortex breakdown at a given chord station 

on the wing, this time for the pitch up cases.

Following the pattern of illustration used in the static case. Figures 5,9 and 5.10 

show series of frequency spectra, at an incidence of 18° in the k = 0,007 and 

k = 0.015 cases, for four transducers positioned across the semi-span of the wing
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Figure 5.6 - Frequency spectra o f pressure fluctuations for a single 
transducer located at x /c  — 0.7, y /s  =  0.6 at incidences o f  12°, 14°, 16° 

and 18° in the pitch up case k = 0.007. For each plot, 471 samples of 
data collected during pressure measurement tests. Re = 2.7x10'’.
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(P itch  up ca se )

a)

0 .0 4

 ̂ 0.02

0.00
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 00

Frequency  (Hz)  

i n c i d e n c e  =  1 2  d e g

0 .0 4

0.0,0
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 00

Frequency  (Hz)  

i n c i d e n c e  =  1 6  d e g

c)

k =  0 . 0 1 5  

b)

0 .0 4

w 0.02

0.00
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 00

Frequency  (Hz)  

i n c i d e n c e  =  1 4  d e g

d)

0 .0 4

M 0.02

0.00
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 00

Freq uency  (Hz)  

i n c i d e n c e  =  1 8  d e g

Transducer = 1 8 3  x / c  =  0 .7 5 ,  y / s  = 0 .6

Figure 5.7 - Frequency spectra o f pressure fluctuations for a single 
transducer located at x / c  = 0.75, y / s  =  0.6 at incidences o f  12°, 14°, 
16° and 18° in the pitch up case k =  0.015. For each plot, 724 samples 

o f data collected during pressure measurement tests. Re — 2.7x10'’.

Note: bold type denotes change o f parameter from previous hgure.
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Pitch up cases
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Figure 5.8 - The chordwise location o f the appearance o f  the 
excitation frequency compared with the chordwise location o f  

vortex breakdown as functions o f incidence in tlie static and two 
pitch up cases (k = 0.007 & k = 0.015). Data collected during 
pressure measurement tests & flow visualisation experiments.

Re = 2.7x10^ and 10000 respectively.
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at chord stations of x /c = 0.7 and x/c = 0.75 respectively. The span stations are 

the same as those detailed in the static case, and in both cases, show a similar 

trend in frequency behaviour patterns with increasing spanwise location, i.e., the 

band of excitation frequencies have their greatest magnitude inboard of the 

vortex core (plots a and b), reaching a peak at a given incidence and chord station 

in the centre of the primary region of high RMS pressure at y/s = 0.6 (plot b). 

Under the vortex core at y/s = 0.7 (plot c), the magnitude of the excitation 

frequency had again reduced and outboard of the vortex core, at y/s = 0.8 (plot 

d), the magnitude had reduced further still. Contrary to the static case, the data in 

either pitch up case reveals little or no change in the central excitation frequency 

across the wing at a given chordwise position and incidence.

Figures 5.11 and 5.12 show a third series of frequency spectra, again at 18° 

incidence in the k — 0.007 and k = 0.015 cases respectively, but for four 

transducers located at span station y/s  — 0.6, in the centre of the primary region 

of high RMS pressure inboard of the vortex core, at similar chord stations to 

those shown in the static case. Figure 5.11, plot a) reveals for the k = 0.007 case, 

the initial appearance of an excitation frequency at chord station x/c = 0.6, 

centred in the region of 200Hz - 270Hz. This is again higher than the excitation 

frequency band at x /c = 0.7 (140Hz - 200Hz) and reproduced in plot b). At 

subsequent chord stations of x/c = 0.8 (plot c) and x /c = 0.9 (plot d), the centre 

of the excitation frequency band had fallen to regions around 130Hz -180Hz and 

120Hz - 170Hz respectively. Figure 5.12 reveals a similar trend for the k = 0.015 

case, however, these were measured at chord stations 0.05c further downstream 

from those examined in Figure 5.11, and therefore the frequencies measured 

cannot be directly compared with the lower pitch rate case.
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Figure 5,9 - Frequency spectra o f pressure fluctuations at an incidence 
o f 18° in tlie pitch up case k = 0.007 for four transducers located at 
chord station x /c  = 0.7 and span stations, y /s  = 0.4875, 0.6, 0.7 and 

0.8. For each plot, 471 samples o f data collected during pressure 
measurement tests. Re = 2.7x10“.
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Figure 5.10 - Frequency spectra o f pressure fluctuations at an incidence 
of 18° in die pitch up case k  = 0.015 for four transducers located at 

chord station x / c  = 0.75 and span stations, y /s  = 0.4875, 0.6, 0.7 and 
0.8. For each plot, 724 samples o f  data collected during pressure 

measurement tests. Re = 2.7x10^.

Note; bold type denotes change o f parameter from previous figure.
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Figure 5.11 - Frequency spectra o f pressure fluctuations at an incidence 
of 18° in die pitch up case k = 0.007 for four transducers located at 
span station y /s  = 0.6 and chord stations, x /c  = 0.6, 0.7, 0.8 and 

0.9. For each plot, 471 samples o f data collected during pressure 
measurement tests. Re = 2.7x10* .̂

Note: bold type denotes change o f parameter from previous figure.

Martyn Jupp ~  A  statistical approach to the analysis o f  surface pressure measurements on a pitching delta wing

192



Results - Analysis o f  vortex breakdown buffet frequency spectra

(P itch  Up ca se )

a)

k =  0 , 0 1 5  

b)

0 . 0 4

m 0.02

0.00
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 00

0 . 0 4

^ 0.02

0.00
0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0

F req uency  (Hz)

T58 x / c  =  0 .6 5 ,  y / s  =  0 .6

Freq u e n c y  (Hz)

T83 x / c  =  0 . 7 5 ,  y / s  =  0 .6

d)

0 . 0 4

0.00
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 00

0 . 0 4

^ 0.02

0.00
0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0

F req uency  (Hz)

T108  x / c  =  0 .8 5 ,  y / s  =  0 .6 T133
F req u e n c y  (Hz)

< /c  =  0 . 9 5 ,  y / s  =  0 .6

Incidence =  1 8  deg

Figure 5.12 - Frequency spectra o f pressure fluctuations at an incidence 
o f  18° in the pitch up case k = 0.015 for four transducers located at 

span station y /s  =  0.6 and chord stations, x /c  = 0.65, 0.75, 0.85 and 
0.95. For each plot, 724 samples o f data collected during pressure 

measurement tests. Re = 2.7x10'’.

Note: bold type denotes change o f parameter from previous figure.
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Figure 5.13, plot a) illustrates the variation in excitation frequency as a function of 

chordwise position in the static and pitch up cases at an incidence of 18°. 

Similarly, Figure 5.13, plot b) shows the same variation, but this time as a function 

of incidence at a chord location of x /c  = 0.6.
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Figure 5.13 - Line plots showing tlie variation o f central excitation frequency in static 
and two pitch up cases (k = 0.007 & k = 0.015) as: a) a function o f chord position for 

an incidence o f 18°. b) a function o f  incidence at chord station x /c  =  0.6. Data 
collected during pressure measurement tests. Re ~  2.7x10^’.
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The spectrum in each pitch up case, with relatively fewer data samples and greater 

noise throughout the incidence range, made the measurement of the centre 

frequency more difficult than the static case and it should be noted that there may 

be some margin for error. However, given that two pitch up cases are presented, 

it is suggested that trends apparent in the data are genuine and representative. It 

was shown for static cases, that the centre of the excitation frequency band was 

found to occur at a higher frequency towards the apex of the wing. By 

determining the mean within a broad band of excitation frequencies. Figure 5.13, 

plot a) revealed that the pitch up cases would appear to show a similar trend. 

Similarly, it was also shown for the static case, that the central frequency of the 

higher frequency band would tend to decrease with an increase in incidence. 

Figure 5.13, plot b) clearly shows that in the pitch up cases, the excitation 

frequency band is largely insensitive to incidence.

5.1.3 Frequency spectra - pitch down tests
Figures 5.14 and 5.15 show the frequency spectra for a single transducer in two 

pitch down cases (It = -0.007 and k = -0.017 respectively) at four angles of 

incidence (26°, 18°, 16° and 14°). In the k — -0.007 case, the transducer was 

located at x/c = 0.4875, y/s = 0.4875 and in the k = -0.017 case, the transducer 

in question was positioned at the same span station (y/s = 0.4875) but at 0.1c 

further upstream at x/c = 0.3875. At 26° incidence in either figure (plot a), there 

is very little pressure fluctuation activity apparent in the data. At this incidence, 

RMS contour plots (not shown) revealed that, in either pitch rate case, the 

chordwise position of the waist in the RMS pressure contours, i.e., Figure 4.43, 

label (5), which in turn had been shown in Figure 4.48, plots b) and c) to be a 

good indicator of the location of vortex restoration in the pitch down cases, had 

yet to move downstream away from the apex of the wing. This finding is in 

agreement with the findings of Gursul (1994) who found that, for static cases, 

pressure fluctuation excitation frequency activity ceased when vortex breakdown
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reached the apex of the wing. At 18° incidence in either case (plot b), a high 

frequency band, now centred in the frequency range 150Hz - 300Hz dominates 

the spectrum. The high frequency band first appears at incidences of 21° and 20° 

in the k = -0.007 and k = -0.017 cases respectively (not shown), and in each case 

coincides with the first indication of movement of the expanded region of high 

RMS pressure i.e.. Figure 4.43, label (4), outboard from the wing centreline. At 

16° incidence in the k = -0.007 case (Figure 5.14, plot c), the width and power of 

the high frequency band had diminished somewhat. However, in the k = -0.017 

case at the same incidence (Figure 5.15, plot c), the same features of the excitation 

frequency band have reached a maximum. At an incidence of 14°, the dominant 

frequency in both cases (plot d) has all but disappeared. This general progression 

with incidence is typical for all transducers analysed.

Figure 5.16 plots b) and c) show line plots indicating the disappearance of the 

excitation frequency in the frequency spectra of successive downstream chord 

stations on the wing with decreasing incidence in the pitch down cases k = -0.007 

and k — -0.017 respectively. Also plotted is the corresponding downstream 

progression of vortex restoration with decreasing incidence as determined by the 

results of the flow visualisation tests presented in Chapter 4. Figure 5.16, plot a) 

shows the equivalent data in the static case which details the appearance of the 

excitation frequency in the frequency spectra of successive upstream chord 

stations on the wing with increasing incidence and the upstream progression of 

vortex breakdown. This diagram shows that there is a similar trend in the 

subsidence of the excitation frequency and the arrival of vortex restoration at a 

given chord station on the wing for the pitch down cases.
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Figure 5.14 - Frequency spectra o f pressure fluctuations for a single 
transducer located at x /c  = 0,4875, y /s  = 0.4875 at incidences o f  26°, 
18°, 16° and 14° in the pitch down case k = -0.007. For each plot, 445 

samples o f data collected during pressure measurement tests.
Re = 2.7x10*.
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Figure 5.15 - Frequency spectra o f  pressure fluctuations for a single 
transducer located at x / c  =  0.3875, y /s  = 0.4875 at incidences o f 26°, 18°, 

16° and 14° in the pitch down case k  = -0.017. For each plot, 692 samples of 
data collected during pressure measurement tests. Re = 2.7x10'’.

Note: bold type denotes change o f parameter from previous figure.
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Figure 5.16 - The chordwise location of the appearance/disappearance o f  
die excitation frequency compared with die chordwise location o f  vortex 

breakdown/restoration as functions o f incidence in the static and two 
pitch down cases (k = -0.007 & k = -0.017). Data collected during 

pressure measurement tests & flow visualisation experiments.
Re = 2.7x10'' and 10000 respectively.
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Figures 5.17 and 5.18 show series of frequency spectra, at an incidence of 18° in 

the k = -0.007 and k = -0.017 cases, for four transducers positioned across the 

semi-span of the wing at chord stations of x/c = 0.4875 and x /c = 0.3875 

respectively. The span stations chosen were y/s = 0.3875 (plot a), y/s = 0.4875 

(plot b), y/s = 0.6 (plot c) and y/s = 0.7 (plot d). As a group, these transducers 

are further inboard than those shown for the static and pitch up cases, reflecting 

the spanwise position of the region of high RMS pressure, Figure 4.43, label (4), 

which was observed at this incidence in the RMS pressure analysis. The plots as a 

whole showed a similar trend in frequency behaviour patterns with increasing 

spanwise location as those displayed for static and pitch up cases. For each pitch 

down case, the band of excitation frequencies have their greatest magnitude 

inboard of the vortex core at y/s = 0.4875 in the centre of the region of high 

RMS pressure, decreasing in width and magnitude in an outboard direction 

towards the wing leading-edge. In a similar manner to the pitch up cases, the data 

in both pitch down cases reveal little or no change in the central excitation 

frequency across the wing at a given chordwise position and incidence.

Figures 5.19 and 5.20 show another series of frequency spectra, again at 18° 

incidence in the k = -0.007 and k = -0.017 cases respectively, but for four 

transducers located at span station y/s  ~  0.4875, in the centre of the primary 

region of high RMS pressure inboard of the vortex core. Figure 5.19, plot a) 

reveals for the k = -0.007 case, the initial appearance of an excitation frequency at 

chord station x /c = 0.29375, in the region of lOOHz - 350Hz. This is similar to 

the excitation frequency band at x/c = 0.3875 shown in plot b), whose centre is 

located in the region 150Hz - 300Hz. At chord stations of x /c  = 0.4875 (plot c) 

and x/c = 0.6 (plot d), the width of the excitation frequency band had increased, 

however, the centre had fallen into the regions 150Hz - 250Hz and 

120Hz - 220FIz respectively. Figure 5.20 reveals a similar trend for the k = -0.017
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Figute 5.17 - Frequency spectra o f pressure fluctuations at an 
incidence o f  18° in die pitch down case k =  -0.007 for four 
transducers located at chord station x /c  = 0.4875 and span 

stations, y /s  =  0.3875, 0.4875, 0.6 and 0.7. For each plot, 445 
samples o f data collected during pressure measurement tests. 

Re = 2.7x1 Oh
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Figure 5.18 - Frequency spectra o f pressure fluctuations at an incidence o f  
18° in tire pitch down case k  = -0.017 for four transducers located at chord 
station x / c  =  0.3875 and span stations, y /s  = 0.3875, 0.4875, 0.6 and 0.7. 

For each plot, 692 samples o f data collected during pressure measurement 
tests. Re =  2.7x10*̂ .

Note: bold type denotes change of parameter from previous figure.
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Figure 5.19 - Frequency spectra o f pressure fluctuations at an incidence 
o f  18° in the pitch down case k = -0.007 for four transducers located 

at span station y /s  = 0.4875 and chord stations, x /c  = 0.29375, 
0.3875, 0.4875 and 0.6. For each plot, 445 samples o f data collected 

during pressure measurement tests. Re = 2.7x10'’.

Note: bold type denotes change o f parameter from previous figure.
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case, however, like the pitch up cases, these were measured at different chord 

stations from those examined in the previous figure, in this case, 0.1c further 

upstream, and therefore the frequencies measured cannot be directly compared 

with the lower magnitude pitch down case.

Like the pitch up cases, the centre of the high frequency band in the pitch down 

cases was found to be difficult to determine. However, results are presented for 

two pitch down cases which suggests that trends apparent in the data can be 

taken again as genuine and representative. A mean frequency value was chosen 

from a broad band of excitation frequencies and plotted against chord position 

and incidence. Figure 5.21, plot a) shows these mean frequency values in the pitch 

down cases as a function of chordwise position at an incidence of 18°. These are 

displayed together with the results from the static and pitch up cases previously 

shown in Figure 5.13, plot a). Figure 5.21, plot b) shows the mean frequency 

values for the same five cases, measured at a chord position of x /c = 0.6, plotted 

as a function of incidence. Figure 5.21 plot a) shows that for the pitch down 

cases, the centre of the excitation frequency band was found again to occur at a 

higher frequency towards the apex of the wing. The plot also shows that this 

frequency is generally much higher in the pitch down cases than either the static 

or pitch up cases. Figure 21, plot b) reveals that the value of the central excitation 

frequency at a given chord position is again higher in the pitch down cases than 

either the static or the pitch up cases. It also shows, in a similar manner to the 

pitch up cases, that the mean of the higher frequency band is insensitive to 

changes in incidence. In the pitch down cases this trend is more conclusive.
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Figure 5.21 - Line plots showing tlie variation o f central excitation frequency 
in static, two pitch up cases (k = 0.007 & k = 0.015) and two pitch down 
cases (k = -0.007 & k = -0.017) as: a) a function o f chord position for an 
incidence o f 18°. b) a function o f incidence at chord station x /c  — 0.6. 

Data collected during pressure measurement tests. Re =  2.7x10^
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5.1.4 Frequency spectra - changes in sample window size

Fot the results presented during this analysis of frequency spectra for pitch up 

and pitch down cases, the pressure sample window sizes, to which the FFT 

calculation was applied, remained constant at 1,5° for a pitch rate magnitude 

|k | = 0.007 and 2° for the pitch rate magnitudes of |k | = 0.015/0.017. These 

window sizes are similar to those used in the RMS pressure analysis. To 

investigate the effect of sample size variations on the frequency content, and in 

particular, the effect on the excitation frequency centre or mean value, a number 

of calculations were made using various incidence windows in pitch up and pitch 

down cases. Figures 5.22 to 5.25 show a series of frequency spectra for a single 

transducer located in the centre of the region of high RMS pressure inboard of 

the vortex core, labelled as (4) in Figures 4.39 and 4.42. The transducers ehosen 

for pitch up cases, k = 0.007 (Figure 5.22) and k — 0.015 (Figure 5.23), were those 

positioned at span station, y/s = 0.6 and chord stations x /c  “  0.7 and x/c = 0.8 

respectively. For the pitch down cases, k = -0.007 (Figure 5.24) and k = -0.017 

(Figure 5.25), the chosen transducers were located further inboard, (for reasons 

highlighted in the pitch down frequency analysis), at span station y/s = 0.4875 

and chord stations, x/c = 0.4875 and x/c = 0.3875. Each figure shows frequency 

spectra from FFT calculations using four different window incidence sizes, such 

that, for the j k | = 0.007 cases, each plot shows an example of calculations using 

1°, 1.5°, 2° and 3° incidence windows, and for the higher pitch rate cases,

I k| = 0.015/0.017, the illustrated incidence windows were 1°, 2°, 3° and 4°. The 

plots as a whole show a general trend. That is, the increase in sample size 

increased the resolution of the frequency content and tended to reduce its overall 

power. However, in each case, the general form of the signal was largely 

unaffected and most importantly, the mean or central value of the excitation 

frequency band was not changed to any great degree.
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Figure 5.22 - Frequency spectra o f pressure fluctuations for a single 
transducer located at x /c  =  0.7, y /s  = 0.6 at an incidence o f 18° in the 
pitch up case k =  0.007, using incidence windows o f 1° (314 samples), 

1.5° (471 samples), 2° (628 samples) and 3° (942 samples). Data collected 
during pressure measurement tests. Re = 2.7x10^.
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Figure 5.23 - Frequency spectra o f pressure fluctuations for a single 
transducer located at x / c  = 0.8, y /s  = 0.6 at an incidence o f  18° in the 
pitch up case k =  0.015, using incidence windows o f 1° (362 samples), 

2° (724 samples), 3° (1086 samples) and 4° (1448 samples). Data 
collected during pressure measurement tests. Re = 2.7x1 O'*.

Note: bold type denotes change o f  parameter from previous figure.
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Figure 5.24 - Frequency spectra o f  pressure fluctuations for a single 
transducer located at x / c  =  0.4875, y / s  =  0.4875 at an incidence o f  18° 
in die pitch down case k = -0.007, using incidence windows o f  1 ° (296 

samples), 1.5° (445 samples), 2° (592 samples) and 3° (890 samples). 
Data collected during pressure measurement tests. Re = 2.7x10^’.

Note: bold type denotes change o f parameter from previous figtire.
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Figure 5.25 - Frequency spectra o f pressure fluctuations for a single 
transducer located at x / c  =  0.3875, y /s  = 0.4875 at an incidence o f  18° 
in tlie pitch down case k = -0.017, using incidence windows o f  1° (346 
samples), 2° (692 samples), 3° (1038 samples) and 4° (1384 samples), 

Data collected during pressure measurement tests. Re = 2.7x10^.

Note: bold type denotes change o f parameter from previous figure.

Martyn Jupp — A statistical approach to tlie analysis o f  surface pressure measurements on a pitching delta wing

2 1 1



Results - Analysis o f  vortex breakdown buffet frequency spectra

5.1.5 Frequency spectra - changes in apex geometry
Like the sharp-nosed static case, all frequency spectra examined for the round

nosed wing used all 2000 samples of data obtained for a given transducer at each 

incidence and all data were processed to remove the d.c. component prior to 

input into the FFT calculation. Again, no other filtering was applied. Figure 5.26 

shows a series of frequency spectra for the same single transducer (at x / c  = 0.6, 

y/s = 0.6) and at the same incidences (12°, 14°, 16° and 18°) shown for the 

sharp-nosed wing in Figure 5.1. At an incidence of 12° (plot a) and again at 14° 

(plot b), the low frequency component of around 5Hz, again, dominated the 

spectrum. The principle difference between the sharp and round-nosed cases at 

12° incidence was in the magnitude of the low frequency spike, which was lower 

in the round-nosed case by as much as 30%. At 14° incidence, this trend 

continued and two further differences were apparent. Firstly, the excitation 

frequency was now very much in evidence in the round-nosed case, and secondly, 

the appearance of the excitation frequency seemed to have little effect on the low 

frequency spike magnitude which had fallen by only 14% at this incidence. In plot

c) at 16° incidence, the magnitude of the low frequency component had dropped 

by a further 22%, compared with 50% in the sharp-nosed case over the same 

incidence range. At this incidence, the band of excitation frequencies have a 

magnitude almost twice that of the sharp-nosed wing, however, they are centred 

in the region of 180Hz - 200Hz which is similar to the sharp-nosed excitation 

frequency which, made its appearance at this incidence. This behaviour is typical 

of the transducers analysed in the round-nosed case, where the gradual drop in 

magnitude of the low frequency component occurs at a higher incidence towards 

the apex of the wing and the excitation frequency band appears later, closer to the 

apex. However, in each instance, these occur at a lower incidence than in the 

sharp-nosed case. In plot d) at 18° incidence, the excitation frequency band has 

come to dominate the frequency spectrum.
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Figure 5.26 - Frequency spectra o f pressure fluctuations for a 
single transducer located at x /c  = 0.6, y /s  = 0.6 at incidences o f  

12°, 14°, 16° and 18° in the round-nosed static case. For each plot, 
2000 samples o f  data collected during pressure measurement tests. 

Re = 2.7xl0'>.
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Figure 5,27 illustrates the trends in the frequency data concerning the central 

frequency value in the round-nosed static case. Plot a) shows the variation in 

central frequency as a function of chord wise position at an incidence of 18° for 

both the sharp and round-nosed cases. Similarly, plot b) illustrates the variation of 

frequency with respect to incidence at a fixed chord location of x /c  = 0.6, for the 

same two cases. It is clear from Figure 5.27, is that there is very little difference in

Static case Frequency data
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Figure 5.27 - Line plots showing tlie variation o f  central excitation frequency in 
sharp & round-nosed static cases as: a) a function o f chord position for an 

incidence o f 18°. b) a function o f  incidence at chord station x /c  =  0.6. Data 
collected during pressure measurement tests. Re =  2.7x10*^
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the values of excitation central frequency between the sharp and round-nosed 

static cases, such that, the non-dimensional constants identified by Mabey (1996) 

may also be applied to the round-nosed wing.

5.2 A n a l y s i s  o f  t h e  p r e s s u r e  s i g n a l  c r o s s - c o r r e l a t i o n  f u n c t i o n

The pressure signal cross-correlation function analysis programme was used to 

carry out a large number of cross-correlation calculations for a series of 

transducers on the leeward surface of the wing in static, pitch up and pitch down 

cases, over a range of incidences. The following section presents a selection of 

representative results from this analysis for a single mean or instantaneous 

incidence of 18°. At a given chord station downstream of vortex breakdown or 

vortex restoration, a ‘fixed’ transducer was chosen, to which other transducers 

across the span would be compared. This fixed transducer was located in aU cases, 

at a spanwise location which was inboard of the centre of the region of high RMS 

pressure, labelled as (4) in Figures 4.39 and 4.42.

5.2.1 Static tests

For the static case, Figure 5.28 shows the Co-spectrum magnitude for cross

correlation calculations between transducers located at a chord station of 

x /c = 0.6. The four transducers chosen for comparison with the fixed transducer 

positioned at span station y/s = 0.3875, were located at y/s ~ 0.4875 (plot a), 

y/s = 0.6 (plot b), y/s = 0.7 (plot c) and y/s = 0.8 (plot d). Figure 5.28 reveals a 

dominant frequency band in the Co-spectra of pressure fluctuations centred in 

the region 140Hz - 200Hz, which indicates a clear correlation between a cornmon 

group of frequencies in the pressure signals measured at span stations positioned 

progressively further outboard towards the ieading-edge at a single chord station. 

This cross-correlation dominant frequency band compared well with the centre 

of the excitation frequency band, which was measured at this incidence and chord
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Figure 5.28 - Cross-correlation co-spectra o f  pressure fluctuations at an incidence 
o f  18° in the static case between a fixed transducer T44 @  y /s  = 0.3875 and four 

transducers across tire span: T45 @ y /s  = 0.4875, T47 @  y /s  =  0,6, T49 @ y /s  = 0.7 
and T51 @ y / s  = 0.8. All transducers at chord station x /c  = 0.6. 2000 samples o f  

data collected during pressure measurement tests. Re 2.7x10®.
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position in the single point frequency analysis, in the region 180Hz - 200Hz. 

Similarly, each dominant frequency in the cross-spectrum analysis displayed a 

tendency which saw the highest co-spectrum magnitude in the centre of the 

region of high RMS pressure inboard of the vortex core.

Figures 5.29 and 5.30 show two further static case sets of co-spectra for 

transducers at similar spanwise positions but located at x /c = 0.7 and x/c = 0.8 

respectively. Figure 5.29 reveals, that at a chord station of x/c = 0.7, a dominant 

frequency band was again apparent, but this time centred in the region 

125Hz - 160Hz. At x /c = 0.8, shown in Figure 5.30, a similar feature was centred 

in the region llOHz - 140Hz. Both figures again showed good agreement with the 

single point analyses at the same incidence and chord location. The pattern of 

co-spectrum magnitude across the span which was seen at x /c  = 0.6, was again 

observed at these chord stations. The trend apparent in the data, from chord 

station to chord station, saw a decrease in centre dominant frequency value and 

an increase in co-spectrum magnitude, as distance from the wing apex increased.

Figure 5.31 summarises the findings of the static case cross-correlation analysis at 

18° incidence for the three chord stations x/c = 0.6, x / c  = 0.7 and x/c = 0.8. 

Plot a) shows the co-spectrum dominant frequency band centre as a function of 

spanwise position, for each chord station case. Plot b) shows the corresponding 

quadrature-spectrum phase angle for the central frequencies shown in plot a). The 

figure shows a number of trends that were also observed for other transducer 

combinations and at other incidences. Plot a) shows two trends. Firstly, the 

co-spectrum dominant frequency is almost constant across the wing in a spanwise 

direction, and secondly, it tends to increase with upstream progression towards 

the apex of the wing. Plot b) however, shows three very different trends. Firstly, 

there was very little variation in phase lag measurements from chord station 

to chord station. Secondly, there was a steadily increasing phase lag between the
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Figut-e 5.29 - Cross-correlation co-spectra o f pressure fluctuations at an incidence 
o f  18° in the static case between a fixed transducer T67 @  y /s  =  0.3875 and four 

transducers across tire span: T68 @ y / s  =  0.4875, T70 @ y / s  =  0.6, T72 @ y / s  =  0.7 
and T74 @ y / s  = 0.8. All transducers at chord station x /c  = 0.7. 2000 samples o f  

data collected during pressure measurement tests. Re 2.7x10^.

Note: bold tjrpe denotes change of parameter from Figure 5.28.
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Figure 5.30 - Cross-correlation co-spectra o f pressure fluctuations at an incidence 
o f  18° in the static case between a fixed transducer T 9 3  @ y /s  =  0.3875 and four 

transducers across the span: T 9 4  @ y /s  = 0.4875, T 9 6  @  y /s  = 0.6, T 9 8  @ y /s  = 0.7 
and TlOO @ y /s  = 0.8. AU transducers at chord station x / c  =  0 ,8 . 2000 samples o f  

data coUected during pressure measurement tests. Re 2.7x1 O''.

Note: bold type denotes change o f parameter from Figure 5.29.
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Figure 5.31 - Line plots showing the variation, at 18° incidence, in the static case, 
o f a) the central cross-correlation dominant frequency and b) die central cross
correlation dominant frequency phase lag angle, each wrt spanwise position, for 

transducers located at three chordwise locations x /c  = 0.6, 0.7 and 0.8. Data 
collected during pressure measurement tests. Re = 2.7x10^.

pressute signals at the fixed transducer and successive transducers in an outboard 

direction. Gursul (1994), who observed a similar trend in his results, noted that 

this was indicative o f  the convection velocity o f  the flow underneath the vortex
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in an outboard direction towards the leading-edge of the wing. It should also be 

noted that this implies that the flow field disturbances causing the pressure 

fluctuations were also travelling in the same direction. Thirdly, the plot reveals 

that this increase in phase angle from transducers located near the fixed 

transducer to those further outboard is not linear. At each chord station, there 

was seen a rapid increase in phase lag between the fixed transducer at 

y/s = 0.3875, and those located at y/s = 0.6 and subsequently at y/s = 0.7. This 

rapid increase over a short spanwise distance was followed by a much smaller 

increase in phase lag between y/s = 0.7 and y/s = 0.8.

5.2.2 CCFanalysis -pitch up tests
It was shown in section 3.5 that the sample size index number, input into the 

FORTRAN library routine to calculate the FFT and cross-correlation functions, 

was limited by its prime factors, in that both the number of factors and their 

maximum value was restricted to 19. In order to carry out these calculations in 

either pitch up case at an incidence of 18°, this caused a problem. The ‘natural’ 

number of samples at this incidence, in the k= 0.007 case using a 1.5° incidence 

window, was 471 This has prime factors of 3, and 157 only. Similarly in the 

k = 0.015 case, using a 2° incidence window, the number of samples was 724 

(prime factors = 2 (twice) and 181). In order to satisfy the input criterion, the 

respective sample sizes were increased to 475 (prime factors = 5 (twice) and 19) 

and 726, (prime factors = 2, 3 and 11 (twice)), by adding extra zeros to the input 

file prior to the FFT calculation described in Section 3.5.

Figures 5.32 and 5.33 show pitch up data sets of co-spectra for transducers 

located at x /c = 0.7, in the cases, k = 0.007 and k = 0.015 respectively. The 

spanwise locations of the fixed transducer and those to which it was compared, 

are the same transducers shown in the static case at the same chord station. Figure 

5.32 reveals, that in the k — 0.007 case, a dominant frequency band was again
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apparent in each plot but this time centred in the region 140Hz ~ 200Hz. In the 

k = 0.015 case, shown in Figure 5.33, a large cross-correlation frequency spike 

was centred in the narrow region 160Hz - 170Hz. Both figures again showed 

good agreement with the single point analyses for the same cases, at the same 

incidence and chord location. The spanwise pattern of co-spectrum magnitude 

seen in the static case, and in the respective pitch up single-point analyses, was 

again observed in the co-spectra at this chord station in both cases. The trend 

apparent in the data over the range of chord stations examined again saw a 

decrease in centre dominant frequency value and an increase in co-spectrum 

magnitude, as distance from the wing apex increased.

Figure 5.34, plot a) shows the co-spectrum dominant frequency band centre as a 

function of spanwise position, for the static and two pitch up cases = 0.007 and 

k = 0.015) at a chord station of x /c = 0.7 and an incidence of 18°. Like Figure 

5.31, plot b) shows the corresponding quadrature-spectrum phase angle for the 

central frequencies shown in plot a). Plot a) shows that the co-spectrum dominant 

frequency is again, almost constant across the wing in a spanwise direction for 

each pitch rate. However, it tends to increase with an increase in pitch rate 

magnitude. Plot b) shows that the trends apparent in the spanwise distribution of 

phase measurements for the static case is also apparent for the pitch up cases, i.e., 

for each pitch up case, there was seen a rapid increase in phase lag between the 

fixed transducer at y/s = 0.3875, and those located at y/s = 0.6 and subsequently 

at y/s = 0.7. This rapid increase over a short spanwise distance was followed by a 

much smaller increase in phase lag between y/s — 0.7 and y/s = 0.8.

5.2.3 CCF analysis - pitch down tests

Like their counterparts in the pitch up tests, the sample size index number of each 

pitch down case fed into the FFT and cross-correlation calculations, suffered 

from the perennial problem of prime factor criterion failure. For the k = -0.007
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Figure 5.32 - Cross-correlation co-spectra o f  pressure fluctuations at an incidence of 
t8° in the pitch up case k =  0.007 between a fixed transducer T67 @  y /s  =  0.3875 

and four transducers across the span: T68 @ j / s  — 0.4875, T70 @  y /s  = 0.6, 
T72 @  y /s  = 0.7 and T74 @ y / s  = 0.8. All transducers at chord station 
x /c  = 0.7. 475 samples o f data collected during pressure measurement 

tests. Re 2.7x10*̂ .
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Figure 5.33 - Cross-correlation co-spectra o f pressure fluctuations at an incidence o f  
18° in the pitch up case k  = 0.015 between a fixed transducer T67 @  y /s  = 0.3875 

and four transducers across the span: T68 @  y /s  = 0.4875, T70 @ y /s  =  0.6, 
T72 @ y / s  =  0.7 and T74 @ y / s  = 0.8. All transducers at chord station 
x /c  =  0.7. 726 samples o f data collected during pressure measurement 

tests. Re 2.7x10''.

Note; bold type denotes change o f parameter from Figure 5.32.
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Figure 5.34 - Line plots showing the variation, at 18° incidence, in tlie static and 
two pitch up cases (k = 0.007 & k = 0.015), o f  a) die central cross-correlation 
dominant frequency and b) die central cross-correlation dominant frequency 

phase lag angle, each wrt spanwise position, for transducers located at a 
chordwise location o f x /c  = 0.7. Data collected during pressure 

measurement tests. Re = 2.7x10''.

case using a 1.5° incidence window, the number of natural samples was 445 

(prime factors = 5 and 89 only). This was solved by adding 3 zeros to make a
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sample size of 448 (prime factors = 2 (6 times) and 7). Similarly, In the k = -0.017 

case, an incidence window of 2° resulted in a sample count of 692, i.e., prime 

factors = 2 (twice) and 173. This was corrected by increasing the sample to 700 

(prime factors = 2 (twice), 5 (twice) and 7).

Figures 5.35 and 5.36 show sets of co-spectra, for transducers located at 

x /c = 0.6, in the pitch down cases, k = -0.007 and k = -0.017 respectively. The 

spanwise locations of the fixed and subject transducers, chosen for the pitch 

down cross-correlation analysis, were positioned further inboard than those in the 

static and pitch up cases. Like the single point analysis, these were chosen to 

reflect the spanwise position of the region of high RMS pressure, Figure 4,43, 

label (4) seen in the RMS pressure analysis, at this incidence. The fixed transducer 

was located at y/s = 0.2 inboard of the centre of high RMS pressure, whilst the 

cross-correlation subject transducers were located at y/s — 0.3875 (plot a), 

y/s == 0.4875, (plot b), y/s = 0.6 (plot c) and y/s = 0.7 (plot d). Figure 5.35 

reveals, that in the k = -0.007 case, a dominant frequency band was again 

apparent in each plot but this time centred in the region 250Hz - 350Hz. In the 

k — -0.017 case, shown in Figure 5.36, a large cross-correlation frequency spike 

was centred in the narrow region 260Hz - 300Hz. Like the static and pitch up 

cases, both pitch down cases showed good agreement with the single point 

analyses at the same incidence and chord location. The spanwise pattern of co

spectrum magnitude seen in the static and pitch up cases, and in the respective 

pitch down single-point analyses, was again observed in the co-spectra at this 

chord station in both cases. Similarly, the trend apparent in the data over the 

range of chord stations examined again saw a decrease in centre dominant 

frequency value and an increase in co-spectrum magnitude, as distance from the 

wing apex increased.

Martyn Jupp -  A  statistical approach to the analysis o f  surface pressure measurements on a pitcliing delta wing

226



Results - Analysis o f  vortex breakdown buffet frequency spectra

(P i tch  down case )

a)

R
E

T
5

0.00
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 00

0 . 1 5

10

.05

0.00

k =  - 0 . 0 0 7  

b)

Frequency  (Hz) 

C o - s p e c t r u m  m a g n i t u d e  T 4 3  @ T 4 4

c)

0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0
Frequency  (Hz)

C o —s p e c t r u m  m a g n i t u d e  T 4 3  @ T 4 7

E2

I
Ü

0.00
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 00

F r eq uency  (Hz)

C o —s p e c t r u m  m a g n i t u d e  T 4 3  @ T 4 5

d)

0 . 1 5

Q(/)
CL

I

Ï.
T
cS

0 .00
0 2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0

Freq uency  (Hz)

C o —s p e c t r u m  m a g n i t u d e  T 4 3  @ T 4 9

i n c i d e n c e  =  1 8  d e g

Figure 5.35 - Cross-correlation co-spectra o f  pressure fluctuations at an incidence of 
18° in tlie pitch down case k = -0.007 between a fixed transducer T43 @ y /s  =  0.2 
and four transducers across the span: T44 @ y / s  =  0.3875, T45 @ y / s  =  0.4875, 

T47 @ y / s  ~  0.6 and T49 @  y/ s  =  0.7. AU transducers at chord station x /c  = 0.6. 
448 samples o f data coUected during pressure measurement tests. Re 2.7x10''.
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Figure 5.36 - Cross-correlation co-spectra o f pressure fluctuations at an incidence of 
18° in the pitch down case k =  -0.017 between a fixed transducer T43 =  0.2
and four transducers across tlie span: T44 @  y /s  = 0.3875, T45 @y / % =  0.4875, 

T47 @  y /s  = 0.6 and T49 @  y /s  = 0.7. AU transducers at chord station x /c  = 0.6. 
700 samples o f data coUected during pressure measurement tests. Re 2.7x10'’.

Note; bold type denotes change o f parameter from Figure 5.35.
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Figure 5.37, plot a) shows the co-spectrum dominant frequency band centre as a 

function of spanwise position, for the static and two pitch down cases (Ic = -0.007 

and k = -0.017) at a chord station of x/c = 0.6 and an incidence of 18°. To enable 

the comparison of static and pitch down case plots at different spanwise stations, 

a second x-axis has been added at the top of the diagram, which has been 

spanwise shifted outboard with respect to the bottom axis and along which, the 

static case span positions are plotted. Plot b) shows the corresponding 

quadrature-spectrum phase angle for the central frequencies using the same x-axis 

convention. Figure 5.37 shows similar trends to those seen in Figure 5.34. Plot a) 

shows that the co-spectrum dominant frequency is again, almost constant across 

the wing in a spanwise direction for each pitch rate, and like the pitch up cases, it 

tends to increase with an increase in pitch rate magnitude. By comparing 

Figure 5.37, plot a) with the corresponding plot in Figure 5.34, it is evident that 

the cross-correlation dominant frequencies in the pitch down cases are higher 

than those observed in the pitch up cases, with a trend in both pitch up and pitch 

down, which suggests an increase in dominant frequency with an increase in pitch 

rate magnitude. Plot b) however, shows that there are significant variations in 

phase lag measurements with an increase in pitch rate magnitude, although the 

trends apparent in the static and pitch up cases with regard to the spanwise 

distribution of phase lag measurements are again apparent in both pitch down 

cases. This spanwise zone of rapid phase lag increase, in static and all pitching 

cases, corresponded to a transition from the centre of the region of high RMS 

pressure to a position underneath the vortex core centreline. The difference in the 

spanwise position of this zone in the static/pitch up and the pitch down cases, 

reflected the relative positions of these surface pressure features as indicated by 

the mean/instantaneous pressure and RMS pressure analyses.
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Figure 5,37 - Line plots showing the variation, at 18° incidence, in the static and 
two pitch down cases (k = -0.007 & k = -0.017), o f  a) tlie central cross- 

correlation dominant frequency and b) the central cross-correlation 
dominant frequency phase lag, each wrt spanwise position, for 
transducers located at a chordwise location o f x /c  =  0.6. Data 

collected during pressure measurement tests. Re == 2.7x10“̂.
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5.2.4 CCF analysis - changes in apex geometry

Like the sharp-nosed static case, all cross-correlation calculations for the round

nosed wing used all 2000 samples of data obtained for a given transducer at each 

incidence. Figures 5.38 shows sets of co-spectra for transducers located at 

x /c = 0.7, in the sharp-nosed static cases (plots a and b) and round-nosed static 

cases (plots c and d). The fixed transducer in each case was located at 

y/s = 0.3875, and the subject transducers were positioned at y/s = 0.4875 and 

y/s = 0.6 respectively. Figure 5.38 shows that the round-nosed case cross

correlation dominant frequency was centred in the region llOHz - 130Hz, which 

was slightly lower than its sharp-nosed counterpart, however, the magnitude of 

this central frequency was significantly higher in the round-nosed case. These 

trends were typical for aU transducer combinations and all incidences analysed.

Figure 5.39, plots a) and b) show the co-spectrum dominant frequency band 

centre as a function of spanwise position and the corresponding quadrature- 

spectrum phase lag measurements respectively, for the sharp and round-nosed 

static cases at a chord station of x /c = 0.7 and an incidence of 18°. Like all cases 

previously described, plot a) shows for the round-nosed static case, that the value 

of the cross-correlation central dominant frequency was largely constant across 

the span of the wing. What is also clearly shown is the slight decrease in central 

frequency from sharp nose to round. Similarly, plot b) shows that the spanwise 

trend in phase lag increase with distance from the fixed transducer was again 

apparent in the round-nosed case.

With the effect of changes in apex geometry, this concludes the presentation of 

results. Chapter 6 offers a discussion of the findings of Chapter 4 and Chapter 5 

so that conclusions may be drawn.
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Figure 5.38 - Cross-correlation co-spectra o f pressure fluctuations at an 
incidence o f 18° in the sharp and round-nosed static cases between a fixed 

transducer T67 @  y/ s  = 0.3875 and two transducers across the span: T68 @  
y / s  = 0.4875 and T70 @  y/ s  = 0.6. AU transducers at chord station 

x /c  =  0.7. 2000 samples o f data coUected during pressure 
measurement tests. Re 2.7x10^’.
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C h a p t e r  6

6. DISCUSSION

For the 60° wing tested in this study, the results of the mean and instantaneous 

Cp distribution analyses have been successful in determining the position of the 

primary vortex core and its growth during pitching motions. It is however, very 

difficult to pick out other significant features of the flow structure from these data 

alone. One example is the secondary vortex, whose presence is not discernible in 

either the static or pitching cases. This observation is supported by the smoke 

tunnel visualisation tests. These revealed only a small rotational component of 

velocity in the secondary vortex structure across the range of pitch rates. Similarly, 

it is not possible to detect the arrival of vortex breakdown over the traihng-edge 

of the wing. This is partly due to the inability of the analysis method to describe 

flowfield phenomena of a temporal nature and partiy due to a departure from a 

purely honicaF flow stmcture. Gursul (1994) and others have showed vortex 

breakdown to be characterised by a highly fluctuating component in the pressure 

signal, which does not necessarily affect its mean value in the long term. This 

means that an analysis method that can only detect changes in mean pressure 

values is lilcely to be ineffective in establishing the upstream movement of vortex 

breakdown over the wing surface. Similarly, a number of flow visualisation 

studies, notably, Parker (1977), Lowson (1991) and the smoke visualisations tests 

carried out in this study, have shown that the vortex inner core, where the axial 

velocity of the flow is at its highest and which acts as the principal source of the 

high suction ridge, lifts further and further away from the wing surface with 

downstream progression along the wing. This is a departure from the conical flow 

structure, which was first observed by HaU (1961), and is caused by the
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continuous feeding of vorticity into the vortex along the entire length of the 

leading-edge. Continuous vorticity input induces the vortex to grow in size and 

strength with an increase in chordwise distance from the wing apex and tends to 

maintain the pressure footprint on the surface of the wing. In the pressure 

measurement tests, the departure from this conical flow manifests itself as a 

broadening and reduction in magnitude of the suction ridge over the length of the 

vortex. Hence, any eventual decrease in suction caused by a reduction in axial 

velocity prior to flow stagnation and vortex breakdown tends to be disguised by 

this flowfield effect.

6 .1  C o n d i t i o n s  f o r  v o r t e x  b r e a k d o w n

The mean/instantaneous pressure data can be used in the context of vortex 

breakdown, to provide a highly useful qualitative assessment of pressure-related 

flowfield conditions, in particular, those which are measured upstream of the 

vortex breakdown point and can be associated with the root cause of the 

phenomenon. On a delta wing, a stationary leading-edge vortex is possible due to 

the swept leading-edge of the wing which provides a mechanism to continually 

transport generated vorticity downstream. Hence, a stationary and stable leading- 

edge vortex is achieved when the convection of vorticity along the core balances 

the vorticity generation from the boundary layer of the leading-edge. The 

importance of vorticity balance was first emphasized by Reynolds and Carr 

(1985), in their review of separation driven flows. This was applied to delta wing 

flows by Lee & Ho (1990), who observed that the amount of vorticity in a 

leading-edge vortex at a given chord station depends on a balance between the 

amount of bounded vorticity fed into the upstream shear layer and the magnitude 

of axial convection along the vortex core. Visser & Nelson (1993) showed that 

when this balance is no longer maintained, vortex stability at a given chordwise 

location is dependent on the level of distributed vorticity per unit area. If this
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quantity, also Icnown as the ‘swirl’ magnitude exceeds a critical value, then the 

vortex goes through a change of state to redistribute the excess vorticity.

The balance between vorticity generation and convection is controlled by a 

number of factors. Visser & Nelson (1993) showed that an increase in incidence 

leads to a higher rate of vorticity generation without necessarily an accompanying 

increase in axial velocity. When this happens, the magnitude of swirl tends to 

increase because the rate of vorticity transport remains largely constant. Similarly, 

the ability of the vortex to transport vorticity is a strong function of the pressure 

gradient along the vortex core and of the initial axial core velocity. That is, an 

increasingly adverse pressure gradient tends to reduce the flow axial velocity thus 

precipitating vortex breakdown and once it is established, induces the 

phenomenon to move further and further upstream. Conversely, a high axial 

velocity of the flow over the apex of the wing tends to combat the adverse 

pressure gradient and serves to redress the balance and reduce swirl magnitude. 

Earlier, Lee & Ho (1990) had argued that the magnitude of swirl is also decided 

by geometric factors. They showed that the rate of vorticity convection is partly 

determined by the component of freestream velocity parallel to the leading-edge 

of the wing. This velocity component is a geometric function of incidence and 

wing sweep angle in such a way that increasing the angle of incidence, or 

decreasing the angle of sweep, increases the ‘helix’ angle between the axial and 

circumferential velocity components of the flow and reduces the rate of vorticity 

transport.

In an earlier paper. Nelson & Visser (1990) suggested that the determination of a 

vortex breakdown position indicator could be based on several forms including, a 

local balance between vorticity generation and convection, a local balance of 

pressure forces with the acceleration of the fluid and an empirical fit parameter 

based on wing geometry and incidence. Given this proposal, and the findings of
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Lee & Ho (1990) and Visser & Nelson (1993), this discussion wiU continue by 

using mean pressure measurements to examine the effect of incidence and the 

three flowfield conditions of vorticity generation, axial pressure gradient and 

initial axial velocity with a view to gaining an insight into the behaviour of vortex 

breakdown in the static, pitch up and pitch down cases.

6.1.1 Conditions for vortex breakdown - static case

On delta wings, vorticity is constantly fed into the free shear layer when the 

boundary layer flow on the windward surface of the wing separates along the 

leading-edge. Reynolds & Carr (1985) showed that the magnitude of vorticity flux 

generated over a short distance along a solid surface is a function of the local 

pressure gradient. Using an analogy to this method, it is suggested that at a given 

chord station, an effective indicator of the rate of vorticity generation is provided 

by the local pressure difference over a short spanwise distance as close as possible 

to the leading-edge on the windward surface of the wing. This is only a qualitative 

assessment however, as wing geometry and transducer locations dictate that the 

pressure value at the leading-edge be measured at the nearest transducer on the 

leeward surface, and it is recognised that pressure losses are likely to occur across 

the leading-edge. Figure 6.1 shows the pressure difference across the leading-edge 

at x /c  = 0.1 as a function of incidence over the range 0° to 40°. The pressure 

values are those measured on the windward surface at x /c = 0.1, y/s = 0.9 and on 

the leeward surface at x/c = 0.1, y/s = 0,7. For chord position, x /c = 0.1, the 

figure indicates that the difference in pressure across the leading-edge increases 

with an increase in incidence up to 25°. After this, the pressure difference declines 

again to a plateau level at an incidence of 33°, whereafter, it has been observed in 

the mean pressure and RMS analyses, that the wing behaves like a bluff body. 

This is a general trend apparent for chord stations on the wing from x/c = 0.1
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P r e s s u r e  d o t a  Static c a s e
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Figure 6.1 - Line plot showing tire difference in mean pressure values 
between transducers located on the windward surface at y /s  = 0.9 & 
on die leeward surface at y /s  = 0.8 for a range o f incidences from 0° 
to 40° in the static case. Both transducers at chord station x /c  =  0.1 

Data collected during pressure measurement tests. Re = 2.7x10®.
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to x /c = 0.6. However, for each successive chord station downstream of the wing 

apex, the magnitude of the pressure difference at a given incidence decreases and 

the turning points in the trace occur at an earlier incidence, such that at chord 

stations beyond x/c = 0.6, the pressure difference across the leading-edge 

declines to an almost constant value irrespective of incidence. The consistent 

nature of this trend, particularly over the front half of the wing, suggests that the 

rate of axial vorticity generation at each of these chord stations is likely to be 

following the same trend over the same incidence range.

An increase in adverse pressure gradient was shown by Brown & Lopez (1990) to 

result in increased vorticity diffusion. This leads to a radial redistribution 

of circulation which tends to ‘stretch’ and ‘tilt’ the stream surface that bounds the 

vortex core, and in doing so, induces the development of a negative azimuthal 

component of vorticity. This in turn, initiates a retardation in the axial velocity on 

the vortex axis which, by continuity, will lead to a further divergence of the 

stream surface and a further increase in negative azimuthal vorticity. Figure 6.2 is 

a line plot showing the difference in mean Cp values in the path of the suction 

ridge i.e., at tire span station, y/s = | Cp | (max), in the static case, as a function of 

incidence from 0° to 40°. The pressure measurement positions are located at 

x/c — 0.8 and x/c = 0.2. This fixed portion of the suction ridge is not used to 

provide a quantitative measurement of the pressure gradient along the inner 

vortex core. Principally, this is because the core does not maintain a constant 

height over the length of the wing and tends to vary in height with pitch rate 

magnitude. Secondly, it is because the eventual arrival of vortex breakdown over 

the surface of the wing involves the measurement of the pressure difference 

across the breakdown boundary. A solution to this latter problem, would be to 

move the aft pressure measurement location upstream ahead of the breakdown 

point as incidence is increased. However, this serves to further complicate the 

pressure gradient calculation by introducing a ‘rate of change of vortex’ height
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P r e s s u r e  d a t a  Static case
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Figure 6.2 - Line plot shewing tlie difference in mean pressure values 
between two transducers located along the ridge o f peak suction at 
y /s  = [ Cp I (max) at chord stations x /c  = 0.8 and 0.2, for a range o f  

incidences from 0° to 40° in the static case. Data collected 
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parameter which again tends to vary with pitch rate magnitude. Rather, it is 

suggested that the measurement of streamwise pressure difference along the path 

of the vortex core can provide a simplified qualitative indication of vortex 

breakdown ‘tendency’ for each pitch rate case. Figure 6.2 shows for the static 

case, that the pressure difference along the vortex core between x /c = 0.2 and 

x /c  = 0.8 increases over the incidence range from 5° to 18°, suggesting that the 

potential for axial velocity retardation, flow stagnation and vortex breakdown is 

increasing over this incidence range.

The third factor in the balance between vorticity generation and transport is the 

rate of streamwise vorticity transportation along the vortex core near to the wing 

apex. Brown & Lopez (1990) have shown that a higher axial velocity component 

or a reduced crossflow component near the apex of the wing tends to reduce the 

‘helix angle’ of the flow velocity and induces a positive azimuthal vorticity 

component in the flow which can be seen as an aid to vorticity transport. This 

heHx angle, (Xv, was defined by Cornelius (1995) in terms of a ‘vortex energy ratio’, 

such that: av = tan’̂ (l/VRmr), where R m r  is the ratio of the integrated axial

velocity and circumferential velocity profiles across the vortex inner core. It is 

clear that the suction peak on the surface of the wing is a function of the axial and 

crossflow velocity components. However, it has been shown by Brown & Lopez 

(ibid.) that the axial velocity of the flow at the edge of the vortex does not vary 

significantly with a change in incidence. Hence any variation in mean suction 

magnitude can be said to be indicative of crossflow velocity. Figure 6.3 shows the 

magnitude of suction at chord station x/c = 0.2 in the static case as a function of 

incidence from 0° to 40°. The figure shows that the suction magnitude at x /c  = 

0.2, y/s = j Cp I (mux) increases over the incidence range from 5° to 18°. Using the 

data as a crossflow velocity indicator, it also suggests that the crossflow velocity 

perpendicular to the vortex core is increasing, thereby reducing the ability of the
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vortex to transport vorticity downstream, increasing the lilrelihood of vortex 

breakdown. Figures 6.1 to 6.3 show for the static case, that with an increase in 

incidence from 0° to 25°, there is an increase in axial vorticity production in the 

boundary layer on the windward surface of the wing at the leading-edge 

separation point. The ability of the leading-edge vortex to transport the increasing 

levels of vorticity downstream is determined by the ratio of axial and crossflow 

flow velocity components near the wing apex and the adverse pressure gradient 

along the vortex core. These both increase with an increase in incidence over the 

range 5° to 18°. The results of the visualisation study indicate that at 11° 

incidence, vortex breakdown moves over the traüing-edge of the wing to x /c  = 

0.9. This indicates that at some point on the vortex core just upstream of this 

chord station, the generated crossflow component of velocity and the adverse 

pressure gradient are acting together to increase the helix angle of velocity beyond 

critical. Cornelius (1995) suggested that for a helix angle, in terms of an energy 

ratio value, in the range 1.39 > Rmr ^  1.0, the inner core flow is ‘superchticaf. As 

R m r  => 1.0, i.e., as the hekx angle (Xv => 45°, the flow goes through a transition 

from supercritical to ‘subcriticaf, where a stagnation point is formed at the core 

centre and vortex breakdown ensues. Figures 6.1 to 6.3 show that, for an increase 

in incidence between 11° and 18° in the static case, the rate of vorticity 

production, the adverse pressure gradient and the crossflow component of 

velocity increase further, their combined effect overcoming the largely constant 

axial velocity of the flow to a greater and greater degree, causing the vortex 

breakdown point to move upstream. Between 18° and 25° incidence, the adverse 

pressure gradient and the crossflow velocity near the apex begin to decline, 

leaving the increasing vorticity production rate to increase swirl magnitude and 

drive vortex breakdown upstream to the wing apex. Beyond 25° incidence, the 

cross-flow velocity declines but the axial velocity of the flow has also fallen to a 

level where vortex recovery is apparently not possible.
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6.1.2 C onditions fo r vortex breakdow n  - p itc h  up  cases 

An analysis of flowfield conditions can also be applied to the pitch up cases. 

Figure 6.4 shows the difference between mean Cp values on the windward surface 

at x /c = 0.1, y/s = 0.9 and on the leeward surface at x /c  = 0.1, y/s = 0.7, in the 

static case and two pitch up cases, k = 0.007 and k = 0.015, as a function of 

incidence from 0° to 40°. Figure 6.5 shows the difference between mean Cp 

values in the path of the suction ridge between x /c  = 0.8 and x /c  — 0.2, at span 

station, y/s = | Cp | (max), and Figure 6.6 shows the magnitude of suction at chord 

station x /c  = 0.2. The data sets plotted are for the same three cases over the same 

incidence range shown in Figure 6.4.

Figures 6.4 to 6.6 show that the pitching cases follow a similar trend to the static 

case, where the rate of vorticity production, the adverse pressure gradient and the 

crossflow velocity over the wing apex, all increase with an increase in incidence 

until such a point where vortex breakdown reaches the wing apex and bluff body 

behaviour ensues. The principal point of interest in Figures 6.4 to 6.6 concerns 

the magnitude of each parameter at a given incidence value. In the two pitching 

cases, each parameter lags the static case by a significant margin. This lag is 

generally consistent with the delay in the appearance and upstream progression of 

vortex breakdown with increasing pitch rate. This suggests for the pitch up cases 

at a given incidence, that the axial core velocity is more than able to overcome the 

reduced vorticity generation, adverse pressure gradient and crossflow velocity 

component, such that vortex breakdown is delayed. However, the values of 

leading-edge pressure difference, vortex core pressure difference and suction 

magnitude near the wing apex do not totally account for the differences in vortex 

breakdown location between the two pitch up cases. For example, vortex 

breakdown was observed on the wing at a chord location of x /c  — 0.8 at an 

incidence of 15° in the k = 0.007 case, whereas its appearance at this chord

Martyn Jupp “  A  statistical approach to tlie analysis o f surface pressure measurements on a pitching delta wing

244



Discussion

P re s s u re  d o ta  Stotic &  Pitch up cases
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P r e s s u r e  d a ta  Static & Pitch up coses
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Station in the k — 0.015 case does not occur until 17°, The value of each 

parameter shown in Figures 6.4 to 6.6, at an incidence of 15° for the two pitching 

cases is similar enough to suggest that at least a fourth parameter is responsible 

for the delay in breakdown in the higher pitch rate case. It is suggested that, in 

addition to variations in vorticity production, pressure gradient and crossflow 

velocity shown in Figures 6.4 to 6.6, an additional delay occurs, whereby the 

combined effect of the three parameters takes a nominally fixed period of time to 

influence the vortex condition at a given chord station. This delay is dependent 

on firsdy, the chordwise distance between the origin of the flowfield parameter 

quantity and the location of the vortex breakdown point, and secondly, on pitch 

rate magnitude, as a given fixed time period covers an greater range of incidence 

as the pitch rate is increased. Therefore an increase in pitch rate magnitude results 

in a higher incidence, at which vortex breakdown arrives at a given location.

A second factor or effect, has been observed in the flow visualisation tests. The 

flow visualisation study revealed that during the pitch up movement, the vortex 

was observed to disintegrate and lose its coherent structure downstream of the 

trailing-edge of the wing irrespective of the location of vortex breakdown. This 

feature was contrary to that seen in the static case, where even a broken down 

vortex was observed to largely maintain its overall structure into the wake. It is 

suggested that the disintegration of the vortex downstream of the traikng-edge is 

Hlrely to be the result of entrained, leading-edge vortex fluid mixing with fluid that 

has travelled over the windward surface and is subject to upwash due to the 

relative downward motion of the wing traikng-edge. This flow mixing is likely to 

provide an additional mechanism for vorticity diffusion and results in higher 

vorticity balance parameters at the traikng-edge of the wing. As vortex breakdown 

moves upstream away from the traikng-edge, the effect of upwash fluid mixing is 

klcely to be reduced.
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6.1.3 C onditions fo r  vortex breakdow n  - p itc h  dow n cases 

Figure 6.7 shows the difference in pressure across the leading-edge of the wing at 

chord station x /c — 0.1 as a function of incidence from 0° to 40° in the static and 

two pitch down cases k = -0.007 and k = -0.017. The pressure measurement 

locations on the leeward and windward surfaces are the same as those used in the 

pitch up analysis. For the same three cases, over the same incidence range. Figure 

6.8 shows the pressure difference along the path of the peak suction ridge 

between chord stations, x /c = 0.2 and 'k./c — 0.8, and Figure 6.9 shows the 

suction magnitude at x /c  = 0.2, y/s -  | Cp| (max) .

Figures 6.7 to 6.9 indicate for the pitch down cases, that the rate of vorticity 

production, the adverse pressure gradient and the crossflow velocity of the flow 

near the apex of the wing tend to increase as the wing is pitched down from 40°. 

Each parameter reaches a peak value before declining again thereafter. The 

general trend in the data shows that the peak value of each parameter occurs later 

during the pitch down motion as the pitch rate magnitude is increased. The 

results of the visualisation tests showed for the k = -0.007 and k = -0.017 cases, 

that vortex restoration moves downstream from the wing apex reaching a chord 

location of x /c  = 0.3 at incidences of 17° and 14° respectively. Restoration then 

continues to move downstream, reaching a chord position of x /c  = 0.8 at 10° 

incidence in the k = -0.007 case and later in the pitch down motion at 8° 

incidence in the k = -0.017 case. Figure 6.7 shows, for each pitch down case over 

these respective incidence ranges, that the rate of vorticity production is 

decreasing. This is contrary to the evidence shown by Figures 6.8 and 6.9, which 

reveal for the same incidence ranges, that the magnitude of the adverse pressure 

gradient and the crossflow velocity over the wing apex tend to increase.
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P r e s s u r e  d a t a Static &  Pitch down cases
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Pressure data Static &  Pitch down coses
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For each pitch down case, Figure 6.7 shows that the pressure difference across 

the leading-edge of the wing, and hence the rate of vorticity production, increases 

with a decrease in incidence over the initial stages of the pitch down motion. This 

increase coincides with the movement of the region of high RMS pressure, shown 

in Figure 4.43 and labelled as (4), away from the wing centreline towards its stable 

lateral position. At an incidence of 19° in the k = -0.007 case and 15° in the 

k — -0.017 case, the rate of vorticity production begins to level off and 

subsequentiy decreases as incidence is decreased further. The continued pitch 

down motion of the wing induces a relaxation of the rate of vorticity generation 

tending to reduce swirl magnitude. This results in a reduction in the negative 

azimuthal component of vorticity, which eventually switches sign. The 

subsequent generation of a positive component of azimuthal vorticity allows a 

restoration of a positive axial velocity component, as shown by the increase in 

suction magnitude at x /c  = 0.2, and a reformation of the vortex structure at the 

apex of the wing. A continued relaxation of the swirl magnitude as the wing is 

pitched down further allows the ‘reformation point' to move downstream. The 

speed of progress of the vortex reformation is tempered by the increasing adverse 

pressure gradient and the increase in crossflow velocity at the wing apex. It should 

be noted that one of the contributors to the adverse pressure gradient, the suction 

magnitude downstream at x /c = 0.8, is somewhat lower in the pitch down cases 

across the incidence range, than was observed in the static or pitch up cases.

It is interesting to contrast Figures 6.7, 6.8 and 6.8 with their counterparts for the 

pitch up cases, i.e. Figures 6.4, 6.5 and 6.6. Clearly, whilst the behaviour of the 

three parameters in the pitch up cases closely resembles the static case, the same 

cannot be said for the pitch down cases. This suggests, that in addition to 

parameters identified here, there must be other significant factors influencing the 

vortex restoration process. Green & Galbraith (1995) studied the dynamic 

recovery to fully attached flow on 2D aerofoil models during ramp down
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motions. A short time after flow reattachment, they identified a weak disturbance 

which travelled from the leading-edge to the trailing-edge of the wing causing a 

characteristic wave on the pressure data. The speed of this wave was uniform 

along the chord and was independent of aerofoil profile and reduced pitch rate. It 

was suggested that this wave was indicative of the forced convection of ‘dead’ 

wake fluid over the aerofoil surface and that the reattachment of the flow at the 

leading-edge was important in speeding up the rate of this convection and in 

causing the observed wave. It is not suggested drat the mechanism of vortex 

restoration in fully separated flows is in any way similar to 2D flow reattachment. 

However it is suggested, that the large body of ‘dead’ fluid observed in the wake 

of the 2D wing, may also be present over the leeward surface of the delta wing 

prior to the initiation of pitch down motion from a high angle of incidence. It is 

also suggested that the transition from bluff body behaviour to vortex restoration 

and increased axial velocity during the pitch down motion is analogous to 2D 

flow reattachment in that it may also herald a sudden rather than a steady 

downstream convection of wake fluid. It is possible for pitch down cases, that the 

convection of wake fluid is superimposed onto the restoration of the vortex flow 

and the ability of the vortex to transport vorticity is impaired. The independence 

of wake convection to pitch rate magnitude would suggest that the convection 

time occupies a greater range of incidence and an increased pitch rate magnitude 

case requires a higher inherent vorticity transport to generation ratio to achieve 

vortex restoration.

6.1.4 Conditions for vortex breakdown - general
It is suggested that a number of factors affect the location of vortex breakdown 

on the wing surface for static, pitch up and pitch down cases. These include 

vorticity balance, instantaneous incidence, pitch rate magnitude and the speed of 

flow convection over the wing surface, which is itself a function of freestream 

velocity and the angle of the wing surface to the freestream. A qualitative analysis
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reveals an extremely complex Interaction between all of these variables which 

does not at this stage, permit an overall Vortex breakdown location’ parameter to 

be deduced. However, it is hoped that the identification of these factors will 

provide a basis for an accurate quantitative analysis of the flowfield which may 

provide such a parameter in the future. The remainder of this discussion moves 

on from upstream flowfield features that may influence breakdown, to post

breakdown features that enable breakdown detection using more advanced 

temporal statistical methods.

6 .2  V o r t e x  b r e a k d o w n  d e t e c t i o n

6.2.1 Static case
Previous work by Honkan & Andreopoulous (1997) which used velocity 

measurements to determine vorticity variations on a static wing, has identified a 

region of high turbulent Idnetic energy (0.5 q^/U^ on the surface of the wing 

inboard of the primary vortex core but outboard of the primary attachment zone. 

Similarly, two smaller regions of similar energy intensity have also been identified 

just above the surface of the wing, and these are located in areas which possibly 

correspond to the separation and reattachment zones of the secondary vortex. In 

the light of this, it is thought that the primary region of high RMS pressures, (an 

indication of the amplitude of the pressure fluctuations) observed inboard of the 

vortex core as shown in Figure 4.31, item (2), is associated with a region of 

localised but highly turbulent flow within the feeding vortex sheet between the 

vortex core and the primary attachment region. Similarly, it is thought that the 

secondary region of high RMS pressures observed outboard of the vortex core in 

Figure 4.31, item (3) is associated with the formation of the secondary vortex 

structure. It would appear that the arrival of vortex breakdown at the trailing edge 

of the wing and subsequentiy at chord stations upstream heralds a substantial 

increase in turbulent Idnetic energy in this region. This may be associated with the
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generation of a negative azimuthal component of vorticity, previously shown by 

Brown & Lopez (1990) to be necessary for the axial component of velocity in the 

vortex core to be brought to rest and for vortex breakdown to take place. Brown 

& Lopez showed that the development of negative azimuthal vorticity is a self- 

perpetuating process which leads to a retardation of the flow on the vortex axis 

and a rapid expansion of the vortex core. It is suggested that it is this mechanism 

that is associated with the rapid increase in magnitude of the high RMS pressure 

region downstream of breakdown as well as the broadening of the region across 

the wing in a spanwise direction, i.e.. Fig. 4.33, item (4), as the wing incidence is 

increased.

Figure 5.2 indicates that the first appearance of the excitation frequency 

component in the frequency spectra follows a similar trend to the arrival of vortex 

breakdown at a given chordwise location, although the initiation of the 

phenomenon tends to occur ahead of the breakdown point. Similarly, Figure 4.35 

shows that there is very good agreement between the upstream movement of the 

waist in the RMS contours, i.e.. Figure 4.33, item (5), and the upstream 

progression of vortex breakdown shown by the visualisation data. It is suggested 

that the establishment of the excitation frequency following its very first 

appearance, the waisting of the RMS pressure contours and the associated 

localised trough of RMS pressure magnitude (described in section 4.3) are 

indicative of the first subinterval of the breakdown region first described by 

Leibovich (1978). This subinterval is characterised by an axial deceleration of the 

approach flow and the formation of a stagnation point on the vortex axis.

It is also possible that the above observations may be associated with an increase 

in the ‘helix angle’ of the vortex core velocity (Brown & Lopez (1990)) during the 

deceleration phase. A change in the flow direction from that with a greater 

chordwise component to that with a predominantly spanwise component would
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align the flow more towards the surface normal direction at the primary 

reattachment point. It is suggested that this would tend to increase the frequency 

of pressure fluctuations, as any two pressure disturbances travelling at a similar 

velocity would cover a shorter distance in the same time-frame. Similarly, the 

‘sharpening’ of the angle of reattachment would tend to reduce the RMS pressure 

‘footprint’ immediately inboard of the reattachment point both in terms of 

magnitude and width.

It was also shown for the static case in Section 5.1, that the sudden drop in the 

magnitude of the low frequency component of the frequency spectra always 

follows the appearance of the excitation frequency. The cause of this low 

frequency component needs explanation. It could be associated with a very low 

frequency oscillation of the main vortex core during the post-vortex 

formation/pre-vortex breakdown phase. This oscillation may be caused by the 

cyclic expansion and contraction of the secondary vortex structure, which was 

observed in the visualisation tests described in Section 4.1, where the secondary 

vortex structure displaces the primary vortex inboard as it grows and allows 

reinstatement of the primary vortex position as it contracts. This phenomenon 

has been recorded previously by a number of researchers, particularly Gad-el-Hak 

& Blaclcwelder (1985), Payne et al (1986) and Lee & Ho (1990). It is suggested that 

the sudden drop in the magnitude of the low frequency component is associated 

with the breakdown point of the primary vortex, which immediately follows that 

of the secondary vortex, as shown by Atta & RoclcweH (1987). At the point of 

vortex breakdown, the low frequency component associated with the formation 

and dissolution of the secondary vortex structure suddenly reduces in magnitude 

and the higher frequency component associated with the burst primary vortex 

becomes progressively stronger.
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6.2.2 Vortex breakdown detection - pitch up cases
In the pitch up cases, two principle features initially dominate the RMS pressure 

distribution on the leeward surface of the wing during the pre-vortex breakdown 

phase. Firstly, a ‘primary’ ridge of high RMS pressure shown in Figure 4.38 to be 

located inboard of the vortex core. This was thought in the static case to be 

associated with a region of localised but highly turbulent flow within the feeding 

vortex sheet between the vortex core and the primary attachment region. The 

similarity in behaviour of this primary ridge of high RMS pressure in the pitch up 

case and that of the static case would suggest that these two regions have the 

same origin. Secondly, a ‘secondary’ ridge of high RMS pressure shown in Figure 

4.38 to be located outboard of the main vortex core. This was thought in the 

static case to be somehow associated with the formation of the secondary vortex 

structure. Again, the similarity in behaviour of this secondary ridge of high RMS 

pressure in the pitch up case and that of the static case would suggest that these 

two regions also have the same origin.

For the pitch up cases, the establishment of the excitation frequency, the waisting 

of the RMS pressure contours and the associated trough of RMS pressure 

magnitude ahead of the expanded region of high RMS pressure reveals a similar 

behaviour to that of the static case, suggesting that these features are again 

indicative of the first interval of the breakdown region. Similarly, the appearance 

and the subsequent broadening and upstream movement of the additional peak of 

high RMS pressure coincides with the arrival of vortex breakdown at the trailing- 

edge of the wing and subsequentiy at chord stations upstream. Again, the 

similarity in behaviour between these features in the pitch up cases and those in 

the static case would indicate that these two sets of features can be explained by 

the same physical phenomenon. This explanation is supported by the pressure 

signal energy analysis results for the pitch up cases, which indicates a similarity in 

the trend of vortex breakdown position against incidence, as determined by the
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smoke visualisation data, and the rapid increase in pressure signal energy over the 

same incidence range.

6.2.3 Vortex breakdown detection - pitch down cases
In the work of Gursul (1994), it was shown that the dominant buffet frequency in 

the spectra of pressure fluctuations observed on the wing ceased after vortex 

breakdown had reached the wing apex. An examination of the frequency power 

spectrum and RMS pressure data for the pitch down cases indicated that the first 

appearance of the dominant frequency coincided with the initial outboard 

movement of the region of high RMS pressure from the wing centreline towards 

the leading-edge. This initial movement immediately preceded the recession of the 

region of high RMS pressure from the apex of the wing towards the traiHng-edge. 

Figure 4.48, plots b) & c) indicate a similarity in behaviour of the vortex 

restoration point determined by the smoke visualisation data and that obtained 

from the RMS pressure data analysis. It is suggested that the initial movement of 

the region of high RMS pressure away from the wing centreline heralds the end of 

bluff-body type behaviour and the beginning of the restoration of the vortex 

structure at the apex of the wing. This would explain the first appearance of the 

dominant frequency coinciding with the initial restoration of the vortex structure, 

showing agreement with Gursul’s findings. Similarly, it was suggested in Section 

6.1.3, that the relaxation of the rate of vorticity generation in the pitch down cases 

with a decrease in incidence is responsible for the reduction in negative azimuthal 

vorticity and a subsequent generation of a positive azimuthal vorticity component 

which allows the increase of flow axial velocity and the downstream progression 

of the point of vortex restoration. It is suggested that it is this mechanism that is 

associated with the decrease in peak magnitude in the high RMS pressure region, 

together with its recession downstream as the primary vortex is restored during 

pitch down motions. This is accompanied by a rapid decline in pressure signal
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energy at a given location, the point o f  which, also recedes downstream in a 

similar manner.

6.3 V o r t e x  b r e a k d o w n  b u f f e t  f r e q u e n c ie s  

6,3.1 S ta tic  case

Figure 5.1 shows that a delay exists before the excitation frequency component in 

the spectra of pressure fluctuations becomes dominant. This apparently occurs 

after breakdown and as such may be associated with the fully broken down state. 

Once breakdown has fully developed the magnitude of the low frequency element 

drops considerably and the dominance of the higher excitation frequency ensues. 

Figure 5.5 reveals the behaviour of the dominant excitation frequency in the post

vortex breakdown state at a number of chord locations and incidences. The figure 

shows for the static case that, with an increase in distance from the wing apex at a 

given incidence, or alternatively, with an increase in incidence for a fixed chord 

location, the central frequency of the excitation band tends to have a lower 

frequency value. These characteristics have also been observed by a number of 

researchers including Gursul (1994), Woods and Wood (1996), Mabey (1996) and 

Woods (1999). These analyses however, did not necessarily have the benefit of 

full surface pressure measurement capability, and as such, may not have been able 

to fully explore the characteristics of the frequency content in post-breakdown 

pressure measurements. It is hypothesised that there is an alternative method of 

examining firequency spectra such that data obtained at pressure measurement 

locations a fixed distance behind the vortex breakdown point over a range of 

increasing incidence may also give a valuable insight into the behaviour of vortex 

flows in the post breakdown state. This method differs from previous analyses in 

that the distance between breakdown location and measurement point is kept 

constant but both are moving according to the movement of the vortex 

breakdown location. The following analysis tests this hypothesis by examining the
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variation in excitation frequencies with respect to vortex breakdown location and 

downstream measurement point distance.

Figure 6.10 is a series of plots that show the central frequency in the excitation 

band of pressure fluctuations for pressure measurement points located a fixed 

distance downstream of the point of vortex breakdown as incidence is increased 

in the static case. The nominal fixed distances chosen are (x/cbd + 0.1c), 

(x/cbd + 0.2c) and (x/cbd + 0.3c). Where the transducer arrangement on the wing 

precludes the calculation of the frequency spectra precisely at the point behind 

breakdown according to the nominal fixed distance, then the next transducer 

downstream is used instead. Using this criterion, a given fixed distance might be 

increased by up to 0.0125c. Plot a) indicates the chordwise location of vortex 

breakdown, as determined by the initial appearance of the excitation frequency 

band, shown as a function of incidence, together with the three fixed distance 

pressure measurement points on the wing surface. For each fixed distance behind 

the vortex breakdown point, plot b) shows the central frequency of the excitation 

band as a function of chord position. It should be noted, that the values of 

incidence which correspond to a given chord station, are increased by as much as 

4° with an increase in fixed distance behind the breakdown location. Hence, this 

is a different data set to that shown in Figure 5.5. Plot b) indicates a trend in the 

data, which reveals that for a given fixed distance behind the vortex breakdown 

location, the frequency of pressure fluctuations increases towards the apex of the 

wing. This trend is in agreement with previous work and is similar to that shown 

in Figure 5.5. Plot c) on the other hand, shows the central frequency of the 

excitation band as a function of incidence. At a given incidence, the 

corresponding chord station of interest shifts in the direction of the wing trailing- 

edge. Plot c) indicates that for a given fixed distance behind the breakdown point, 

there is an increase in excitation frequency values with an increase in incidence. 

This is contrary to that shown in Figure 5.5 and to the work by Mabey (1996)
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detailed in Chapter 5. Plot c) does however, show that the value of the central 

excitation frequency consistently decreases at a given incidence with an increase in 

fixed distance behind the vortex breakdown location. This suggests for the static 

case, that the decrease in excitation frequency previously attributed to an increase 

in incidence, both in this study and by the previous researchers, may instead be 

caused by the movement of the vortex breakdown position upstream and away 

from a fixed pressure measurement location. Similarly, maintaining a fixed 

position behind the breakdown location indicates that the increase in central 

firequency is a function of the upstream movement of the vortex breakdown 

location alone. Clearly, it is not possible to de-couple breakdown position and 

incidence in the static case for a fixed geometry, hence the consistency of the data 

shown in Figure 5.5 with the work of Mabey (ibid.) and other researchers on static 

wings. However, this finding has implications for pitching cases where breakdown 

position and incidence are de-coupled by the introduction of pitch rate.

The dependence of the excitation frequency value on breakdown location and 

distance behind it needs some explanation. Other experiments on vortex 

breakdown on static wings, notably Gursul (1994) and Cornelius (1995), have 

shown that overall circulation is affected only marginally after vortex breakdown, 

although the vorticity distribution changes dramatically. It was deemed reasonable 

to assume, even after breakdown, that the flow remains largely conical in nature 

and circulation continues to grow Hnearly due to the continuous feeding of 

vorticity from the leading-edge of the wing. At a fixed incidence for a given wing 

geometry, the excitation frequency of pressure fluctuations in its dimensionless 

form (/x/U) has been shown by Gursul (ibid.) to be a function of dimensionless 

circulation (T/Ux). Hence, the frequency of pressure fluctuations is strongly 

dependent on chordwise vortex breakdown position and on the post-breakdown 

growth of the vortex in a streamwise direction, and by inference, on the 

downstream measurement point distance.

Martyn Jupp ~  A statistical approach to the analysis o f  surface pressure measurements on a pitching delta wing

262



Discussion

F r e q u e n c y  d o t a

1.0

0.1

0.6

0.4

0.2

0.0

«V-
  x / C ( ,

1 □  x / c p

>t/C(bd)+0-2c
xA(bd)+0.3c

15 20 25
incidence (deg)

400

350

300

250

200

150

100
50

0,2 0.4 0.60.0 0,8 1.0
x /c

400

350

300 

250

^ 2 00

150

100
50

10 155 20 25
incidence (deg)

S ta tic  case

Figure 6.10 - Line plots showing: a) the variation in chordwise vortex 
breakdown location as a function of incidence. Togeflier with the 
variation o f central excitation frequency as: b) a function o f  chord 
position for varying incidences, and c) a function o f incidence for 

a range o f chord stations. Data collected during pressure 
measurement tests. Re = 2.7x1

Martyn Jupp “  A  statistical approach to tlie analysis o f  surface pressure measurements on a pitching delta wing

263



Discussion

6.3.2 Buffet frequencies - pitch up cases
A  similar fixed distance frequency analysis has been carried out for the two pitch 

up cases, k = 0.007 and k = 0.015. The results reveal a similar trend in the pitch 

up case data to that observed in the static case. That is, little variation is observed 

in excitation frequency values at a given chord station, despite an increase in 

downstream distance from the breakdown location and the corresponding 

increase in incidence. Similarly, at a given incidence, a decrease in central 

frequency value is observed with an increase in fixed distance, indicating that the 

frequency of pressure fluctuations in the pitch up cases, also shows a strong 

dependency on vortex breakdown location and downstream measurement 

location distance.

Figure 6.11 shows pressure measurement locations as a function of incidence 

(plot a) and the central value of the excitation frequency band in the static case 

and two pitch up cases, k = 0.007 and k = 0.015, as a function of chord position 

(plot b), and incidence (plot c). Each frequency value plotted is measured 0.1c 

downstream of the vortex breakdown point. Figure 6.11, plot b) shows that in the 

pitch up cases, the centre of the high frequency band of pressure fluctuations 

associated with the post-vortex breakdown state are considerably higher than the 

static case at a given chord position. Similarly, Figure 6.11, plot c) shows that at a 

given incidence, the excitation frequency value for the static case is generally 

lower than the two pitching cases, although the highest frequency values would 

appear to be associated with the k = 0.007 case. Without the necessary 

quantitative flowfield information required to measure changes in flow velocity, 

vorticity and circulation for changes in pitch rate magnitude, it is difficult assess 

the impact of these variables on the frequency of pressure fluctuations. Therefore, 

the causes of frequency value variations can only be the subject of informed 

speculation using the evidence that is available.
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The flow visualisation study revealed two distinct differences in the behaviour of 

the vortex between the static case and those cases subject to pitch up motion. In 

addition to vortex structure disintegration aft of the wing trailing-edge, alluded to 

in Section 6.1, the vortex was also observed to He closer to the wing surface 

during the pitch up movement. The closer proximity of the vortex to the wing 

surface during the pitching motion manifests itself in the pressure data as an 

increase in suction magnitude near the traiHng-edge at a given incidence. This is a 

feature of the instantaneous pressure distributions in the two pitch up cases, 

where the suction magnitude measured at x/c = 0.8 in the path of the suction 

ridge is generaUy higher than that for the static case across the incidence range 

under consideration. Visser & Nelson (1993), who pubHshed axial and tangential 

velocity profiles for a 60° delta wing in a plane normal to tlie vortex centreHne, 

showed that closer proximity of the vortex core to the wing surface would bring 

faster moving fluid in contact with the wing surface, potentially inducing an 

increase in the frequency of disturbances. It is suggested that closer proximity of 

the vortex core to the wing surface would induce faster moving fluid at the wing 

surface and together may provide a partial explanation for an increase in pressure 

fluctuation frequency.

The effect of the flow disintegration and mixing, with regard to excitation 

frequency, on the upstream vortex is as yet unclear, but it is Hkely that any effect is 

largely independent of pitch rate magnitude and more Hkely to be dependent on 

freestream velocity. This may account for the similarity in excitation frequency 

values at a fixed distance downstream of a common breakdown location between 

the two pitch up cases, k = 0.007 and k = 0.015. It is suggested that the 

combination of these factors alone do not complete the mechanism which 

induces an increase in excitation frequency in the pitch up cases, although it is 

hoped that their identification may form the basis for further work in this area.
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6.3.3 Bujfet frequencies 'pitch down cases
A  fixed distance frequency analysis was carried out for the two pitch down cases, 

k — -0.007 and k = -0.017. The results revealed a trend in the pitch down case 

data that was similar to that observed in the static and pitch up cases. Again, little 

variation was observed in excitation frequency values at a given chord station, 

despite an increase in downstream distance from the vortex reformation location 

and the corresponding higher incidence value. Similarly, at a given incidence, a 

decrease in central frequency value was observed with an increase in fixed 

distance, indicating that the frequency of pressure fluctuations in the pitch down 

cases, also shows a strong dependency on the chordwise location of vortex 

reformation and the downstream measurement location distance.

Figure 6.12 shows pressure measurement locations as a function of incidence 

(plot a) and tlie central value of the excitation frequency band in the static case 

and two pitch down cases, k = -0.007 and k = -0.017, as a function of chord 

position (plot b), and incidence (plot c). Each frequency value plotted is measured 

0.1c downstream of the point of vortex reformation. Figure 6.12, plot b) shows 

that in the pitch down cases, the centre of the high frequency band of pressure 

fluctuations associated with the pre-vortex reformation state are considerably 

higher than the static case at a given chord position. Similarly, Figure 6.12, plot c) 

shows that at a given incidence, the excitation frequency value is generally higher 

with an increase in pitch rate magnitude. In the absence of qualitative data, the 

causes of changes in frequency values in the pitch down cases, must be again be 

the subject of speculation. Section 6.1 introduced the work of Green & Galbraith 

(1995), who studied the dynamic recovery to fully attached flow on 2D aerofoil 

models during ramp down motions. It has been suggested in Section 6.1 for pitch 

down cases, in an analogy to the convection of wake fluid in 2D cases, that the 

convection of wake fluid is superimposed onto the restoration of the vortex flow, 

such that the ability of the vortex to transport vorticity is impaired. It is also
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suggested here that the same mechanism results in the flow disturbances that 

impinge on the wing surface to be convected from a position further upstream 

than is the case for the static wing under similar flowfield conditions. Hence, the 

increased frequency o f pressure fluctuations in the pitch down cases.
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C h a p t e r  7

1. CONCLUSIONS AND RECOMMENDATIONS 

FOR FURTHER WORK

Detailed experiments have been carried out on a 60° delta wing with sharp 

leading-edge s. The instantaneous pressure distribution on one half o f  the leeward 

surface o f  the wing has been successfully measured over a range o f incidence 

using a large number of closely spaced pressure transducers coupled to an 

advanced data acquisition system capable o f sampling at a high rate. The 

advantages o f  high spatial and temporal resolution pressure measurements lie in 

the ability to obtain high quality statistical data o f the pressure fluctuations over 

the whole surface o f the wing. This data has been used in a detailed statistical 

analysis involving the calculation o f  mean/instantaneous pressure, RMS pressure 

and signal power distributions, as well as frequency spectra o f  pressure 

fluctuations and the cross-correlation function o f two pressure signals.

The calculation o f the RMS pressure distribution and the frequency spectra o f  

pressure fluctuations have been made complicated by the pitching motion o f the 

wing. When carrying out these calculations, account must be taken o f a pitch rate- 

dependent Nyquist frequency criterion which affects the low end o f the frequency 

spectrum. Failure o f this Nyquist criterion has been shown to cause aliasing which 

results in an inaccurate representation o f the flowfield. This problem has been 

overcome in two stages. The first stage involves band-pass filtering the data prior 

to input into the frequency spectrum calculation. Subsequent analysis o f the 

filtered frequency spectra provides necessary information regarding a 

characteristic excitation frequency o f pressure fluctuations that have been shown
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to be indicative of the presence of vortex breakdown over the surface of the 

wing. The second stage involves the calculation of the RMS pressure distributions 

using a line of best fit though the data over a given sample ‘window’. This sample 

window is a function of incidence and pitch rate and is a measure of the 

minimum sample time period whose length allows the majority of the band of 

excitation frequencies identified in the frequency analysis to pass the low-end 

Nyquist criterion.

A number of observations have been made regarding the mean/instantaneous 

pressure, RMS pressure and signal power distributions, the power spectra of the 

pressure fluctuations and the cross-correlation spectra which have been supported 

by the results from smoke visualisation tests. In the static, pitch up and pitch 

down cases, it is suggested that the position and general condition of the leading- 

edge vortex are indicated by a localised ridge of high suction emanating from the 

apex of the wing extending towards the tratUng-edge. Similarly, the rate of 

vorticity production, axial pressure gradient and the initial axial velocity of the 

flow are indicated by a local pressure difference across the leading-edge of the 

wing, the pressure difference along the ridge of high suction and the suction 

magnitude near the wing apex respectively. These three parameters, together with 

the wing incidence, determine the condition of the vortex flow at a given chord 

position. It has been shown for the pitch up cases, that a delay takes place 

whereby the incidence at which vortex breakdown arrives at a given chord station 

lags that of the static case. This delay is caused by two factors. The first factor is a 

lag in the generation of vorticity, axial pressure gradient and the initial axial 

velocity of the flow, the combination of which leads to a delay in the appearance 

and upstream progression of vortex breakdown. The second factor is that the 

vortex core at a given chord position, ‘sees’ the prevailing conditions at a 

progressively lower incidence with an increase in pitch rate magnitude. It has been 

shown that the former delay factor is not necessarily pitch rate dependent but
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takes into account prevailing flow conditions. The second delay factor is, by its 

very nature, pitch rate dependent. For the pitch down cases, a similar delay occurs 

with an increase in pitch rate magnitude. It is suggested that this delay is caused by 

the superimposition of the convection of ‘dead’ wake fluid onto the restoration of 

the vortex flow, such that at a given vortex breakdown location the ability of the 

flow to transport vorticity is impaired and results in lower values of flowfield 

parameters at a given breakdown location.

For the static and pitch up cases, it is suggested that a ‘primary’ region of high 

RMS pressure located inboard of the vortex core is indicative of the attachment 

region of the primary vortex. Similarly, a secondary region of high RMS pressure 

located outboard of the primary vortex core is indicative of the separation region 

of the secondary vortex structure. The deceleration and eventual stagnation of the 

axial velocity within the vortex core, which acts as a pre-cursor to vortex 

breakdown, is indicated by a ‘waisting’ of the contours in the region of high RMS 

pressure inboard of the vortex core. Similarly, it is suggested that the onset of the 

fully broken down state is indicated by an expansion of the same RMS pressure 

contours immediately downstream of the waist and is accompanied by a 

characteristic change in the frequency signature of the pressure fluctuations.

In the pitch down cases, it is suggested that the change from bluff-body 

behaviour at high angles of incidence to the restoration of the primary vortex core 

at the apex of the wing is indicated by the outboard movement of a region of high 

RMS pressure situated along the wing centreline and its subsequent recession 

from the wing apex. Again, this change is accompanied by a characteristic change 

in the frequency signature of the pressure fluctuations. Following vortex 

restoration, two regions of high RMS pressure become apparent, suggesting that 

the ‘primary’ region of high RMS pressure located inboard of the vortex core is 

again indicative of the attachment region of the primary vortex and the secondary
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region of high RMS pressure located outboard of the primary vortex core is again 

indicative of the separation region of the secondary vortex structure.

The results of a frequency analysis, carried out in a similar manner to a number of 

previous research programmes, revealed the behaviour of the dominant excitation 

frequency in the post-vortex breakdown state at a number of chord locations and 

incidences. For the static case, it has been shown that an increase in distance from 

the wing apex at a given incidence, or alternatively, an increase in incidence for a 

fixed chord location, leads to a lower frequency value of the central frequency of 

the excitation band. These characteristics are in agreement with the previous 

findings. However, this experimental system has the advantage of a total surface 

pressure measurement capability, which has enabled an extended analysis of 

frequency spectra. This analysis has been used to compare data for common 

breakdown locations and fixed measurement points downstream for a range of 

pitch rates and incidence values. It is suggested that, for static, pitch up and pitch 

down cases, the excitation frequency of pressure fluctuations is not only 

dependent on chordwise vortex breakdown position, but is also strongly 

dependent on the post-breakdown growth of the vortex in a streamwise direction, 

and is therefore, strongly dependent on the downstream measurement point 

distance.

At a given chord position, the frequency of pressure fluctuations has been shown 

to be higher during pitch up and pitch down motions compared with the static 

case. It is suggested for each motion type, that these characteristics are probably 

caused by different phenomena. It is suggested for pitch up cases, that the 

combination of closer proximity of the vortex core to the wing serves to increase 

the velocity of the flow impinging on the wing surface. It is also suggested for 

pitch up cases, that the termination of the vortex downstream of the trahing-edge 

due to the mixing of vortex and upwash fluid, may also influence the frequency of
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pressure fluctuations to such a degree, that the frequency is largely independent of 

pitch rate and more dependent on freestream velocity. However, the effect of 

mixing is not as yet fully understood. It is suggested that increased flow velocity 

and flow mixing are together at least partly responsible for the increase in the 

frequency of pressure fluctuations in the pitch up cases. In the pitch down cases, 

it is suggested that the frequency of pressure fluctuations are also affected by the 

superimposition of the convection of ‘dead’ wake fluid onto the restoration of the 

vortex flow, such that at a given vortex breakdown location, flow disturbances 

that impinge on the wing surface are convected from a position further upstream 

than is the case for the static wing leading to an increased frequency of pressure 

fluctuations.

The work presented in this study has demonstrated the potential to investigate 

vortex breakdown and restoration using pressure measurements. The novel use of 

common vortex breakdown location to compare cases of different pitch rate 

magnitude has provided a number of important findings and trends in the data. 

These are not necessarily apparent when comparing cases using incidence as the 

common factor. It is suggested that flowfield similarity between pitching cases is 

an important criterion when carrying out comparative analyses of data and should 

be considered when carrying out analyses in the future. The high temporal 

resolution of the current data acquisition system provides the scope to extend the 

mean/instantaneous pressure, the RMS pressure and frequency spectra analyses 

to higher rate pitch up and pitch down cases and oscillatory cases. It is suggested 

that the understanding of the contribution of vorticity production rate, adverse 

pressure gradient and initial axial velocity to the arrival and upstream progression 

of vortex breakdown over the surface of the wing would be greatly enhanced by 

detailed flow-field surveys carried out at the same Reynolds numbers as the 

pressure measurement tests. Similarly, the quantitative measurement of flow helix 

angles for a range of static and dynamic cases using surface stress measurement
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techniques, such as shear stress sensitive paint, would also provide further 

information regarding the vorticity production/transport balance. The provision 

o f  quantitative data ultimately may allow the calculation o f  an overall Vortex 

breakdown location’ parameter which will take into account the geometry o f the 

wing, test conditions, vorticity generation, vorticity transport, wing motion and 

instantaneous incidence. It is suggested that the generation o f  this parameter will 

greatly enhance the understanding o f vortex flows and will aid the analysis o f new 

aircraft/wing designs well into the next millennium.
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APPENDIX A

Appendix A

RIB
Location

Static Oscillatory Ramp Up Ramp Down

0 Run Number
1 Date O f Test ; Day

2 Date O f Test : Montli

3 Date O f Test : Year
4 Ambient Temperature ( ° C )
5 Barometric Pressure ( mm Hg )

6 Motion Type 
(0 )

Motion Type 
(1 )

Motion Type 
(2 )

Motion Type
(3 )

7
Starting

Incidence

C )

Mean
Incidence

( ° )

Starting Incidence 

( ° )

8 Arc
( ° )

Amplitude
( “ )

Ramp Arc 
( ° )

9 Empty
Oscillation
Frequency

(Hz)

Linear Pitch Rate
(°s-M

10 Number O f Samples In One Block
11 Number O f Total Samples
12 Number O f Data Blocks ( Cycles )

13 Sampling Frequency ( Hz )

14 Dynamic Pressure ( PSI )
15 Reynolds Number
16 Mach Number

17 Empty Reduced
Frequency Reduced Pitch Rate

18 Incoming Velocity ( ms-  ̂)

19 Dynamic Pressure ( Nm-2 )

20 Model Number
21 File ID

Table A .l - Layout O f Run Information Block
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