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ABSTRACT

Tip vortices occur wherever a lifting surface terminates in a fluid. An under-
standing of tip vortices is salient to the solution of many engineering problems,
including lift induced drag tip inefficiency, the overturning of small planes flown

into the tip wake of larger aircraft, and marine propellor tip cavitation.

The tip vortex shed by several rectangular planform wings, fitted with three
different tips, was studied in a water tunnel. Four techniques were employed to

examine the tip vortex:
(i) Surface flow visualization to reveal the early stages of vortex rollup.

(ii) Double pulsed holography of buoyant, Lagrangian particle tracers for detailed
tangential and axial velocity data around the vortex core. Holograms were also

a source of instantaneous core structure information.

(iii) Single pulse holography of air bubbles, of uniform, measured, original size. The
size of the bubbles is related to the instantaneous local static pressure. The
bubbles are driven by the centripetal pressure gradient forces into the vortex
core, providing a means of measuring the average and transient vortex core

pressure non-intrusively.

(iv) Direct observation of vortex cavitation. These measurements are useful in
their own right because of the considerable technological significance of tip
vortex cavitation. In addition, many single phase tip flow characteristics have

cavitating flow counterparts.

The present study has shown that one chord downstream of the wing trailing
edge virtually all the foil bound vorticity has rolled up into the trailing vortex.
Armed with this knowledge one may a priors evaluate, in the near field, the tangen-
tial velocity distribution, the core axial velocity excess, and the core mean pressure.
These predictions are in agreement with the experimental measurements. Three
aspects of the core flow, first observed in the present study, remain analytically

inexplicable:»
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(i) The trend towards a Reynolds number dependent, axial velocity deficit with

downstream distance.
(ii) The unsteady core velocity, particularly immediately downstream of the foil.
(iii) The vortex kinking which is coincident with highly unsteady axial core flow.

As a first approximation, cavitation inception occurs when the core pressure
is reduced to the vapour pressure. The large measured fluctuating core pressure
explains the occurrence of inception at core pressures somewhat above p,, and the

dependence of o; on the dissolved air content.

Modifying the tip geometry profoundly affects the trailing vortex. Installation
of a ring wing tip can reduce the inception index relative to that of a normal
rounded tip foil by a factor of three. The reduction was caused primarily by the
redistribution, in the Trefftz plane, of the shed vorticity about a line and circle.
Fortuitously, this redistribution caused most of the wing bound vorticity to be shed

from the ring, decreasing the tip effect lift loss over the foil body.
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bubble surface area [m?]
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Surface Flow Visualization

time |s]

flow velocity in x-direction (computations) [m/s]

flow velocity in x-direction (freestream direction) [m/s]
freestream velocity above plate in Figure V.6 [m/s]
(/N Uy [m/s]

tangential velocity around vortex core [m/s]

local freestream velocity [m/s]

note that U, varies slightly from the test section to the foil
flow velocity in y-direction (computations) [m/s]

flow velocity in y-direction (spanwise direction) [m/s|
flow velocity in z-direction [m/s|

distance from leading edge along chord line [m)]
distance in freestream direction from leading edge [m]
spanwise distance from reflection plane mount [m]
distance orthogonal to x-y plane [m)]

angle of attack [degrees]

zero lift angle of attack of 2D foil [degrees]
pseudocompressibility used in numerical simulation [kg/m-s2]
cp/cy [1]

vorticity [m?/s]

bound circulation on the foil [m2/s]

circulation around the trailing vortex [m2/s]
(dF'/dy)[1/Uco(a — ao)] [1]

change in time [s]

downwash angle at the tip [degrees]

€’/(a — ap)=normalized downwash angle [1]

constant (1]

fluid dynamic viscosity [kg/m-s]

fluid kinematic viscosity [m?2/s]
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é = bubble diameter [m|
) = inboard flow angle (refer to Figure IV.1) [degrees|
p = fluid density |kg/m?|
o; = [(Pwo)i — Pv]/0.5p(Us )2 = cavitation inception index [1]
g4 = [(Poo)da — Pv]/0-5p(Uss)% = desinent cavitation index [1]
T = bubble thermal response time [s]
Subscripts
1 = location ‘1’
B = bubble
c = core
d = desinence condition
D = drag
g = gas
i = inception condition
le = leading edge
max = maXimum
min = minimum
o = reference location
p = pressure
s = radial slip
tv = tip vortex
00 = farfield
Superscripts
* = non-dimensionalized quantity

= derivative with respect to time
! = fluctuating quantity = (instantaneous - mean)

= time averaged quantity

Note: British spelling and punctuation are employed throughout the thesis
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Chapter I-INTRODUCTION

Tip vortices form wherever a lifting surface terminates in a fluid moving relative
to it. Two classic examples of tip vortex formation are the tip vortices generated by
aircraft wings (which may occasionally be seen in the motion of the white airplane
contrails formed by engine exhaust water vapour), and propellor tip vortices (which

may be made visible by cavitation of fluid in their cores).

As a form of preface, the question “Why?”-“Why do tip vortices exist?” will
be answered in part 1 of this introductory chapter. The follow up question “How?” -
“How are tip vortices relevant to engineering?” will be considered in part 2. The
third and final portions of this introduction concern the question “What?”-“What
aspects of tip vortices are already understood, and in what ways does this thesis

extend our knowledge?”

1.1 Nature of Tip Vortex Formation

Three different interpretations of why tip vortices occur will be outlined. The
first mode of understanding tip vortices is in terms of pressure fields. A lifting
surface (hereinafter referred to as a ‘wing’ or ‘foil’ for simplicity) moving through a
fluid generates lift by hydrodynamically producing larger static pressures below the
wing than above it. Since fluid accelerates in the direction of a favourable pressure
gradient, fluid tends to flow from the pressure surface to the suction surface around

the tip, and thus produces a tip vortex (refer to Figure I1.1).

A second explanation of tip vortex flows is in terms of a shear layer. Figure
1.2 is an inboard view of a wing terminating in a fluid. The parallel lines in the
direction of U, represent the undisturbed flow at some spanwise distance away from
fhe wing, and the arrows parallel to the wing represent the in-plane flow inboard
of the tip. The non-parallelism of the two implies vorticity oriented between the
two directions. This explication allows for two tip vortices of opposite sign behind

a symmetric airfoil at a = 0° (which has been observed through the use of SFV).
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The third explication of trailing vortices involves Helmholtz Vortex Laws. Con-
sider a finite length wing impulsively started from rest. The difference in velocity
between the pressure and suction surfaces implies a net circulation around the
wing (the “bound vortex”). Helmholtz vortex laws demand that this circulation
be matched by an equal and opposite circulation shed by the wing (the “starting
vortex”), and since vortex lines never end in the fluid, these two vortices must be

connected by tip vortices (refer to Figure 1.3).

1.2 Importance of Tip Vortices

Tip vortices are surprisingly important in engineering applications. Problems
associated with tip vortices may be conveniently grouped into three categories:
vortex-structure interactions, “vortex-fluid” interactions, and the tip vortex as an

inefficiency.

The interaction of vortices with structures is an active topic. For example, each
helicopter main rotor blade sheds vortices which may interact with following blades
(Martin et al. 1984, Summa 1982, Mosher and Peterson 1983, Lewy and Caplot
1982, Widnall and Wolf 1980) and the tail rotor blades (Schreier 1982), produc-
ing undesirable noise, and fatigue inducing-vibration of the impinged-on structure.
If one airplane accidentally flies into the tip wake of another, the following craft
may experience a dangerous rolling moment (Donaldson 1971, Kantha et al. 1971,
Snedeker 1972, Barber et al. 1975). Chigier (1974) reported that “accidents involv-
ing loss of life or serious injury [due to encounters with vortex wake turbulence] have
now exceeded 100.” This has prompted the FAA to impose a minimum time of sev-
eral minutes between successive controlled aircraft landings at a runway. Concern
about this problem resulted in a workshop held specifically to address it (Vortex
1980). Finally, vortex breakdown of F-18 Hornet wingstrake-generated vortices
causes instantaneous accelerations of up to 1500g at the back fin of the aircraft
(Brown 1988), which is undesirable in terms of both structural integrity and fighter

maneuverability.
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Tip vortices may “interact” with the fluid in the sense that tip vortices are
the dominant feature of aircraft wakes, producing, among other things, a non-
uniform dispersion of agricultural aerial sprays (Hackett 1981 and Wickens 1980).
Furthermore, the pressure in the core of a tip vortex may be sufficiently low to
trigger cavitation, which is important in turbomachinery impellers (Gostelow and
Wong 1985) and inducers (Arndt 1987), and in marine propulsion (Huang 1987,
Sponagle and Leggat 1984, Noordzij 1977, Kuiper 1981). In both these applications
the cavitation may cause undesirable noise, structural vibration, and cavitation
erosion. Tip vortices tend to be unsteady and hence strong noise sources. This is
particularly problematic in helicopters (George et al. 1980) where the noise source is
close to the passengers, and airplanes (McInerny et al. 1986, Brooks and Marcoloni

1984; refer to Hanson 1986 for a study of propfan tip noise).

In every application tip vortices act as lifting surface inefficiencies by decreasing
the lift per unit length of the wing (because the flow downwash angle decreases
the effective incidence angle of the wing near the tip). Tip vortex inefficiency is
particularly consequential when the wing aspect ratio is small, as is often the case
for military aircraft, small planes, and ship propellors. Tip clearance flow in axial
flow fans (Ruden 1947) and compressors (Raines 1954) decrease their efficiency. An
understanding of the tip vortex flow is also salient to the design of propfan blades
(Vaczy and McCormick 1987). Even commercial aircraft may benefit from a “total
drag reduction [of] ... 3-6%” when the tip vortex is alleviated (Webber and Dansby
1983)- adequate explanation of the active research into tip vortex modification
(refer to Chapter IV). In fact, tip flow even plays an important role in the design
of America’s Cup yacht keels (Devoss 1986).

A final raison d’étre of tip vortex research is the existence of regions of con-
centrated vorticity in many different engineering flows (e.g. wakes, meteorological
flows, jets, some combustion processes, etc.). A reasonable expectation is that fur-
thering our understanding of tip vortex flows will provide insight into other vortical

flows.
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1.3 Review of Pertinent Tip Vortex Research

A complete review of the tip vortex literature is impossible here—over 1000
papers have been published on the topic. Rather, this brief section outlines some
of the more outstanding contributions to the field. Fairly complete reviews of the
literature may be found in Donaldson and Bilanin (1975), Platzer and Sounders

(1979), and Hoeijmakers (1983).

Tip vortices are a very well established field. Prandtl (1920 a,b) developed
lifting surface theory, which describes the two dimensional flow over a finite aspect
ratio wing. An analytical description of the inviscid rollupt process was formulated

in the 1930’s (Betz 1933).

The presence of axial flow in the trailing vortex affects the trailing vortex sta-
bility, including the possible occurrence of vortex breakdown (Hall 1972), and thus
is worthy of study. Consider a streamline in the vortex core which originates up-
stream of a wing. If viscous and unsteady effects are neglected, the application
of Bernoulli’s equation from upstream of the wing where the pressure and veloc-
ity are po, and U, to the core where the pressure is p < po, (to maintain the
centripetal acceleration) requires U. > U,,. Batchelor (1964), who made this anal-
ysis, showed that a Rankine vortex with maximum tangential velocity Us = kU,
has (Uc)max = Ueo V1 + 2k2. Batchelor also demonstrated through the use of an
asymptotic analysis that viscous diffusion of the trailing vortex, which causes the
core pressure to rise with downstream distance and hence imposes an adverse pres-
sure gradient on the core fluid, decelerates the core fluid such that its velocity varies
as x~ llogx.

On the grounds that Batchelor’s analysis is only valid hundreds of chords down-
stream of the foil (roughly 200-2000c for the experimental work done in this thesis),

t Inrecent aerodynamics papers the expression “roll-up” has become increasingly
prevalent. The author is here merely carrying the language evolution to its logical

next step.
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a small perturbation study was undertaken by Moore and Saffman (1973) on the ef-
fect of core viscosity. They showed that either an axial velocity excess or deficit may
exist in the core, depending on the tip loading, Reynolds number, and downstream
distance. In view of their mathematical requirement that |[Ux. — Uy | << Uy and
that the flow be steady and laminar (c.f. Chapter IV), one suspects their results
have only limited applicability.

Numerical simulations of the rollup were done crudely at first (Westwater 1935),
and then with progressively more care (Takami 1964 and Moore 1974). Moore in
particular found that the trailing vortex (of an elliptical lift distribution wing)
is elliptical in cross-section after substantial rollup. Many more recent numerical
simulations have been performed. A summary of several of these is given in Chapter
VI. Although a marked improvement in the quality of these simulations with time
is evident, none of the simulations has provided as detailed a picture of the trailing

vortex as that measured experimentally.

Attempts have been made to measure the tangential and axial velocity distribu-
tions around trailing vortices using LDV (Orloff and Grant 1973, Baker et al. 1974,
Higuchi et al. 1986a), hot wire anemometry (Corsiglia et al. 1973, Chigier and
Corsiglia 1972, Zalay 1976), and five-hole probes (McCormick 1968, Logan 1971).
Although these techniques have the fairly severe limitations discussed in Chapter

ITI, several characteristics of trailing vortices are known:

(i) The maximum tangential velocity around the vortex core at x/c=5 is on the

order of 0.8U, for a = 10°.

(ii) The vortex core is not axisymmetric, and meanders in time-presumably due

to freestream turbulence in the tunnel.
(iii) The core radius increases and (Up)max decreases as x/c increases.
(iv) Well downstream of the foil an axial velocity deficit exists in the core.

Tip vortex cavitation is even less well understood than single phase tip flow,

primarily because freestream (Arndt 1981, Gates and Acosta 1978) and surface (Holl
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1968, Kuiper 1985) nuclei are additional parameters in the problem, and because
two-phase effects are important when the cavitation number is reduced much below
o; (for example, this explains why cavitation desinence occurs at o > o3, and why

vapour-filled trailing vortices are more stable than single phase vortices).

McCormick (1962) found experimentally that:

(i) o; increases weakly with Re (=~ as Re®3%).

(ii) o; increases as a increases.
(iii) o; is virtually independent of the aspect ratio when AR > 1.5.

Perhaps his most important finding was that roughening the pressure surface
of a wing near its tip reduced the inception index, o;. No similar effect was seen
for suction surface roughening. From this behaviour he inferred that, since o; is
dependent on the vortex core size, the core size is substantially dependent on the
pressure side boundary layer thickness. It is interesting to note that roughening the
suction surface of a marine propellor (Arndt 1976) decreases o0;, which suggests that
centrifugal effects in propellor flow cause suction surface fluid to be incorporated
in the trailing vortex. Readers interested in a discussion of propellor tip cavitation

may refer to the recent study by Kuiper (1981).

Recently Katz (1984) and Arakeri and Acosta (1979) have demonstrated the
importance of laminar separation on cavitation. Elliptical planform hydrofoils ex-
perience separation at low attack angles; it has been shown for these hydrofoils that
the tip vortex inéeption behaviour can be partially understood by allowing for the
effect of laminar separation (Arakeri et al. 1986, Arndt et al. 1985). Rectangular
planform foils do not have separated flow regions at normal o (Green 1987), and

consequently their inception characteristics cannot be explained in the same way.



1.4 Scope of the Present Work

Although tip vortices have been studied for many years, surprisingly much re-
mains unknown about them. For example, the transient static pressure inside a tip
vortez core has not been measured previously. The mean static pressure has only
been measured using intrusive probes. An understanding of both of these quanti-
ties is clearly necessary to determine when cavitation may occur. The fluctuating
velocsty of the tip vortexr has similarly never been measured prior to the present
work. Knowledge thereof is certainly germane to an understanding of tip vortex
cavitation, vortex breakdown, and vortex-structure interactions. This thesis is the
first systematic treatise on tip vortezr flow Reynolds number effects. As discussed
in Chapter IV, many different proposals have been made for tip vortex alleviation
devices, though few have found practical application. A novel ring wing tip vortez
modification device which has potential for both marine propellor cavitation avoid-
ance and aircraft wing efficiency improvement is described in Chapter IV. These

are the main contributions of this thesis to scientific knowledge.

Chapter II is devoted to a description of the apparatus used during the ex-
perimental phase. Chapter III sets forth the techniques used to examine the tip
vortex. Chapter IV is a presentation of most of the results of the present research,
and a discussion of these results is given in Chapter V. Finally, Chapter VI re-
counts an unsuccessful attempt to simulate the flow numerically, and a summary

and conclusions are the topics of Chapter VII.
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Chapter II-FEXPERIMENTAL APPARATUS

This chapter describes the three main components of the experimental ap-
parutus: the Low Turbulence Water Tunnel (LTWT), the different hydrofoils and
the hydrofoil mount, and the holocamera and bubble injection system which was
used in much of the experimentation. Equipment used only during limited tests is

documented in Chapter III.

I1.1 Low Turbulence Water Tunnel

Gates (1977) has described in detail the LTWT- only a short overview is given
here. The LTWT, a schematic of which is given as Figure II.1, possesses the fol-

lowing characteristics:
A/ Test Section Velocity

A mixed flow pump driven by a 30 HP DC motor pushes water around guide
vanes at the tunnel bends, through two honeycombs and three screens, and then
through a 14.5:1 contraction ratio nozzle prior to entry into the test section. These
measures ensure that the freestream turbulence level in the test section does not
exceed 0.04% (Gates 1977). The test section, 2.5m long, expands from a 0.3m x 0.3m
cross-section at the inlet to a 0.3m x 0.36m high cross-section at the outlet. The
test section velocity is variable in the range 0-10 m/s, and may be measured using

a Hg — H,O manometer, or a pressure transducer connected to the manometer.
B/ Test Section Pressure

The test section pressure may be adjusted by using the vacuum pump to apply
a partial vacuum to the pressure vessel. Test section pressures of from 20-120 kPa
are attainable; both a Hg — H,O manometer and an attached pressure transducer

may be used for its measurement.
C/ Water Quality

The dissolved air content of the tunnel water may be reduced from 15 ppm

(saturation) to 3 ppm using the deaeration system. Because the tunnel contains
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no resorber, the 30 second recirculation time of the tunnel (at maximum velocity)
is an important restriction in view of the effect of freestream nuclei on cavita-
tion. The dissolved air content is measured using a van Slyke Blood Gas Analyzer.
Particulates suspended in the water during operation are filtered out using a di-
atomaceous earth filter. Several different metals are simultaneously present in the
tunnel, which necessitates the use of dilute concentrations of Na;CrO,4 (700 ppm)
and KOH (pH=9-10) for corrosion control. These chemicals are not believed to

affect the water’s physical properties.

I1.2 Hydrofoils and Mount

Four different hydrofoils were used over the course of the experimental work.
Most testing was carried out on two foils: a NACA 66-209 hydrofoil with ¢=0.152m,
s=0.175m; and a NACA 64-309 hydrofoil with ¢=0.152m, s=0.178m. Both foils
have a design attack angle of 7.1°. The former foil was aluminum coated with
smooth epoxy paint to preclude corrosion, and the latter was a smooth stainless
steel foil with a flap (set at 0°) at x/c = 0.75. The other two foils were a symmetric
brass Joukowski 12% thick foil with ¢=0.102m, s=0.190m (a portion of the foil
was removable to give b=0.111m), and an epoxy-painted steel 0.0032m-thick, flat
plate foil (having semicircular leading and trailing edges) with ¢=0.152m, s=0.169m.
These foils were mounted by means of a long spindle passing through a false floor
and the tunnel floor, which permitted attack angle adjustment with the test section
filled. The attack angle could be measured with an error of £0.1°. The 0.032m-
thick false floor was necessary to accommodate the 0.019m-thick disk in which
the hydrofoils were pofted, and also served to both disrupt the test section floor
boundary layer, and, more significantly, reduce the a.tta.ina.ble‘cavita.tion number in

the tunnel.

I1.3 Holocamera and Bubble Injection System

The holographic system has been described in considerable detail previously



-11-

(O’Hern 1987, Katz et al. 1984, Katz 1979); only basic attributes will be described

herein.

Figure II.2 is a schematic of the holocamera system. Triggering the flashlamp
at high voltage causes it to emit intense light for ~ 1500us. If the Pockels cell
is removed from the optical cavity, this light pulse will cause continuous lasing to
occur roughly 200—700us after triggering. The Pockels cell allows for Q-switching of
the laser to produce either one (single pulse lasing for pressure measurements only)
or two (double pulsed lasing for both pressure and velocity measurement) pulses
of very short duration— typically 20ns—-50ns — which are brief enough to freeze the
motion of bubbles in the sample volume. A pulse spacing of 150us was used while
double pulsed lasing. These light pulses pass through the front mirror and neutral
density filters (for hologram exposure control), and a small percentage of the light
is directed by a beamsplitter onto a photodiode to obtain a crude record of the light
intensity. The majority of the light is spatially filtered and then collimated before
passage through the sample volume. Some of the light is diffracted by bubbles in
the sample volume prior to reaching the recording medium. The interference formed
by the interaction of the diffracted light (“the subject beam”) with the majority,
undiffracted light (“the reference beam”), is recorded on holographic film (Agfa-
Gevaert 10E75 roll film) as a Fraunhofer, or “in-line,” hologram. A photograph
of the holographic system in position near the tunnel is labelled as Figure II. 3.
After development of the film the hologram is reconstructed by illuminating it with
collimated He-Ne laser light (refer to Figure II. 4). Measurements were made on
a highly magnified portion of the real reconstructed image. The difference in the
wavelenth of He-Ne (633nm) and ruby (694nm) laser light causes distances normal
to the hologram plane to be contracted on reconstruction, an effect which is allowed

for in the data manipulation.

The holographic system was used for recording bubbles, and, in a limited set of
runs, heptane droplets, injected into the tunnel. For accurate pressure measurement
it was crucial that the injected bubbles be of uniform size. It was also necessary

that the concentration be low enough to avoid bubble interactions but high enough
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to clearly define the trailing vortex core. After considerable effort a good solution
was found— when uniform bubbles were required, bubble injection was done in
the settling chamber just upstream of the LTWT nozzlet; when this was not a
constraint, injection was carried out 0.25m upstream of the foil in the LTWT test
section (the latter injection site chosen because the injector’s tendency to clog made
a readily accessible site useful). The bubble injector consisted of a 0.0064m o.d.
stainless steel tube to which was silver-soldered a 0.0032m o.d. tube with a small
machined brass tip. Glass nozzles consisting of 0.0016m o.d. glass capillary tubes
pulled to a sharp point and then broken to yield an opening of ~ 20um i.d. were
installed on this brass tip, and sealed using 0.0016m i.d. Tygon tubing and wire
(refer to Figure II.5). The injector was held in the settling tank in a relatively
unintrusive H-frame; a pitot probe holder held the injector in the test section.
Pressurized filtered dry air at 100-200kPa absolute, controllable by a regulator, was
forced through the glass tip to produce bubbles. The flow rate was adjusted with a

needle valve.

t It is thought that bubbles injected in the test section were not sufficiently
uniform for pressure measurement because of the unsteady wake generated by the
bubbles themselves at the local Reynolds number in the test section. The factor
of 15 lower velocities that exist in the settling chamber are one explanation for
the uniform bubbles produced by an injector located there. Injecting bubbles in
the settling tank has a significant shortcoming. Number continuity implies the test
section bubbles will be spaced 15 times farther apart than bubbles injected in the
test section. Intuitively, it is reasonable to anticipate that 150um bubbles can be
spaced no closer than 200um apart at the injection site. These bubbles would be
3mm apart in the test section. Since the holographic sample length is only 45mm,
a maximum of 15 bubbles would be recorded in each hologram- a severe limitation

in the data-taking rate.
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