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Abstract

The present study documents an experimental and numerical investigation into the
feasibility of generating longitudinal and transverse vortices in low speed wind tunnels.
The longitudinal vortex system is that of a co-rotating vortex pair which, if substituted for
a classical single tip vortex, may produce a beneficial modification to Blade Vortex
Interaction. The transverse vortex mimics the tip vortex of a typical helicopter rotor and
may be used to assess its effect when interacting with other aerofoils or fuselage

components.

Experiments have been conducted to investigate the flow field associated with two co-
rotating vortices which represent the idealised vortex system associated with a novel rotor
blade tip planform - the Westland Helicopters Vane Tip. These vortices were generated by
two rectangular NACA 0015 half wings positioned upstream of the working section of a
low speed wind tunnel. Hot-wire measurements were conducted downstream of the
generators using x-wire probes to document the strength, position and size of the vortices.
A numerical model was utilised to provide an accurate means of determining vortex
strength, position and size. Finally, the model was successfully extended to consider the

rotation of the vortex system.

The transverse vortex was generated by a rotating blade placed in the contraction of a low
speed wind tunnel. A numerical model was utilised in the conceptual design of the
experimental facility to model the flow through the settling chamber, contraction, working
section and diffuser. This numerical model consisted of a three dimensional source panel
method, used to calculate the constrained flow through the low speed tunnel, and a free
wake model representing the wake generated by the vortex generator. Convection of the
wake was determined by superposition of the undisturbed tunnel velocity and the induced
velocity components from the wake itself. Results, obtained via a parametric analysis,
illustrate the relationship between the geometry of the wake and basic physical design
parameters. On this basis, two possible operational strategies for the upstream rotor are

examined with reference to development of the experimental facility. It is concluded that,

i
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while a short duration finite rotor traverse may be the optimum vortex generation strategy,

a continuous running rotor is a more cost effective and viable option.

On completion of the numerical study, a new experimental facility for the generation of a
transverse vortex, akin to that experienced by a tail rotor during perpendicular Blade
vortex interactions, was constructed. The design of the transverse vortex generator is
presented together with preliminary results. These results document the success of the

facility and clearly show the strong periodic nature of the convecting transverse vortex.

it
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model and experimental data for Case 1 (refer to tables 5.8 & 5.14).

Comparison of numerical model and experimental data vector plots for
single vortex Case 8 (Tables 5.8 & 5.14).

Variation in vortex core separation with a change in incidence for twin
vortex cases 9-12 (refer to tables 5.9 & 5.15).

Vortex locations at different incidence settings with a downstream
measurement position of 7.1c¢ (0.5¢ separation between Yac aerofoil
locations).

Variation in vortex strength with incidence for the single vortex generator
(cases 1-5) and the twin vortex generator (cases 9-12 in Tables 5.14 &
5.15).

Varniation in core size with a change in incidence for single vortex cases 1-
5 and twin vortex cases 9-12.

Comparison of the single vortex strengths documented by Kokkalis,
Homer (see Appendix E) and in Fig. 5.60 of the present study.

Comparison of the core radius as documented by Kokkalis (see Appendix
E) and in Fig. 6.61 of the present study.

Transverse vortex test case 1 - working section velocity 10m/s, rotational
speed approximately 400rpm. Sampling Frequency 5000 Hz for 0.4 secs.
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R6.2  Close-up of first vortex in Fig. 6.1 illustrating peak to peak change in 261
time (Af) and corresponding core size.

R6.3  Close-up of second vortex in Fig. 6.1 illustrating peak to peak change in 261
time (Af) and corresponding core size.

R6.4  Close-up of third vortex in Fig. 6.1 illustrating peak to peak change in 262
time (Ar) and corresponding core size.

R6.5  Transverse vortex test case 2 - working section velocity 10 m/s, rotational 263
speed approximately 400rpm.Sampling frequency 5000Hz for 0.8 secs.

R6.6  Transverse vortex test case 3 - working section velocity 20 m/s, rotational 264
speed approximately 520rpm. Sampling frequency 5000Hz for 0.4 secs.

R6.7  Close-up of first vortex in Fig. 6.6 illustrating peak to peak change in 265
time (Ar) and corresponding core size.

R6.8  Close-up of second vortex mn Fig. 6.6 illustrating peak to peak change in 265
time (Af) and corresponding core size.

R6.9  Closc-up of third vortex in Fig. 6.6 illustrating peak to peak change in 266
time (Af) and corresponding core size.

R6.10  Transverse vortex test case 4 - working section velocity 20 my/s, rotational 267
speed approximately 600rpm. Horizontal measurement location of
150mm (on the right of the centre line when looking upstream).

R6.11  Working section velocity 10 m/s rotational speed approximately 300rpm. 268
Test case 6.

R6.12  Working section velocity 10 m/s rotational speed approximately 375rpm. 268
Test case 7.

R6.13  Working section velocity 10 m/s rotational speed approximately 500rpm. 269
Test case 8.

R6.14  Working section velocity 10 m/s rotational speed approximately 600rpm. 269
Test case 9.

R6.15  Working section velocity 20 m/s rotational speed approximately 500rpm. 270
Test case 24 - horizontal measurement location of -150mm.

R6.16  Working section velocity 20 m/s rotational speed approximately 600rpm. 270
Test case 19.

R6.17 Working section velocity 15 m/s rotational speed approximately 271
300rpm.Test case 26.

R6.18  Working section velocity 15 m/s rotational speed approximately 375rpm. 271

Test case 27.
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R6.19  Working section velocity 15 m/s rotational speed approximately 500 rpm. 272
Test case 28.
R6.20  Working section velocity 15 m/s rotational speed approximately 600 rpm. 272
Test case 29.
R6.21 Working section velocity 10 m/s rotational speed 0 rpm. 273
Test case 3.
R6.22  Working section velocity 15 my/s rotational speed 0 rpm. 273
Test case 25.
R6.23  Working section velocity 20 m/s rotational speed 0 rpm. 274

Test case 15.
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Nomenclature
b Span
C Chord
D Lift Coefficient

d Characteristic Length,
Diameter of sensor (cylindrical element)

E Voltage

[ Frequency (Hz) (Rotational)

k.h Yaw, Pitch Coefficients

ko Thermal conductivity of the fluid

h Heat-transfer coeflicient,
Separation distance

I Electrical current in the sensor

Ll Lift

......................... Length (of Vortex Element)

M Number of acquired points (per revolution)

N Number of digital time series records (files),
Number of samples in a time series

Nu Nusselt number (hd/k)

N Specific file containing a digital time series record,
Specific sample in a time series

no Unit Normal Vector

......................... Pressure

Radial position (co-ordinate)

Vortex core radius

R Rotor radius

Re ... Reynolds Number

S Area

L Time

I, Temperature of ambient fluid

T Period (=1/f),
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Total sampling time (secs)

Tu Turbulence Intensity

Vo Velocity Vector

V, Effective Velocity

UVW . . Velocity components in Cartesian co-ordinates

UVW .. ... Mean velocity components in Cartesian co-ordinates

UV W Velocity components in Cartesian Co-ordinates,
Fluctuating velocity components

Up, U, U, Velocity components in Cylindrical Co-ordinates

u,,U,,Ugs . Velocity components in Wire Co-ordinate System

x,y,zot X, Y, Z ............ .

Greek symbols

®T N S W R

Q

@ 8 ¥

Cartesian Co-ordinates

Angle of Incidence, hot-wire sensor inclination

Yaw Angle

Velocity Potential
Vorticity (shed or trailed in rotor wake)
Constant of Viscosity
Kinematic Viscosity

Eddy Viscosity

Density

Source Strength or
Standard Deviation.
Azimuth Angle

Vorticity, Angular velocity
Circulation

Rotational velocity (rads/sec)

Blade, Bridge

Core
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eff Effective

geom ....................... Geometric

O Reference Position

1 Reference Position

W Wing

W Wire

Vo Vortex

N, T,B ... Normal, Tangential, Bi-normal Components
O,r.z . Angular, Radial, Axial Components

OO Conditions at Infinity (Freestream)
P Perpendicular

ind,i ....................... Induced

loc ... Local

fot Total

tun ... Tunnel

1,2 Sensor identification for x-wire probes
Abbreviations
AD Analogue to Digital Converter
ALPI .. .. ... Azimuthal position 1 corresponding to AOA1
ALP2 ... ... Azimuthal position 2 corresponding to AOA2
AOCAL ....................... Angle of Attack(Incidence) at ALP1
AOA2 ... Angle of Attack(Incidence) at ALP2
AZI1 ... Azimuthal positionl corresponding to TV1
AZI2 Azimuthal position 2 corresponding to TV2
WSVEL ... Working Section Velocity

Y | . Tip Velocity Position 1

w2 Tip Velocity Position 2
RC Core Radius

SR Sampling Rate (Hz)
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CHAPTER 1

Introduction

1.1 Background

One of the oldest subjects in fluid mechanics concerns the study of flows with
concentrated vorticity in free motion. Concentrated vortices, consisting of layers or cores
of vorticity, occur in many types of fluid motion ranging from small eddies to large scale
atmospheric vortices such as tornadoes and hurricanes. This work will be limited to one
particular aerodynamic problem, that of lift generated vortices. A complete survey of the
subject of vortex motion and the history is omitted due to the extensive research, in many

diverse fields, that comes under the general heading of vortex motion.

It is well known that any finite lifting surface produces a system of vortices as a result of
the lift distribution decreasing to zero at the tips. The interaction of such vortices with an
object (wing, rotating blades of a helicopter, complete aircraft) is encountered in many
areas within the aerodynamic and fluid mechanic fields. These interactions, in the majority

of cases, result in some kind of unwanted phenomena. In fixed wing aerodynamics this
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can manifest itself as large trailing tip vortices which (during landing) can have a hazardous
effect on any subsequent aircraft and disrupt flight operations near an airfield
(Bushnell(1992), Beard(1991), Mullins(1996)). In rotorcraft operations, the complex
aerodynamic flow field, again, contains strong trailing vortices which convect and interact
with other blades, the fuselage and tail rotor. In the case of a trailing vortex interacting
with a following rotor blade (commonly termed Blade Vortex Interaction- BVI), high
radiated noise levels may result which can also limit flight operations around the airfield

(Sheridan & Smith (1979)).

This work addresses the generation of the interacting vortices for, primarily, rotorcraft
implementation. It is based (as is all work on vortices) on what is now regarded as one of
the most important contributions in fluid mechanics from the ‘founders’ of what is
commonly termed vortex dynamics, H. von Helmholtz and Lord Kelvin (Chapter 2). It will
be a fundamental study into the generation of longitudinal and transverse vortices in the
working section of wind tunnels. The longitudinal vortex will be that of a vortex pair
representing a possible beneficial modification to main rotor Blade Vortex Interaction
when compared to the classical single tip vortex. The transverse vortex will be generated
by a rotating blade placed in the contraction of a low speed wind tunnel for use in the
investigation of tail rotor BVI. To investigate these complex phenomena, a detailed

knowledge of the behaviour of the interacting vortex or vortices is required.

1.2 Vortex Flows in Aerodynamics

Of the wide ranging topics available, no single area has attracted more attention than that
of the lift generated vortices which are trailed from the tips of aircraft. From the early
days of fixed wing flight to the modern helicopters and high performance jets, the

dynamics of vortex structures have proved frustrating and perplexing.

The greatest impetus for the study of vortices came from the study of finite wings where
the existence of the lift generated vortex had a significant negative effect. Although the
presence of the vortices was known (Lanchester (1907)- Fig. 1.1) and much valuable work

was carried out up until the 1930’s, the problem of trailing vortices ceased to be one of the
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leading areas of aerodynamic research. Mass interest in such flows only really started in
the late 60’s early 70’s with the introduction of the Boeing 747 ‘Jumbo Jet’. This interest
stemmed primarily from the possible hazardous effect a large vortex would have on

following aircraft when approaching landing.

To date, there are many theoretical, experimental and numerical studies in the literature
which are devoted entirely to the understanding of such flows encompassing large aircraft
wakes. In spite of this, the present understanding of such flows remains qualitative - in
particular at large downstream distances (Crow Instability (1970)). In all these studies, the
detailed knowledge of the mechanics of the formation and subsequent roll-up of the tip
vortices and their destruction have been precluded. No single work has addressed the
complete life of the vortex from formation to destruction and this is unlikely to happen in

the near future due to the intractable nature of the flow field.

In addition to the fixed wing aircraft, the operating characteristics of helicopters are
strongly influenced by the vortex wakes of the rotating blades. The dominant feature of
such wakes is the helical vortices which have their origin at the tips of the rotor blades.
The interaction of these blades with the vortex wake changes their aerodynamic loads and
thus affects their operating performance, vibration and acoustic characteristics. Although
a detailed knowledge of the formation and the initial roll-up of such concentrated vortices
is not used for typical wake analyses, such a knowledge is essential to modify the structure
of these vortices and, hence, investigate any beneficial effects that may result from any
modification. It is important to study, in detail, the flow field in the vicinity of the tip of a
finite wing or a helicopter rotor blade to understand the behaviour of the vortex and its

subsequent trajectory.

1.2.1 Fixed Wing Aerodynamics

The flow field associated with any fixed wing aircraft is dominated by the two tip vortices
generated by the wings (Fig. 1.2). These vortices are trailed from the wing tips and form a
counter-rotating pair which convect downward away from the aircraft. Of the extensive

literature available, work can generally be split up into that associated with the advent of
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the 747 (1970’s) and work carried out in the 1990’s related to a new generation of large
body commercial aircraft. Over the last few years there has been a resurgence of interest
in the flow field associated with flapped wings due, primarily, to the hazardous wake

which is generated.

The flurry of basic and applied research in the 70’s (Olsen et. al.(1970), NASA SP-409
(1975), Donaldson (1975)) produced a better understanding of the far-wake structure and
its unwanted persistence. However, little success was achieved in reducing the hazard.
The only solution documented was to maintain a suitable large spacing between aircraft
during takeoff and landing. This spacing requirement, especially for landings, limits the
operational capacity at a growing number of commercial airports around the world due to

the continual increase in air traffic.

When an aircraft is in landing configuration, with the flaps deployed, each wing

generates not one but two primary vortices: one at the wing tip and one at the outer tip of
the flap (Fig. 1.3). The flap vortex is the stronger of the two and the tip vortex rotates
around it. Figure 1.4 depicts the vector field associated with this configuration which was
detailed by Bruin et al.(1996). These two vortices are of unequal strength and size and
after a short period (around three quarters of a revolution) they merge to form a single

vortex.

It has been documented by Rossow (1977) that the manner in which the vortices combine
determines whether the wake will have its circulation concentrated (with high rotational
velocities) or dispersed. The actual mechanism of why the vortices persist for such a long
time (which provides a hazard to following aircraft) is not fully understood. Today, wake
vortices are at the centre of massive research programmes in Europe and the US. Rossow
stated (AGARD CP-584) that there is not, at present, a satisfactory solution for the
reduction of the intensity or hazard caused by the wake (vortices) of subsonic transport

aircraft.

In fixed wing aerodynamics a distinction must also be drawn between vortex wakes
created by flow separation from highly swept wings, such as delta wings, and vortex

wakes associated with typical subsonic transport aircraft. An extensive discussion of the
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former is provided in AGARD CP-494 (“Vortex Flow Aerodynamics”, 1990) but,
unfortunately, this symposium did not address the wakes associated with transport aircraft
in detail which was the primary impetus for the proceedings. This was addressed in
AGARD CP-584 (“The Characterisation and Modification of Wakes from Lifting Vehicles
in Fluids”, 1996) which documents the latest approach to the vortex wakes associated with
the fixed wing aircraft and the relevant regulatory action concerning aircraft spacing.

Here, a detailed discussion of the initial wake formation and roll-up to the final instability,
decay and breakdown is addressed. However, effective ways of modifying the vortical
wake structure of fixed wing aircraft to counteract the hazardous effect were still not

achieved.

1.2.2 Helicopter Aerodynamics

Despite early investigations, the development of a practicable helicopter lagged far behind
that of fixed wing aircraft. The early stages of helicopter development floundered due to
difficulties of stability in forward flight, which were caused by the asymmetric nature of the
lift distribution acting on the rotor disk. It was only after the fully articulated rotor hub
came into being that helicopter flight really started in earnest. An extensive history of
helicopter aviation is provided in the excellent texts by Johnson(1980), Bramwell(1976)
and in AGARD R-481 (4erodynamics of Rotorcraft, 1990).

The helicopter industry was initially dominated by the military but, due to the ability of the
helicopter to hover and take-off and land in confined areas, it has proven to be of
significant value in civil aviation. In fact, it was predicted that the number of civil
helicopters in service would overtake the number of military helicopters in use by the mid
80’s (Lowson 1980). This increase in civil helicopter traffic resulted in one of the most
significant recent events (in relation to helicopter noise) which concerns the regulatory
action -rather than any technological breakthrough- implemented by the Civil Aviation
Authorities. Up until this time the specification of external noise limits were either made
by the individual customer or by the designer and manufacturer. The ongoing imposition
of more severe noise limitations means that future helicopters are required to be

substantially quieter (Lowson 1992).




Ph.D. Thesis Chapter 1-Introduction C.M. Copland

With the increasing requirement for the military to avoid detection and for civil helicopters
to be more “environmentally friendly”, aero-acoustics has become a major field of study
(Strenfeld 1979). Extensive discussions are documented in AGARD-CP-552
(derodynamics and Aero-Acoustics of Rotorcraft,1995) which provides a comprehensive
discussion of the field at the present moment. As the acoustic feature is produced by
aerodynamic effects at the blade, valuable information on the performance might come

from the study of acoustic data as well as the aerodynamic data.

Naturally, the significance of the noise sources will vary from design to design, but for a
typical helicopter it has been documented, Lowson (1992), that the order of importance of
these sources is:

1. High speed impulsive noise from compressibility effects on advancing side

2. Blade vortex interaction noise during manoeuvre or low speed descent

3. Turbulence induced noise

4. Tail rotor noise

5. Other main rotor discrete frequency noise

6. Other sources such as engine or gearbox
As can be seen from the above the four most important aspects of noise generation on a

helicopter are aerodynamic in nature with mechanical noise playing only a minor role.

1.2.2.1 General Flow Field

The aerodynamic environment around a rotorcraft is, in comparison to fixed wing aircraft,
extremely complex (Figs. 1.2 & 1.5). The helicopter rotor in forward flight experiences
rapid changes in the local effective velocity, ranging from Mach 0.2 on the retreating side
to near Mach 1 on the advancing side. On the retreating side the blades pitch up to high
incidence which results in dynamic stall. The helicopter operates in conditions of flow
separation and in its own wake where the blade tip vortices and wake structure interact
with the rotor blades of the main and tail rotors, and the fuselage itself. All these complex
issues result in noise, vibration and structural loads which have an adverse effect on
helicopter performance. Excellent discussions of the above are provided by Prouty (1985)

and AGARD R-481 which also details the complex design issues experienced in rotorcraft
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aerodynamics. Future rotorcraft technological developments have also been documented

by Tyler and Vincent (1996).

Of considerable importance are the concentrated trailed tip vortices generated by the main
rotor which convect. The roll-up of the trailing tip vortex is in principle the same as that
of the fixed wing but, in contrast, the developed vortex experiences many strong
interactions with fuselage, rotor blades and tail rotor. Sheridan and Smith (1979) provide

a good overview of all the “Interactional Aerodynamics” associated with the helicopter.

For the particular case of a single helicopter rotating blade, vortices trail from its root and
tip regions, as illustrated in Fig. 1.6. For the rotor blade, however, the bound circulation is
not symmetric about the half-span and for typical cases the maximum circulation occurs
between 80 to 95 % radius. Thus, although the circulation drops to zero at the tip, the
rate of decrease is still very high. This results in strong trailing vorticity at the outer edge
of the wake which rapidly (within 60° of rotation - Simons, Pacifico and Jones (1967))
rolls up into a concentrated tip vortex. The strength of such a vortex has been
documented to be almost equal to the maximum bound circulation of the blade (Johnson -
Helicopter Theory (1980)). On the inboard section of the blade, the bound circulation
decreases gradually to zero at the root and is of the opposite sense. The gradient of the
circulation in this region is small, resulting in a root vortex which is considerably weaker
than that of the tip vortex. Hence, it is the strong concentrated tip vortex which is by far

the most dominant feature of a helicopter’s rotor wake.

1.2.2.2 Blade Vortex Interaction

Due to the translatory motion during flight, a rotor blade may encounter a tip vortex
trailed from either itself or another blade, in both slow and high forward flight conditions.
It has been established (Kokkalis (1988), Horner et al.(1991-95)) that when a tip vortex
passes close to a blade its effect results primarily from the vertical velocity component
induced by the vortex. This produces a time-dependent change in the blade’s effective
angle of incidence which corresponds to a variation in the blade circulation and hence
blade loading (lift). Such vortex induced loads have been identified as being the principle

source of rotor and fuselage vibration as well as high radiated noise.
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In most flight conditions, the tip vortices trailed by the rotor blades of a helicopter tend to
pass under its rotor disc. Under certain flight conditions, however, (e.g. steady descending
flight) the resulting inflow tends to force the wake into the rotor disc plane, thus causing
strong blade-vortex interactions. There may be up to seven possible areas (Fig. 1.7) where
blade-vortex interaction may occur and these are dependent on flight path. Also,
depending on the position of the vortex in relation to the rotating blade, the angle at which
they meet varies from near parallel through what is commonly termed oblique interactions
to near perpendicular (Fig. 1.8). These interactions are all characterised by the interacting

vortex lying in a plane parallel to the plane of the blade.

It is well documented, Schmitz and Yu (1983), that the severity of such interactions is

governed by:

1. Strength of tip vortex

2. Core size of tip vortex

3. Local interaction angle between the blade and the tip vortex (Fig. 1.8)
4. Vertical Separation between the tip vortex and the blade

A considerable amount of research has been conducted into the phenomenon of BVI over
the last 20 years. Excellent reviews on the occurrence of BVI and its aerodynamic effects
within the helicopter rotor environment are given by Gessow (1985) and Pillippe et al.
(1985) and concepts for the reduction of BVI noise are discussed in Hardlin and Lamkin

(1987).

1.2.2 3 Rotor Tip Profile/Vortex System

Rotorcraft have, over the last few years, started to use different planforms to alter the
aerodynamic flow in the tip region. Due to the high loads that occur on the tip of the
rotating blade during flight it is documented that the rectangular tip profile in unlikely to
be the optimum, Seddon (1990). The alteration of the tip geometry is not a new concept
and has been employed extensively in the fixed wing environment by the use of winglets to
reduce vortex induced drag. Helicopter tips, however, have been designed to different

specifications. Instead of trying to limit vortex induced drag, the majority of helicopter
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rotor tips have been designed for high speed flow to reduce compressibility effects on the
advancing side and (dynamic) stall effects on the retreating side of the rotor disk. They are

specifically designed to address point 1 in the list of noise radiation sources.

An extensive discussion of available blade geometries and tip planforms is documented in
AGARD R-481. Here we will only discuss four of the more ‘exotic’ types of tip planform.
These are,

1. Vane Tip (Westland Helicopters Ltd.)

2. BERP (Westland Helicopters Ltd.)

3. Free Tip (NASA)

4. Muller Winglet (sometimes referred to as the Aachen Tip)

The Vane Tip (Fig. 1.9) was developed by Westland Helicopters Ltd to specifically
address the noise generation originating from a BVI event. Brocklehurst & Pike (1993)
documented that, if the strong single tip vortex could be split up into two vortices of equal
strength (each half the strength of the original tip vortex) separated by half a chord length
or greater, the interaction of this twin vortex system with a rotating blade would result in a
weaker BVI encounter and hence reduce noise radiation. Due to the passive nature of
such a device, noise reduction of in-service aircraft could easily be accomplished by simply
re-blading existing helicopters. Tyler & Vincent (1996) present a general discussion of the
Vane Tip in relation to future technological developments. They state that wind tunnel

tests have demonstrated a 6 dB reduction in radiated noise.

The use of such a wing tip extension is not new. Tangler (1975,1978) attempted to
modify the structure of the tip vortex with the use of a small sub-wing attached to the
rotor tip (Fig.1.10). This tip was much smaller than the Vane Tip and it is unlikely that it
would be capable of generating two distinct vortices. However, the sub-wing tip would,
most likely, severely alter the size of the core (increasing its size) and, thus, reduce the
peak velocities. This may have resulted in a beneficial reduction in the radiated noise due
to BVI. Hoad (1980) details an experimental investigation to determine the overall
character of noise induced by blade vortex interactions as affected by tip configuration
(including the sub-wing). Virtually no work was done on the sub wing for about 15 years

but, recently, there seems to be a resurgence of interest (primarily due to advances in CFD
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and acoustic/aerodynamic measurement techniques). This was discussed by Jenkins
(1997) and he stated (during a presentation) that this tip would be implemented on a model

helicopter rotor for acoustic testing in the near future (October 1997).

The BERP (British Experimental Rotor Program) Tip is well documented (Seddon (1990),
Hansford(1987), Perry(1987)) due to its use in attaining the World Helicopter Speed
Record (Hopkins(1986), Wanstall(1986)). Experimental work carried out by Bell
Helicopter Inc. (Scott et. al.(1991)) on the BERP showed that at medium to high
incidence the tip would generate at pair of unequal counter rotating vortices (Fig. 1.11) .
The flow field measurements associated with this are depicted in Fig. 1.12. Lowson
(1992) also includes a discussion of the benefits of the BERP tip in high speed
(compressible) flow. The combination of sweep and reduced thickness allows the flow
field around the tip to remain below Mach 1. Lowson states that this form of tip also
reduces the noise in low speed descent (strong BVI flight condition) by up to 5 dB.
Unfortunately, there is no discussion of the reasons for this reduction and the results were
obtained from in-flight testing. It is possible that the BERP tip may 1) significantly alter
the tip vortex structure to provide a beneficial effect in a BVI encounter and/or 2) generate

a twin vortex flow field which may have a beneficial effect during BVL

In the United States during the 80’s a considerable amount of effort went into the free-tip
concept (Fig. 1.13). The free-tip design incorporated a tip that was free to pitch
independently from the rest of the blade. The concept was primarily aimed at reducing
oscillatory rotor loads, vibration and hence increase performance. This tip was able to
pivot and so could have a different incidence with respect to the rest of the blade. Stroub
et al. (1986) document the design of the blade and control system of the rotor blade and
the benefits in power reduction. They state that the aerodynamic design of the free-tip was
selected primarily to maximise pitch acceleration in response to changing lift and so
maintain nearly constant lift around the azimuth. The resulting vortex system was
documented by Martin and Fortin (1988) who conducted a numerical analysis of the tip.
However, even though the free tip concept was shown to reduce power and oscillatory
loads in the control system, there was no discussion of the flow field development or of the

effect of these unusual aerodynamics on BVI or noise radiation.

10



Ph.D. Thesis Chapter 1-Introduction C.M. Copland

Muller (1990) employed an out of plane winglet (Fig. 1.14) device to try and increase the
separation of tip vortex and interacting blade. This increase in separation would reduce
the vortex induced loads which act on the blade and so correspondingly reduce the
impulsive noise. The winglet was designed to reduce the influence of BVI by increasing
the distance between tip vortices and rotor blades at their first encounter. Muller
conducted both experimental and numerical studies on the winglet and discussed both the
existence of the mid-vortex resulting from a blade vortex interaction (noted also by Horner
(1994) - Figs. 1.19 & 1.20) and the double vortex flow field found in the downward
pointing winglet configuration. The second vortex, which has the same sense as the tip,
is generated from a concentration of the circulation in the region where the winglet starts
to bend down. It was also stated that both parts of the double vortex may have the same
strength depending on the circulation distribution and the winglet shape. Vortex merging
of the two vortex system was also noted, which resulted in a very smooth vortex core with

low tangential velocities.

1.2.2 4 Main Rotor Tip Vortex/Tail Rotor Interaction

Despite its extensive use in helicopter designs, the aerodynamics of the tail rotor have been
minimally researched when compared to its companion main rotor. As an increase in main
rotor efficiency has a greater effect on the overall performance than a comparative tail
rotor improvement, resources expended on the main rotor have been easier to justify.
There is a universal lack of understanding of the many interactional mechanisms that affect
helicopter tail rotor performance. Experimental research has, to date, targeted the
problem of interactions on the main rotor blade but there is currently a considerable dearth

of information on interactions associated with the tail rotor environment.

The tail rotor has three primary functions: to provide a moment to counteract the main
rotor torque reaction on the fuselage; to enable the pilot to select a desired heading whilst
in the hover; or to select a desired sideslip angle in flight. The operating regime of the tail
rotor is seldom uniform. The flow field around the tail rotor is affected by the main rotor
downwash, the influence of the rear fuselage and fin and, under certain flight conditions,
the proximity of the ground (Wiesner & Kohler (1974)). The relative proportions of these

vary significantly with flight condition. Three critical factors that can contribute to loss of

11
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tail rotor directional control have been identified. These are: tail rotor operating in the
vortex ring state (which can result from sideways flight); the influence of the main rotor tip
vortices on the flow at the tail rotor; and fuselage weathercock instability in rearward

flight. These are all clearly documented in Prouty and by Srinivas et al. (1993).

The effects of the main rotor tip vortex interacting with the tail rotor are considerably less
understood than those of main rotor interactions. In Fig. 1.15, a helicopter in level flight
forms a pair of large wing tip vortices somewhat akin to those trailed behind a fixed wing
aircraft. These vortices are generated from the individual blade tip vortices rolling around
each other to form these larger trailed vortices. In forward flight the tail rotor will be in
the centre of the main rotor wake and, where they affect the tail rotor, will cut each main
rotor blade trailing tip vortex in sequence as they are trailed from the rear of the disc. In
quartering flight (Fig.1.16) the tail rotor can become immersed in these large rolled up tip
vortices trailed from the edge of the main rotor disc. This flight condition has the most
significant effect of tail rotor performance. Depending of the relative rotation of the

vortices and tail rotor, the net effect can be a dramatic loss in tail rotor performance.

When compared to the vortex configuration during main rotor BVI (Fig. 1.8), documented
in section 1.2.2.2, the interacting vortex lies in a plane perpendicular to that of the blade
(Fig.1.17). The convecting main rotor vortex can interact with the tail rotor itself during
the roll-up of the trailing tail rotor tip vortex, or with the fully rolled up tip vortex.
Unfortunately, there is no apparent work documented on the specific mechanisms that are
associated with these particular phenomena and the only discussions have been
documented in respect to in-flight tests (Ellin (1993)). These only document the overall

effects rather that the interactions themselves.

The direction of the rotor rotation, the type (pusher or puller) and the position relative to
the main rotor disk, all have a significant effect on tail rotor performance. It is likely that
all these design factors are related to the interaction with the main rotor tip vortices and
wake. It is not understood why this is the case. The final tail rotor design is primarily
down to trial and error but the general consensus is that top blade forward gives the best
tail rotor performance. In many cases it is only when the yaw handling of a helicopter is

unsatisfactory that research has been carried out. Although understanding of the tail rotor
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has improved over the years, new tail rotor designs are regularly proving to be deficient,

necessitating re-working either before or after the aircraft enters service.

1.3 Review of Previous Work

As one can imagine, the scope of work published on vortex flows associated with fixed
and rotary winged aircraft is extensive. Here, relevant papers which are of particular
importance to Blade Vortex Interaction, the Vane Tip and Tail Rotor Interactions are
discussed. The papers which document the experimental work carried out at Glasgow
University on Blade Vortex Interaction, work carried at Westland Helicopters on the
“Vane Tip’ and work conducted in the investigation of tail rotor interaction are of most
importance in the present study. Other papers documented in this section provided
additional information on primarily in-flight and computational studies conducted into

BVIL

A number of experimental studies have been carried out into the fundamental mechanism
for a vortex approaching a rotating blade. In this respect the studies conducted by
Surendraiah (1969) and subsequently Padakannaya (1971) using an upstream wing tip to
generate a vortex that interacted with a downstream rotor are seminal work. This work
enabled the gross features of the blade-vortex interaction to be illustrated. Researchers at
NASA Ames (Caradonna et al. (1988)) developed this approach further in the late 80’s
using a similar facility but with better resolution in the pressure data which allowed a
“convective disturbance” in the aerofoil pressure distribution to be identified. Further
studies at Glasgow University improved on previous pressure and aerodynamic load
measurements but also provided vital flow field information through the use of Particle
Image Velocimitry (PIV). The PIV results provided high quality images of the local blade

flow field at various stages of the interaction process.

The work conducted by Kokkalis et al. (Fig.1.18) employed a set-up similar to
Surendraiah’s. In these experiments a vortex generated upstream of the horizontal rotor
disk convected towards the rotor hub. However, the method of generating the interaction

vortex was different. They utilised a differential incidence of two wings meeting near the
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tunnel centre line to generate the interacting vortex. This work initiated the investigation
into Blade Vortex Interaction at Glasgow University. The major improvement over the
study conducted by Surendraiah was in the spacial resolution achieved in the pressure
measurements. Kokkalis was able to suggest that the effects of varying the intersection
height were not symmetric above and below the blade. The interactions in which the
vortex passed above the blade were stronger than those in which the vortex passed below,

particularly during close interactions.

In the study by Kokkalis the interacting vortex was measured using a triple hot wire probe
to obtain vortex strength and core size. Horner continued with this research with an
improved acquisition system. The work concentrated on oblique BVI and involved the use
of Particle Image Velocimitry to investigate the trajectory of the vortex under the influence
of the passing blade. Horner was also able to obtain the vortex strength for the interacting
vortex but there is a discrepancy between the PIV data and the triple hot wire data. This
thesis addresses this discrepancy (Chapter 5) and provides a discussion of the two prior

interacting vortex measurement results.

Horner documented the flow field associated with the oblique interaction and noted that,
due to the induced velocities acting on the rotor blade, there would be a tip vortex and a
‘mid’ vortex generated (Fig. 1.19). Muller also commented on the influence of the mid
vortex as detailed in section 1.2.2.3 and stated that the mid vortex is weak when compared
to the interacting vortex. It was mentioned that the mid vortex has the opposite sign to
that of the tip vortex and starts at about 85-90 percent of the rotor radius. Figure 1.20
depicts the different vortex structures which are generated on a zero incidence blade when
influenced by an oblique interacting vortex occurring in different quadrants. On the left is
a caricature of a second quadrant BVI and on the right a third quadrant oblique BVI event.
As can be seen the interactions are very different and result in substantial differences in the

evolution of the three-dimensional flow structures which occur during interactions.

Caradonna et al. (1988) also utilised a technique similar to that employed by Surendraiah.
They used a two-bladed teetering rotor, again interacting with a vortex generated from an
upstream finite wing. This study utilised pressure transducers about the aerofoil at three

spanwise locations in order to document the nature of the unsteady pressure distributions
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generated when the rotating blade experiences BVI. This study documented the rise and
collapse of the leading edge suction peak and allowed the identification of two pressure
disturbances, designated the convective and propagative disturbance. The first disturbance
was a ripple of lower pressure seen to cross the aerofoil (also seen by Kokkalis). The
second disturbance was associated with the high speed environment and it was stated that
it could be associated with an acoustic wave originating from the leading edge vortex

interaction.

In wind tunnel tests of a model MBB BO-105 rotor, Van der Wall (1993) successfully
measured the pressure distribution around one instrumented rotating blade of a complete
rotor system to concentrate on BVI locations and noise radiation. Tests were conducted
in high and low speed cases representing descent flight conditions with a high noise level.
The low speed BVI case was characterised by very strong vortex interactions at the blade
tip which cause the extreme noise producing state known as blade slap. This enabled the
BVI locations for the complete rotor to be determined and then comparison drawn to the
aerodynamic lift and moment distributions. Whilst not concentrating on the fundamental
fluid dynamic aspect of BVI, the study identified that, in the full rotor environment, many
blade vortex interactions involve pairs of trailed vortices. These pairs of vortices occur on
the advancing side of the rotor, rotating in different directions, in the high speed case.
There is still a need for continual research into twin vortex interactions as, at present, only
the mechanism for the generation has been noted and not the detailed influence on the
local blade flow field and noise radiation. The BO-105 model has subsequently been used
in extensive laser doppler velocimetry measurements and aeroacoustic testing documented

by Splettstoesser et al. (1997) and Schultz et al. (1997).

Other studies have used different experimental set-ups to investigate the fundamental
aspects of blade vortex interactions, notably Seath et al. (1987), Booth et al. (1984) and
Straus et al. (1988). Booth et al. (1984) utilised an oscillating aerofoil to generate the
transverse vortices. However, the wake behind the aerofoil contained pairs of vortices
which resembled a Karman vortex street. It was pointed out that there are some inherent
limitations in this experimental method. Firstly, the vortex pairs cannot be considered to
be exactly equivalent to an isolated tip vortex encountering a rotor blade on a helicopter.

Since the vortices occur in pairs, they influence each other. Secondly, in the presence of a
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blade, the spacing between the filaments becomes important. As stated, the blade can be
said to have an isolated encounter only if the spacing between the vortices is greater than
the blade model chord. Such a requirement may conflict with the need for a well defined

vortex and consequently the condition for an isolated encounter is not always met.

Straus et al. (1987) utilised a similar facility to Booth but limited the pitching motion to a
single ramp up profile rather than a continuously oscillating motion. The aerofoil was
rapidly pitched to try and obtain a single two-dimensional shed vortex. However, as stated
by Straus, the response time of the pitching system is crucial to produce a single rolled-up
shed vortex. The required time of motion of the pitching aerofoil should be less than the
time it takes the air to travel one chord length. If the time is too long the shed vorticity
will not roll-up into the required vortex. As expected, at low velocities the time to pitch
the aerofoil is short - a threshold time of 21ms is quoted at a freestream velocity of 12.2
m/s. However, if the freestream velocity were to be increased, the threshold time to attain
a single vortex would decrease and so mechanical actuation problems may arise which
could limit the operational range of the generator. Another problem, which may occur, is
flow separation from the leading edge resulting in the generation of another vortex of
opposite sense to the original shed vortex. Control of the size and strength of the vortex is

also difficult with a pitching aerofoil, as you are limited to a finite range of operation.

Of the computational studies conducted into BVI, a distinction between the fluid dynamic
approach based on the Navier-Stokes equations, and acoustic approaches based on the
Ffowcs-Williams and Hawkings (FWH) equations and the Kirchoff method, can be drawn.
These methods are interlinked (the FWH equations is a rearrangement of the N-S
equations) and it is necessary to know the blade surface pressure and the flow around the
blade before an acoustic analysis can be conducted. It has been argued (Farassat &
Brentner (1987)) that the requirement of aerodynamics input data is viewed by some as a
weakness of the acoustic analogy. Lyrintzis et al. (1997) provides a good discussion of
the two acoustic approaches (in relation to BVI) and stated that the prediction methods
require similar computational resources but these requirements are small compared with
those of the CFD flow solver (for the Euler equations). There, is at present, considerable
attention being paid to the numerical prediction of aeroacoustics primarily due to the

advances in CFD.
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McCroskey (1988) documented the growing application of computational aerodynamics
(CFD) to rotorcraft problems with particular emphasis on the development of new
methods. The discussion presented by McCroskey, even though it is dated when
consideration is given to recent advances in computational power, does still highlight the
primary deficiencies in these methods. Caradonna (1994) also presents a discussion of
recent methods for the computational prediction of rotor-wake problems. He states that
there is a particular need to investigate (both experimentally and computationally) the
generation, convection and interaction of lifting surface wakes. This is a difficult problem
for most CFD methods because numerical dissipation is rapid (accumulation of numerical
errors). Trying to eliminate these errors by increasing grid sizing in still computationally

prohibitive.

Computational studies have also been conducted to try to numerically model the
experimental configurations (particularly those of Padakannaya, Caradonna and Kokkalis).
The first study, by Padakannaya (1974), detailed the use of a lifting surface method to
predict the unsteady aerodynamic forces induced on a model rotor with a vortex lattice
method to represent the convecting wake generated by the interacting vortex. A method
similar to this was implemented by Coton (1994) and De la Iglesia (1993) (documented in
Chapter 3). This method utilised lifting line theory with a two dimensional panel
representation to predict the unsteady spanwise loads. A free wake model was also
utilised to represent the wake generated under the influence of an interacting vortex from
an impulsively started unloaded blade (at zero incidence). Caradonna et al. (1988)
provided a comparison of their experimental and computational studies. The numerical
model was constructed using a three dimensional full-potential rotor code and, as stated,

gave excellent comparisons with the experimental data for a wide range of conditions.

In-flight studies have also been conducted and the most recent of which is documented by
Kufeld (1997). This investigation utilised a pressure instrumented rotor on a UH-60A to
document the airloads and so provide information for code validation. Kufeld states that
the complete program involves comparison of flight test data with both small and full scale

wind tunnel tests (similar to tests conducted on the MBB BO-105 rotor).
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Unfortunately, there have been few experimental studies conducted on the main rotor
vortex/ tail rotor interactions. The most notable investigation was the in-flight study
conducted by Ellin (1993) on the DRA Research Lynx with an instrumented tail rotor
designed to obtain pressure data. This study noted six distinct regions on the main rotor
vortex/ tail rotor interaction, each corresponding to a different mechanism in the low speed
envelope. The tests were carried out in hover, forward flight and in quartering flight. Ellin
stated that further experimental work was required into blade vortex interaction with the
vortex perpendicular to the blade surface to investigate these phenomena.

The Vane Tip (Brocklehurst & Pike (1994)) is a new novel helicopter tip that could be
beneficial in the reduction of noise by the generation of two co-rotating vortices. The tip

was designed to satisfy several requirements:

generate two vortices

these vortices spaced half chord apart

near equal strength (in 2™ quadrant)
pitching moment balance must be maintained

sweep desired to minimise compressibility effects

SN S

reasonably high incidence performance

Initially, lifting line theory was implemented, which showed that the same reduction in
bound circulation was required at the blade/vane junction and at the tip of the vane to
generate the two vortices. Lifting surface theory was then used to develop the geometry of
the final tip with a leading edge extension to increase the area at the junction region and so
reduce the local lift which was a result of the induced upwash from the inboard vortex.
Twist and sweep were also added to ensure no significant changes would be seen in the
pitching moment. Wind tunnel tests were conducted on a fixed wing model of the vane tip
to verify the existence of the two vortices and document their persistence downstream.
These tests were conducted using flow visualisation techniques and no detailed flow field
measurements were documented even though it was stated that measurements were made
using a five hole probe to assess the strength and positions of the vortices over a range of

sideslip and incidence.
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All the experimental, computational and in-flight investigations detailed here provide a
small summary of the type of work that has been and is being carried out into the complex
field of rotor and helicopter aerodynamics. The experimental investigations range from
fundamental studies into single vortex interactions with a single rotating blade, to complex
small scale fully articulated rotor systems to detail specific regions of BVI and their

acoustic influence.

At Glasgow University there is an investigation, being conducted at present, into the
behaviour of a single interacting vortex with a loaded blade. This is based on the previous
investigations of both Kokkalis and Horner. Investigations are also scheduled to be
conducted utilising the twin vortex system (documented here) on an unloaded blade
(Masson (1997), to be published at time of writing). The work presented in Chapter 5
addresses the initial vortex measurement on the single and twin vortex generator

implemented on the BVI rig at Glasgow University.

1.4 Scope of Present Study

This study is an investigation into the generation and convection of trailing tip vortices for
future studies into vortex interactions. The two main areas of interest are related to
helicopter aerodynamics. The first, an investigation into the idealised flow field associated
with the Vane Tip and the second, an investigation into the generation of a transverse
vortex in a low speed wind tunnel for implementation in an investigation into main rotor
tip vortex/ tail rotor interaction. This work tries to address some of the conclusions stated
by Ellin with respect to tail rotor interactions and Brocklehurst’s discussion of the Vane

Tip.

The crucial factor in all experiments to date has been the manner in which the interacting
vortices have been generated and their subsequent trajectory through the wind tunnel’s
working section. These two features are of critical importance in interpreting the resultant
data collected and in the application of such interpretations to real aircraft. When data
pertaining to blade vortex interactions are acquired from experiments in which the

generation of the interacting vortex differs, there are clear differences in the flow
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development. How important these differences are is not clear, and it may be that they
simply affect the peripheral response and not the fundamental interaction. Nonetheless,
whatever system is used, it is essential that the detailed structure of the interacting vortex
is known. It is also important to have a good knowledge of the vortex trajectory, stability
and tendency to wander from its mean path. This applies irrespective of the method of

generation.

One of the interactions concerned with the present study is a vortex orthogonal to the
plane of the aerofoil (Fig. 1.21). This interaction models that of a main rotor tip vortex
interacting with the tail rotor (Fig. 1.17) and, as such, requires a transverse vortex
travelling in a stable fashion through the wind tunnel’s working section. The conventional
generation method for such a vortex is to place an aerofoil at the entrance of the working
section and subject it to a rapid change in incidence (Fig. 1.22). Although this procedure
is fraught with difficulty, it does produce a vortex, but one in which the structure (size and
strength) may not comprehensively mimic the trailing vortex from the tip of a rotor see
page 16). Accordingly, it was proposed to investigate the generation of a tip vortex via a
rotor placed in the settling chamber of a wind tunnel (Fig. 1.23) such that the blade tip
enters the contraction. Whether or not such a procedure is feasible is an aim of this

present study.

The other main task, is an investigation into the generation of unconventional trailing
vortex structures which may have beneficial noise reduction characteristics. This vortex
structure will be that of a vortex pair wrapping round each other for a range of separation
distances (Fig.1.24). The generation of the twin vortices should satisfy criteria 1-3,
documented above, for the Vane Tip. The success of this particular study may lead to a
detailed appreciation of one aspect of BVI noise reduction by an alteration of the rotor tip

vortex structure.

The culmination of this study is the present thesis, which details the development of the
two prototype vortex generation systems. These were built and tested in the Department
of Aerospace Engineering’s 1.15m x 0.8m low speed wind tunnel. Whilst the low
Reynolds numbers (approximately 2x10°) are lower than those achievable in larger tunnels

this was considered less important than the generation and subsequent convection. The
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results from this study will be used to assess the worthiness of expenditure to develop

facilities in a larger tunnel.

Additional work was also conducted into the implementation of the twin vortex generator

in the larger 2.1m x 1.6m Handley Page wind tunnel. This study provided vital information
in discussion to a significant discrepancy between the single vortex data acquired Kokkalis
and subsequently Horner. This additional work is documented in the present thesis as a

prelude to single vortex loaded BVI and twin vortex BVI investigations (Masson (1997)).

This work will document the fundamental study into the generation of transverse and
longitudinal vortices in the working section of a wind tunnel. At the outset of the

project the proposed work could be split into four main tasks:

1. Numerical modelling of the transverse vortex configuration for design purposes

2. Design of twin/ transverse vortex generators and hot-wire calibration facility

3. Measurement of the vortex structure and convection of the twin vortex and transverse
vortex in Glasgow University’s 1.15m x 0.8m low speed wind tunnel using hot-wire
anemometry

4. Measurement of single and twin vortex generators in the 2.6m x 1.6m Handley Page

Wind Tunnel
It should be noted that the object of this feasibility study was to simply validate the

techniques adopted and not to necessarily produce the structure of the vortices that will

eventually be utilised in a larger wind tunnel.

1.5 Outline of Dissertation

The main body of the dissertation is divided into seven chapters headed by this

introduction.

In Chapter 2, a description of the fundamental aspects of vortex dynamics and trailing tip

vortices is described. This chapter is included at the start of the main text, rather than as an
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Appendix, to provide an introduction to some of the fundamental theory on which this

thesis is based.

Chapter 3 documents the numerical model of the transverse vortex generator for design
purposes. This chapter details the implementation of a simple panel method code to
represent the wind tunnel with a free wake model to represent the trailing tip vortex and
wake convecting through the tunnel. The results and discussion are included in this
chapter due to the experimental design (documented in Chapter 6) relying completely on

these.

In Chapter 4, a discussion of hot-wire anemometry is provided and, more specifically , the
use of x-wire probes which are used in the experiments documented in Chapters 5 and 6.
The design of a calibration facility and procedure is discussed along with data acquisition
and data analysis. A discussion of the traverse is provided as this is also common between

the two experiments.

In Chapter 5, a detailed discussion of the design of the Twin Vortex Configuration for
both the 1.15m x 0.8m and 2.1m x 1.6m tunnels is provided. Extensive results for the
former are provided with subsequent tests in the latter addressing a discrepancy between

the triple wire data of Kokkalis and the PIV data of Horner.

In Chapter 6, a detailed discussion of the design of the Transverse Vortex Configuration is
given and also the original BVI rig on which it was based. Initial tests document the

success of the facility and the feasibility study.

In Chapter 7 the Conclusions of all the work in Chapters 3-6 are provided and

recommendations for future work documented.
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CHAPTER 2

Fundamental Concepts

2.1 Introduction

When modelling the structure and convection of vortices or conducting experimental
measurements, it is important to understand the fundamental equations which determine
their behaviour. In this chapter the fundamental aspects of vortex flows are briefly
presented. The theory documented here is readily available, and more fully covered, in
many excellent texts but is included in this chapter both for completeness and to introduce
the reader to some of the theory on which this thesis is based. The numerical models

detailed in this thesis (Chapters 3 & 5) rely on these fundamental principles.

Many fluid regions are characterised by regions of concentrated vorticity imbedded in
irrotational (potential) fluid. By the theorems of Helmholtz and Kelvin we know that the
inviscid motion of the vorticity in these regions is given by the local fluid velocity which in
turn is determined from the vorticity field. The required local velocities are determined as

the solution to a Poisson equation for the velocity field often in terms of the Biot-Savart
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integration. In addition, we know that for a uniform-density (incompressible), inviscid
fluid, tubes or elements of vorticity retain their identity and move as material objects.
However, the inviscid theory presented here does have some severe limitations. Vortices
have a tendency to dissipate with time under the influence of viscosity and their behaviour
at large downstream distances long after their generation, is almost impossible to predict

or to measure.

The connection between trailing streamwise vortices and the forward motion of an aerofoil
was clarified by Lanchaster (1907). He documented that the circulation of the wings
bound vortex must equal that of the trailing vortices. Prandtl was the first to provide a
practical theory for predicting the aerodynamic properties of a finite wing during the 1*
World War (Prandtl’s Classical Lifting Line Theory). The amount of available information
on the generation, behaviour and breakdown/dissipation of trailing vortices is extensive.
More research has (probably) been conducted on this single topic in the aerodynamics field

than any other. Here the foundations for the ideal behaviour of vortices are laid down.

2.2 Governing Laws for Vortex Flow

The generation and behaviour of convecting vortices is unfortunately not as straight
forward as the ideal theory which tries to represent them. This thesis is concerned
completely with the behaviour of vortices in a low speed environment. Hence, the first
assumption made is the flow is incompressible. The complete form and derivation of the
Navier-Stokes equations is documented in any good fluids text e.g. Kuethe and Chow
(1986), Acheson (1990), Anderson (1991). The velocity-pressure description of an

incompressible flow of a Newtonian fluid has the following governing equations-

Conservation of Mass divV=VV=0
_ DV oV 1 N
Conservation of Momentum ——=—F—+V.VV =-—Vp+v VYV
Dt ot p

Euler’s equation can be derived simply from above by assuming the flow is inviscid and

neglecting the last term.
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Potential flow is yet another simplification (steady, inviscid, incompressible, irrotational
Flow) to the full Navier-Stokes equations and every potential flow solution in classical
hydro-aerodynamics is an exact solution of the Navier-Stokes equations. If the flow is
considered to be incompressible and irrotational( V x J = 0) then the continuity equation

reduces to,
V?¢ = 0 (Laplace’s equation)
where the velocity 1s related to the velocity potential by,
V=V¢
Vorticity( @) is of vital interest in fluid dynamics and is related to velocity by,
o=curl V=VxV

and is a measure of rotational effects due to it being equal to twice the local angular
velocity of a fluid element. In this thesis (Chapter 5) we will only deal with streamwise
vorticity. In an inviscid fluid, vorticity is a kinematic property and like matter it can
neither be created or destroyed i.e. Vortex lines are material lines. Thus, they can only
undergo convection and deformation. Excellent discussions of the generation of vorticity

and vortex motion are given by Moore (1976), Morton (1984) and Sarpkaya (1989).

The governing equation for the motion of vortices in a fluid is derived (by simply taking
the curl) from the momentum equation above. The (Helmholtz) vorticity transport

equation for an incompressible homogeneous fluid, is therefore,

Do oo

—=—+V Vo= VV+v.V’
Dfgr eTeYrEvRe
where V Vo Rate of change due to convection of the fluid.
o VV Rate of deformation of the vortex lines (exists only in a

three-dimensional flow).

vV Rate of diffusion of vorticity.

The two terms on the right hand side provide the physical mechanisms by which the

vorticity of a fluid particle can change. The inviscid incompressible version of the above is,
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Do Jw
—=—+V Vo =w.
D at+ o=0oVV

For two dimensional and uni-directional flows the vorticity equation reduces to,

_Q_al_ VZ
Dt = V. w

and the vorticity is now perpendicular to the flow direction and is transported with the
fluid. For two-dimensional incompressible and inviscid flow the vorticity of a fluid element

remains constant with time and is represented by,

where the stream function can be determined from the vorticity by @ = -V*'¥ (Poisson’s
equation). The stream function is also related to the two-dimensional velocity components

by u=N/Fand v=-¥/ck.

Helmholtz summarised some of the properties of vortices in 1858 with his vortex theorems
which follow directly from the inviscid vorticity transport equation. These three theorems

govern the behaviour of inviscid three-dimensional vortices:

I. Fluid particles originally free of vorticity remain free of vorticity.

I1. Fluid particles on a vortex line at any instant will be on a vortex line at all
subsequent times. Alternatively, it can be said that vortex lines and tubes move
with the fluid.

1. The strength of a vortex tube does not vary with time during the motion of
the fluid.

Of course, in a real viscous fluid, the vorticity is diffused through the action of viscosity.
This corresponds to an expansion of the vortex core and a reduction of the induced
angular velocity. However the rate of diffusion is, in practice, much faster due to the

addition diffusive effect of turbulence in the flow.

The concept of circulation was used independently by Lanchester, Kutta and Joukowski to
create a breakthrough in the theory of aerodynamic lift at the turn of the twentieth century.

The relationship between circulation and lift is documented here in section 2.5 and the
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historical circumstances surrounding this breakthrough are discussed in Anderson (1991).

The circulation is defined as, and related to vorticity by,

I =§v.ds= [[(0.myds

Here the integral should be carried out in a counter-clockwise (+ve) sense. Sometimes
the above equation is stated with a minus sign. This is simply due to a clockwise direction
of integration for the circulation which is convenient in the analysis of aerofoil and wing

theory (documented in Kuethe & Chow (1986)).

Kelvin’s circulation theorem states that the time rate of change of circulation around a

closed curve consisting of the same fluid elements is zero, which mathematically is,

or_
Dt

This theorem helps to explain the generation of circulation around an aerofoil. If initially
an aerofoil is at rest the velocity is zero and hence the circulation around the aerofoil is
zero. When the aerofoil starts to move a circulation is generated around the aerofoil due
to the flow leaving the trailing edge smoothly (Kutta Condition); correspondingly
circulation must be shed which is opposite and equal to the circulation around the aerofoil
(termed the shed vortex). If a closed curve was placed around both aerofoil and shed
vortex the total circulation would be zero. A more detailed discussion of the initial
formation of the starting vortex from the first instant of motion of an impulsively started
blade- where there is an almost potential type of flow around the aerofoil- until it is fully
formed and equal in strength to the aerofoil circulation is detailed in Prandtl and Tietjens
(this admirably depicts the shed vortex). So in general, if there is a time dependent change
in the circulation around the blade, there must correspondingly be a counter vortex shed in
the wake equal to the change in circulation. This is the mechanism for the shed vortex

used in perpendicular BVT illustrated in Fig. 1.21.

The fundamental relation required for the determination of the induced velocity due to any
type of vortex or bounded region of concentrated vorticity is given by the Biot-Savart Law

(see Batchelor 1967) which was found experimentally by Biot and Savart in 1820 in
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connection with the determination of the magnetic field intensity induced by an element of
electric current. A general formulation, with the solution of Poisson’s equation, is
documented by Katz & Plotkin (1991) and Batchelor (1967) for a general bounded region
of vorticity. This general formulation is simplified for the induced velocity of a vortex
element, which may be visualised as a thin tube in which all the vorticity is confined
(sometimes called the thin filament approximation). The Biot-Savart Law relates the
velocity induced by a vortex filament to its strength and orientation. The velocity field
induced by an element of a vortex of length dl is expressed by the Biot-Savart Law as,

T dixr

|3

dv =—.
Az |r
and for a line vortex of arbitrary length AB the total induced velocity of the entire vortex

filament is,

V- 5T dixr
‘A |’
The induced velocity is directed normal to the plane formed by the vortex element and the

point and the direction is consistent with the sense of the vortex circulation.

The induced velocity due to a vortex element at an arbitrary point P by a straight vortex

element of circulation I, as depicted in Fig. 2.1, is,

WL L
ind — g
47 d?
which then reduces to,
= L—T—(cosa + oos,b’)

A derivation of the above equation is provided in the text by Stepniewski (1984). Thus,
the velocity induced at a point is simply a function of the circulation strength of the
element and the relative geometry of the vortex element and point. For a vortex of infinite
length (two-dimensional potential vortex) the Biot-Savart law reduces to,
r
Y o

and for a semi-infinite vortex to,
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r
=

These simple derivations are, also, documented in Anderson (1991).

It is easily shown that a vortex flow is a physically possible incompressible flow and that
the vortex flow is irrotational at every point except the origin. To avoid the mathematical
singularity when a point lies on the vortex (r=0) a finite core for the vortex must be

introduced. These core models are documented in the next section.
A discussion of these governing laws and their application to the general field of inviscid

vortex modelling is given, in more detail, by Sarpkaya(1989), Leonard (1985), Moore
(1976), and Widnall (1975).

2.3 Vortex Core Models

In this section different types of vortex model are documented. These range from simple
analytical models which are used extensively, to more complex diffusive vortices
determined from the solution of the vorticity transport equation. All the models (apart
from Burgers model) are two dimensional in nature and all are laminar vortex models as

they take no account of the influence of turbulence.

The rule that u,is proportional to ™' must break down for small values of r to avoid

unphysical singularities on the axis itself. The fluid velocity can never be infinite in the real
world and in so far as it reverses direction between two points, which lie close to the axis
but on opposite sides, the change cannot be a discontinuous one. Thus every free vortex
line must have a core of some sort. Figure 2.2, adapted from a figure presented by
Bradshaw (1971), illustrates the general distribution of velocity and vorticity associated

with a simple line vortex.

The immense complexities associated with concentrated vortices have prevented the
derivation of a theoretically rigorous vortex model which describes the phenomenon in

every detail. For this reason several empirical formulae for the tangential velocity have
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been used by many to study different aspects of concentrated vortices. The best known
among these are the Rankine and Lamb-Oseen models. The Rankine vortex rotates as a

solid body within its core, r <r,, and is characterised by a potential flow outside,
r > r,(determined by the Biot-Savart Law), i.e. all the vorticity is confined to the core

region. The Rankine vortex can be expressed, dimensionally, by

(r >rc)

r
— (r <rc)

¢

Uy

\lv—‘

r
27

r
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Vatistas et. al. (1991) proposed an equation which represents a series of general velocity
profiles for rectilinear vortices. This core model links Rankine’s model and the Scully’s
model, and Vatistas also presents a comparison with Burgers Model. The tangential
velocity in the core can be expressed, non-dimensionally, by

r

U, =
ey
For maximum at

u, =2n.ru,/T F=rfr

c

Scully documented a distinct difference between his Fixed Wing Core Model (FWCM) and
Rotary Wing Core Model (RWCM). The FWCM was derived from LDV measurements
detailed by Orloff and the RWCM from the experimental results Cook (1972). The
FWCM model follows from the Vatistas model with a = 2and 7 =1 and is usually

expressed in dimensional form as,

I r’

27 ¥ +r?

Uy =

Scully stated that, for the rotary wing core model, the magnitude of the measured peak
tangentially induced velocity is about the same but the core radius is an order of magnitude
smaller when compared to fixed-wing measurements. Scully documented the RWCM

curve fit to Cook’s data as,
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However, other measurements discussed by Scully showed that the tip vortex properties of
a model rotor are closer to the fixed wing data than the rotor wing data which was used to
gain the above curve fit. Full-scale rotor measurements mentioned by Scully were also

closer to the FWCM and so some doubt was placed on the validity of the RWCM.

These equations documented by Scully were presented in a slightly different form, with the
number 2 (for infintte line (two-dimensional) vortex) replaced by a 4 (for a vortex
element). The standard convention used in the majority of experimental vortex
investigations is to curve fit the two-dimensional (infinite) version of the above. All the

core models presented here are for a two-dimensional vortex.

Leishman & Bagia have recently utilised a specific form of the Vatistas model in rotor
vortex Laser Doppler Velocimetry measurements. This experimental analysis determined

the tip vortex profile for a rotating blade could be approximated by,

r r
Uy=—— —F—=
o 2w | N 724
Lamb considered the problem of the diffusion of a laminar line vortex with time. The
Lamb model involves a Gaussian vorticity distribution and a circumferential velocity given
by (Batchelor (1967), Lamb (1932)). The vorticity transport equation reduces to the single
equation for vorticity w(r,?)
Jw
= W?
3 @

An exact solution to the above is

I_‘o ~ri 4w

Azvt
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where I, represents the initial strength of the trailing vortex and so the circulation in the

vortex core I' at a time 7 is,

This model satisfies the Navier-Stokes equations for the two-dimensional, axisymmetric
flow in an incompressible fluid which is represented in terms of vorticity (documented in
section 2.2). The Lamb vortex illustrates the time-dependent growth (decay) of a laminar
vortex under the influence of (molecular) viscosity. No account is taken for the effect of

turbulence on vortex decay. The radius at which the tangential velocity is a maximum is,

r, =224ut

For the above it is easily shown that at # = 0 the vortex core velocity distribution 1s
equivalent to the result from the Biot-Savart law with a discontinuity at r = 0 for an

infinite line vortex.

The Burgers vortex (Burgers (1948), documented in the texts by Acheson (1990) Saffman
(1995)and Batchelor (1967)), is another exact solution of the vorticity equation. Itisa
steady, three dimensional axisymmetric vortex represented in a cylindrical co-ordinate
system by,

u,=az u, = 571_7‘(1 —e"”z/“")

ar r
2

Burgers vortex involves the convection , intensification and diffusion of vortex lines which
represent the second third and fourth terms in the (Helmholtz) vorticity equation. This
representation has the diffusion of vorticity countered by a second term representing a
secondary flow which forces the vorticity towards the axis and intensifies it by stretching

fluid elements. This results in a steady rather than a decaying vortex. The vorticity is

represented by,
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and is confined to a core which is small for large secondary flows and small values of
viscosity. This is, as stated by Acheson, untypical of real vortices in respect to the core
radius being dependent on the secondary flow whereas the constants I'and a are free

parameters independent of this secondary flow.

A comparison of the Rankine, Lamb, Vatistas and Scully vortex models are presented in
Figs. 2.3-2.5. In Fig. 2.3 the Rankine model is compared with the Biot-Savart Law. All
the other Figures use the Rankine model for comparison. In Fig. 2.4, the non-dimensional
representation of the previously documented Lamb model is shown which can be

expressed (see Newman(1959)), as

These simple models, and, in particular, the Scully and Vatistas models, are the most
widely used in numerical analysis, to remove the singularity which occurs on application of

the Biot-Savart law, and for the curve fitting of experimental vortex data.

2.4 Twin Vortex Configurations

Vortices placed close to one another can mutually interact, and generate interesting
motions. To examine these interactions, the vortex will be idealised as a concentrated point
vortex in two dimensions. A real vortex, with a core within which vorticity is distributed,
can be idealised this way with a strength equal to the average vorticity in the core times the
core area. Motion outside the core (off the line) is assumed irrotational and inviscid.
Irrotational (Potential) flow is governed by the linear Laplace equation and therefore the
principle of superposition holds. This means that the flow at any point x,y can be obtained
by adding the contribution of all (the two) vortices in the field. To determine the mutual
interaction of line vortices, the important principle to keep in mind is the Helmholtz vortex

theorem which states that vortex lines move with the flow.

The flow induced by a spinning vortex pair can be assumed as inviscid and incompressible.

The two point vortices separated by a distance 2r, with circulation intensity of I', as

33



Ph.D. Thesis Chapter 2-Fundamental Concepts CM. Copland

illustrated in Fig. 2.6, results in co-rotation along a path with radius », and

_ r . 87’1,
Rotating Speed o= py Period T= T
: r
Rotating Mach Number M =
4mr,a

o o

In Fig. 2.7, there are two point vortices of unequal strengths I', and I', . The strengths of

the vortices are positive which corresponds to an anticlockwise rotation (vorticity). The

distance between these two vortices is 2= A, + h, . In this 2-dimensional flow field the

velocity at point 2 due to vortex 1 is directed upward and equals,
r

V,=—-
Y 2ah

where ¥ is the velocity induced by vortex 1 on vortex 2 and can be calculated from the

Biot-Savart law provided the distance # is greater than the core size. Similarly, the induced
velocity at point 1 due to vortex 2 is downward, and equals
FZ

V. =
2 27h

The vortex pair therefore rotate anticlockwise around the centre of gravity G which is
stationary. This description of the motion of two co-rotating vortices is of utmost

importance to Chapter 5.

In Fig. 2.8, the two vortices have the same magnitude of circulation but the opposite sense
of rotation. Here, the magnitude of the velocity of each vortex at the location of the other
is,

po T
T 27h

and the velocities are in the same direction. This results in the two counter-rotating
vortices translating with the velocity (V) relative to the fluid. If Figure 2.8 were inverted
(change the sign of the two point vortices) the flow could represent the idealised flow-field
generated by a straight finite wing where the two counter rotating point vortices represent

the trailing tip vortices.
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2.5 Aerofoils - Generation of Lift

The circulation distribution is obtained by application of the Kutta-Joukowski theorem

In 1906 Joukowski published the lift theorem

“If an irrotational two-dimensional fluid current, having at infinity the
velocity V_, surrounds any closed contour on which the circulation of velocity is
I', the force of the aerodynamic pressure acts on this contour in a direction
perpendicular to the velocity and has the value

I=pV I
The direction of this force is found by causing to rotate through a right angle the

vector around its origin, in an inverse direction to that of the circulation.”

The above relationship between lift and circulation can be expressed slightly differently by

using the non-dimensional lift coefficient
I=3pVlice, so that =3V, cc

Aerodynamic lift depends on the generation of circulation. When an aerofoil generates lift,
the average pressure on the upper surface must be less than on its lower. It follows from
Bernoulli’s theorem that the velocity over the upper surface must be higher than that over
the lower and therefore, by the definition of circulation given previously, we should expect
that the circulation around a closed curve surrounding the aerofoil to be non-zero. The
method of its generation is related to potential flow by the Kutta condition at the sharp
trailing edge, as mentioned previously. The circulation around the aerofoil is commonly
termed the bound circulation or bound vortex because it is attached to the body (aerofoil)
and departs from the characteristics of a free vortex in the external flow because it does
not remain attached to the same fluid particles. A bound vortex of the proper strength in a

uniform stream is equivalent to a body with circulation in a uniform stream.

At the trailing edge of a two-dimensional aerofoil, subject to a freestream velocity, there
will exist the boundary layers from the surfaces on either side. These boundary layers will

join up and move downstream in the form of a wake with a reduced velocity distribution.
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The velocity profile will change with downstream position under the influence of viscosity.
The wake cross section will increase in size as the magnitude of its mean velocity defect
decreases. At a sufficient distance downstream, the streamlines will all be parallel and the

velocity will be constant and equal to the freestream value.

2.6 Wing/Rotor Trailing Tip Vortices and Wakes

This thesis deals with the feasibility of generating a pair of co-rotating vortices (fixed wing
trailing tip vortices) and a transverse vortex (rotary wing trailing tip vortex) and so a clear

understanding of the method of generation and fundamental finite wing theory is required.

It is well known that a finite-span wing trails a vortex sheet that rolls up downstream of
the wing to form two counter rotating vortices. Near the wing tips the flow tends to curl
around the tip due to the pressure equalisation from the lower to the upper (suction)
surface. This flow establishes a circulatory motion which trails downstream of the wing
and thus satisfies Helmhotz vortex theorem which states that a vortex filament (the bound
vortex of the wing) cannot end in a fluid; it must extend to the boundaries (or infinity) or
form a closed path (in the form of the rolled-up trailing tip vortex). The spanwise
distribution of lift is based on the 2D aerofoil theory with the addition of the non-uniform
spanwise downward induced velocity due to the existence of the tip vortex. This
downwash combines with the freestream velocity to produce a local relative velocity (often
expressed as a change in geometric angle of incidence), which varies along the span. This
fundamental wing theory applies to both fixed and rotary (finite) wings. Vorticity and
viscous forces are assumed to be confined to the thin boundary layer around the aerofoil, a
thin wake emanating from separation at the trailing edge of the wing and the core of the

trailing vortex as depicted in Fig. 2.10.

In the fixed wing case, the bound circulation (lift distribution) is symmetric about the mid-
span station and can be assumed constant when the freestream velocity and incidence do
not change. With a rotating wing there is an additional velocity component from the
rotation of the blade. This rotary motion results in higher velocities closer to the tip and

hence a higher loading in this region. This produces a loading distribution which is
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concentrated in the tip region with a maximum at approximately 80 % span. Due to the
time-dependent change in the loading at each azimuthal blade position, vorticity is also
shed into the wake (from Kelvins theorem). Excellent discussions of the wake generated
by rotorcraft are presented in texts by Bramwell (1976), Johnson(1980), Stepniewiski &
Keys (1984), and Prouty (1985). These texts provide extensive coverage of rotary wing
aerodynamics and discuss numerical methods for the prediction of blade loading and wake
geometry. A discussion of numerical methods, to represent the vortical wake generated by

a rotating blade, is presented in the next Chapter.

According to inviscid theory, a vortex sheet emanates from the trailing edge of a lifting
wing and rolls up under the action of its self-induced velocity field. The initial strength of
the vortex sheet is determined by the shape and incidence of the wing. The steady three-
dimensional problem is intractable and it is normal to replace it by a conceptually and
numerically simpler unsteady two dimensional problem where the initial strength of the
vortex sheet is given, either by lifting surface theory or by the further approximation of
lifting-line theory.

The first practical theory for predicting the aerodynamic properties of a finite wing was
developed by Prandtl around the time of the 1* World War. Prandtl replaced the finite
wing by a bound vortex (situated on the lifting line). The lift on the finite wing was related
to the bound vortex strength via the Kutta-Joukowski theorem. Since the bound vortex
cannot end in the fluid (satisfying Helmholtz theorem), the vortex continued as two free
vortices which trailed downstream from the tips to infinity (commonly called the horseshoe
vortex). An extension of this, was to represent the wing as an infinite number of
horseshoe vortices and so determine a relationship between the circulation distribution
along the wing (lifting line) and the induced angle of attack (which results from the
induced effect from the trailing vortices which form the horseshoe vortices). A detailed
discussion of Prandtl’s Ifting line theory is provided in the texts by Kuethe & Chow
(1986) and Anderson (1991).

Early theoretical treatment of the rolling up of the trailing vortex sheet are generally based
on the papers of Kaden, Betz and Spreiter & Sacks. Betz presented the first calculation

method which described quantitatively the velocity and vorticity fields far behind an
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elliptically span loaded wing. This method is a two-dimensional, inviscid analysis of the
roll-up process. This entailed relating the circulation around a finite wing to the final state
of a trailed tip vortex. The vortex sheet trailed from the wing was ultimately shown to roll
up into a pair of trailing counter rotating tip vortices. Rossow (1973) extended this
method to account for arbitrary load distributions. Brown (1973) discusses the effect of
the variation of span loading on the development of fully rolied-up wing trailing vortices
(based on the method of Betz). Widnall & Wolf (1980) used this method to estimate the
strength of a rolled up helicopter tip vortex when numerically modelling blade vortex
interaction. The Betz method was implemented in this case, to calculate the velocity
profile in a trailing vortex, which was determined from the spanwise distribution of the
(rotating) blade tip loading. This was used to investigate a number of tip loading cases and
documented that the BVI acoustic signal was sensitive to changes in tip vortex structure
and hence blade tip loading. This is important in the present investigation due to the
significant change in blade tip loading with the Vane Tip. Unfortunately, this analysis
provides no mechanism for the actual roll-up process and the main inaccuracies are well

documented by Williams (1974).

The Spreiter & Sacks (1951) approach consisted of equating the kinetic energy inside and
outside of the core to the induced drag of the wing which resulted in an expression relating
cores radius to the induced drag. This method was coupled to the Betz model by
Staufenbiel (1984), and compared with experimental results analysed using a modified
Lamb model. Graham(1996) also discusses a proposed extension to the Betz model and
presents an experimental assessment of its validity. He states that the two dimensional
inviscid approximation to the wake flow is valid and that the simple Betz model is a good

approximation for single vortex roll-up.

Aft of the trailing edge the vortex grows quickly with streamwise distance on the suction
side of the tip. Its high rate of rotation produces low pressures in its core that accelerate
incoming fluid to produce a large axial velocity surplus. As the core leaves the trailing
edge substantial changes occur due to the lack of solid boundaries. The axial velocity
surplus (greater than the freestream velocity) usually reverses to become a deficit. The
development of the vortex is well documented in velocity measurements by McCormick,

Chigier & Corsiglia (1971,1972), Cliffone & Orloff (1974) and others, but these
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investigations have documented both increases and deficits in core axial velocity. Saffman
(1995), also, provides a mathematical proof which details that the velocity in the core
should be higher than the freestream velocity. Modern CFD methods have been applied to
investigate the wing tip vortex in the near field. Dacles-Mariani et al. (1995) provide a
good discussion of this approach in relation to any inaccuracies which result from grid

resolution and turbulence modelling for a finite difference solution.

Current concern with vortex flows stems from increased flight speeds. Higher speeds and
the pursuit of efficiency leads to higher wing loading. A higher wing loading means both a
higher lift coefficient at the relatively low speeds associated with take-off and landing.
Higher lift coefficients in turn require either systems of slats and flaps, involving regions of
vortex flow or large angles of incidence on the wings of low aspect ratio involving leading-
edge and nose vortices. This also applies for helicopter rotor blades where consistent
increases in disk loading results in stronger trailed tip vortices which interact and produce

stronger blade vortex interactions.

2.7 Vortex Dissipation and Merging

The previous section primarily deals with the generation of the trailing tip vortex and the
roll-up close to the blade. However, at large downstream distances there are highly
complex changes in the trailing vortex structures which have not attracted the same
amount of attention as the initial formation. This primarily arises from the difficulty in

conducting experimental investigations at large downstream distances.

The strictly inviscid theory of Helmholtz and Kelvin is important in the generation of the
vortices (see previous discussion). However, in any experimental analysis the viscous
nature of the flow must always be appreciated. The roll-up phase of vortex generation can
be assumed inviscid , however, at large downstream distances viscous forces cause the
dissipation and breakdown of the vortex structure. A general assumption is that there are
three main regions of vortex development consisting of the roll-up a period of little change
in vortex parameters followed by diffusion/dissipation (and possible instabilities associated

with counter rotating vortices and merging with co-rotating vortices). The vortex may
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after rolling up immediately start to decay and so these time-dependent regions of vortex

development are somewhat uncertain.

In discussion of the persistence of tip vortices at airports, it has been speculated that these
vortices are laminar in nature and, thus, provides one explanation of their unusually long
existence. Other influences such as the ground, surrounding buildings, prevailing weather
conditions etc. all add to the complexity when trying to investigate these phenomena.
Turbulence must also be considered, though its precise influence on the dynamics of the

vortex structure is unclear.

The growth of a line (trailing) vortex with time under the influence of viscosity is a well
known example of viscous flow (Lamb vortex documented above). However, the
influence of turbulence on the development of the trailing vortex results is a more rapid
change in the vortex structure than predicted. Unfortunately, all these models (apart from
the models based on the vorticity transport equation) take no account of the time
dependent change in core size or vortex strength. Lamb’s model only documents the time
dependent change in vortex strength and size under the influence of viscosity. Squire
(1954) was the first to attempt to calculate the decay rate of the vortex system as a
function of time after generation, by trying to take into account the effect of turbulent

mixing, and proposed an adaptation of the laminar (Lamb’s) solution using an eddy
viscosity (VT) :

r

_rty
v, =al, w=——4°w v
y/2%

This work was extended by Owen (1964), and Hall (1966) discusses the effects of
turbulence in some detail. Newman (1959), Dosanjh et al. (1962) and Iversen (1976)
carried out experimental studies on turbulent line (trailing) vortices to determine the ‘eddy

viscosity’ term.

Another method assumes a profile similar to that applied to turbulent boundary layers and
is documented by Corsiglia et al. (1973). There are other investigations based on this
analogy with turbulent boundary layers and these are extensively documented by Hoffiman
& Joubert (1963), Saffman (1973) and in the text edited by Olsen et al.(1971).
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Most vortex cores, even in a laboratory, are turbulent. The motion is irregular and the rate
of diffusion much greater than if the flow were laminar. In the previous section the vortex

models can be described as laminar vortex models. The structure of a turbulent line vortex
is a problem of considerable interest, but the status of the present understanding is unclear.
There have been a few discussions on the existence of laminar and turbulent vortices with

the majority of vortex investigations utilising a 2-D inviscid core model to analyse the data.

The diffusion of the vortex can also be accompanied by instabilities at very large
downstream distances in the case of two counter rotating vortices. This instability was
initially detailed by Crow (1970). The latest work on the Crow instability is discussed in
AGARD CP-584. These discussions state that if just vortex diffusion, caused by viscosity,
were present, the trailing (counter rotating) vortices would exist for a very long time.
Very often the trailing vortices undergo a symmetric instability in the early stages of
growth before they decay by “simple” vortex diffusion. A detailed discussion of aircraft
trailing tip vortices in relation to their formation, structure(laminar/turbulent), decay,

motion and stability is provided by Widnall (1975).

There is very little documented work of the flow field associated with two co-rotating
vortices and all the work 1s related to fixed wing aircraft. The documented work only
concentrates on the two dimensional numerical modelling of twin and multiple vortex
systems. The most relevant twin vortex study was conducted by Rossow (1977,1987)
when investigating the merging of twin, fixed wing, co-rotating vortices (as illustrated in
Fig. 2.9). This study was based on the previous work of Christiansen & Zabusky (1973),
Chrstiansen (1973) and Roberts & Christiansen (1972). Rossow documented that simple
flow visualisation techniques had been applied to investigate this type of flow field
structure but there is no apparent experimental flow field measurements into the idealised

vortex system associated with two co-rotating vortices.

There is more interest, at present, due to the landing configuration of large commercial
aircraft like the Airbus A3XX where the predicted tip vortices will be 15-20% stronger
than those associated with the Boeing 747. At present, the experimental work seems to be
concentrating on scale model aircraft with multiple wing and juncture vortices, where

complex vortex motions and merging occur. There is still a need to investigate,

41



Ph.D. Thesis Chapter 2-Fundamental Concepts CM. Copland

experimentally, the fundamental process of vortex merging which occurs with co-rotating
vortices. There is no documented experimental investigations into the fundamental
merging process of two vortices and, as stated, the only documented twin vortex
investigations are numerical in nature. With the advent of the Vane Tip more experimental
work is required on both fixed wing and rotary wing twin and multiple vortex systems to

ascertain where and how these vortices merge.
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CHAPTER 3

Numerical Model of Transverse

Vortex Configuration

3.1 Introduction

One of the main aims of this thesis is to examine the feasibility of the generation of a
transverse vortex. To aid in the experimental design, development and verification of this
experimental facility, it was initially decided to model the convecting vortex numerically.
This model was then used to determine design parameters for the subsequent manufacture
of the test facility. The design of the experimental facility is documented in Chapter 6 and

relies completely on the numerical model for operating and design parameters.

The transverse vortex was to be produced by a rotating blade placed in the contraction of
the 1.15m x 0.8m low speed wind tunnel (Fig. 3.1) at Glasgow University. This
configuration, illustrated in (Fig. 3.2), posed a number of complex problems which could
only be overcome with the aid of the numerical model. The first, and most significant

problem, was the accelerating flowfield associated with the contraction of the tunnel. This
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had to be modelled to determine the effect of the velocity gradient on the convecting tip
vortex and wake. Secondly, the motion of the rotating blade had to be determined, for a

specified wind tunnel velocity, to attain the desired transverse vortex.

Of particular interest in this study were the relevant geometrical parameters of the blade,
and the operating conditions of the blade and wind tunnel, to attain a good representation
of a transverse vortex. The developed code, therefore, had to be adaptable to enable a
comprehensive analysis of the fundamental input parameters such as position, size and
motion of the blade, and working section velocity. Results had to illustrate the three
dimensional development of the wake (and related tip vortex) through the wind tunnel

with enough clarity to isolate the specific effects of a particular design parameter.

The features of the experimental facility that had to be modelled were the vortical wake
structure generated from the rotating blade and the main flow through the wind tunnel.
The rotor wake was represented by a free wake model consisting of a lattice of shed and
trailed vortex elements which were generated using classical lifting line theory. This vortex
system was then convected through the contraction and working section of the wind
tunnel with the superposition of the local velocity, calculated via a three dimensional
source panel method, and the induced velocity components from the vortex elements. Due
to the inviscid nature of this model, no account was taken for vortex dissipation or the
change in vortex strength due to deformation of the vortex element, and so the strength of
each vortex element was invariant with time. This chapter details the derivation and

operation of the numerical model.

3.2 Numerical Model of the Wind Tunnel

A source panel method was used to calculate the incompressible, inviscid, potential flow
through the 1.15m x 0.8m low speed wind tunnel at the Dept. of Aerospace Engineering,
University of Glasgow. This method was based on the work of Hess and Smith (1967).
The method was chosen for its relative simplicity and adaptability to internal flows. A
considerable amount of theory is available on the topic of panel methods and the choice of

which type of formulation to implement is primarily determined by the case in question,
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geometric limitations and experience. Due to the simple geometry of the modelled
portion of the wind tunnel and the non-lifting nature of the body, a plane quadrilateral

element with constant source distribution was deemed sufficient for this case.

3.2.1 Introduction - Panel Methods

Integral-equation methods for solving potential flow problems became feasi