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SUMMARY

Models of elliptic, rectangular, swept and delta planforms were plunged
vertically into a water tank and the vortex patterns on the surface were

studied.

For each wing, the wake drift rate was found to increase with incadence

and to decrease with increasing core separation.

The wake started off with discrete cores which grew independently and
malntained their initizl separation. The pesk rotational velocity decayed
as tlme—%. The edges of the cores ultimately came very close together, and
thereafter the wake descended as a system of interlocked cores which increased
the separation between their centres with time. The velocity decayed as
tlme-q. There was a finite transition period between the two decay rates.
This occurred at less than 10 s for the delta wing, about 20 s for the
swept wing, about 30 s for the elliptic wing, and about 50 s for the

rectangular wWing.

The first phase of the wake development can be represented by a simple
flow model of a single core of solid rotation surrounded by potential flow.
The second phase was consistent with a flow model of a pair of cores,

descending with constant linear momentum.

*Replaces A.R.C.33 215
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initial core separation
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INTRODUCTION

Wing tip vortices generated in the wake of heavy aircraft are a hazard
to following aircraft!»2, The problems are especially acute at take-off and
landing, and steps taken to alleviate dangers to following traffic include
time delays, landing long or taking off short?®, But unnecessarily large
aircraft separations in time or space reduce the efficiency of operations at
busy airfields. Hence the need for detarled knowledge of the behaviour of
vortex wakes.

Much experimental work involving flight measurements has been undertaken
4

in the past. Two early experiments used, as wake-laying aircraft, a Meteor

and a Mustang®,

In the Meteor test, the tracking aireraft flew alongside the wake,
rendered visible by smoke, and traversed the vortices by edging in with its
wing-tip pitot. In this way, measurements were made of the initial jet
velocity and the inclination of the wake to the flight path. The rate of
decay was investigated by the amount of alleron trim required to counteract

the indvced rolling moment which represented the most severe disturbance.

In the Mustang test, the probe aircraft penetrated the vortices trans-
versely and recorded the disturbances with special instrumentation located at
the nose. A more rapid rate of decay of the rotatiomal velocity was cbserved

after about 60 s. Up to 35 s, there was little change.

These early investigations drew upon classical aerodynamic theory,
availablie in most textbooks (e.g. Millikan®), to compare with experimental
results. Detailed work’ had shown that two finite viscous cores were formed
on campleticn of the rolling=-up of the trailing vortex sheet. The rolling-up
process is affected by the geometry of the wing, but a few spans downstream

the classical horseshoe system is essentially correct.

Lamb's theoryB on the effect of viscous forces on a single vortex was
suggested as relevant though, at the time, no attempts were made to compare
his work with the experimental results or to develop further theory taking

into account the high Reynolds numbers in air.

Squire9 suggested that the decay of a single trailing vortex depends on
an eddy viscosity, €, which 1s proportional to the circulation, K. The

rotational velocity v at radius r and time t is:

v=_K_.1—e _.,.__—__Lz_.
2rr | *P 4(v + aK)t|

where/ ...



(continued)
where v = kinematic viscosity
a = eddy viscosity factor = e/K.

In the typical conditions in air, v is neglected compared with aK. From this,

the maximum velocity v, can be shown to decay as t 2,

A series of tests were initiated at the Royal Aircraft Establishment to

examine the validity of Squire's theory.

In the first experiment!®, a Devon probe aircraft used the aileron trim
metmod behind a Lincoln wake-generating aircraft. Squire's theory with
a = 0'0004 (as suggested by the Mustang® data) was applicable up to a wake age
of about 150 s behind the Lincoln flying clean at 130 kt, after which rapid

deterioration of the wvelocity was experienced.

The second test!! involved transverse penetration of the wakes from a
Comet and a Vulcan aircraft. Squire's theory held for the development of the
velocity distribution through the vortices, although a value of a = 0.0002
gave better predictions. The downward drift of the wake was also found to

agree with the theory in Ref. 3.

The formation of loops was observed for the first time far downstream of
the Comet aircraft. Instability produced sinuous distortion of the vortex
trails after about 40 s. The amplitude of the distortions increased with time
till the trails joined up to form loops after about 90 s. Then rapid decay

dissipated the loops in another 30 s or so.

Meanwhile, measurement of the wake behind a DC-812 flying at 25,000 ft

indicated much less dissipation at high altitude.

The third investigation!? used a Hunter aircraft for measurement of the
wake motion near the ground. The wake drift results agreed with theory. The
vortices spread apart as they descended, and crosswind components of wind
could present a hazard by causing one vortex trail to remain along the runway.
Loops formed by mutual interaction of a vortex trail with its image in the

ground after less than 20 s.

From arguments assuming a constant shape of the developing wake, the time
at which looping occurs was estimated, using the Comet and Hunter data, to be

. _ loptb?
loop = L

speed of aircraft,
life.

where p ai1r density,

=2
1

wing span,

This/...

-



(continued)

This formula suggests loop formation for the Lincoln aircraft after about
125 s, which is the order of wake age when rapid decay was observed. In any
case, the other tests have confirmed that, whether loops appear or not, the

decay rate changes after a certain wake age is passed.

The fourth experiment!, which was sti1ll in progress in August 1970,
was undertaken to assess the difference in wake behaviour between a slender
wing and conventional wings. The test is of practical significance for super-

sonic transport aircraft.

The formation of the wake from a delta wing consists of a vortex sheet.
springing from each leading edge and conically rolling up into a streamwise
vortex before the flow passes the trailing edge. This contrasts sharply with

the rolling up of the trailing vortex sheet from conventional wings.

The wake laid by a Handley-Page HP 115 research aircraft was penetrated
transversely by a Morane-Saulnier MS 760 Paris aircraft fitted with special

instrumentation.

For most of the wake age, the peak rotational velocity decayed as time }.
It was suggested that the rapid decay could be associated with the phenomenon
of vortex bursting for high incidences of a slender wing. This phenomenon
was actually observed on the HP 115, when a sudden growth in core size was

accompanied by disorganized flow in the core.

All the above experiments involved actual flight measurements. A common
difficulty encountered was to ensure a traverse exactly through the centres.
The smoke used to mark the vortices could be rapidly dispersed by atmospheric
disturbances. In addition, the measurements themselves were subjected to the
vagaries of atmospheric conditions, e.g. random turbulence, fluctuating wind

velocities, etc.

Model studies can be more readily brought under comtrol. However, there

are practical problems which can detract from the attractivemess of control

facilitation.

Due to the persistence of the wake from a conventional wing up to a long
way downstream, a long wind tunnel would be necessary to observe the decay
process in its entirety. For instance, even a moderate 50 lengths downstream

would require a 25 ft working section for a 6-inch model.

Dragging models along a wire through a hangar, or through a towing tank,
involves problems of instrumentation to measure the wakes at selected planes

downstream of the model.
The current/...



1. {continued)

The current report describes a simple technique of plunging models

vertically into a water tank and cobserving the vortex pattern on the surface.



APPARATUS

Figure 1 shows the schematic layout of the apparatus. Details of the

important items are shown in Figs. 2 - 7.
2.1 Water Tank

The cylindrical tank measured 7 ft deep and had a diameter of 5 ft. To
gain access to it, the panel of the elevated floor over the top of the tank
was removed. The tank was filled through a vertical pipe which opened near

the bottom close to the wall of the tank.

2.2 Model Drive Mechanism

{See Figs. 2 = 4).

A box-like vertical rig carried the drive mechanism. The driving shaft
was a hollow brass tube of i-inch square cross section. It was connected
through a system of step-down pulleys to a variable speed electric motor

secured to the scaffolding of the elevated floor.

The pulley at the lower end of the rig was carried on a sprung shaft
held down by a system of levers (Fig. 1). The shaft travelled along 2-inch
slots in two end-plates (Fig. 3). When the trigger (Fig. 3) was hit by the
pin connecting the driving shaft to the belt, the constraint on lever B (see
Fig. 1) was removed and the pulley was carried up by the springs. The tragger

then served to hold up the shaft.

The model wing was carried on a removable brass extension (Fig. 4). The
triangular attachment was secured by a2 bolt and nut to the extension, the bolt

being the centre of a small graduated scale.

2.3 Laighting and Photographic Equipment

A conventional double-reflex camera was mounted about 5 ft above the
water surface so that a substantial portion of the surface appeared in the

field of view (Fig. 6).

Two spotlipghts were positioned to shine across the tank onte mirrors
(Fig. 5) which reflected the light over the water surface. The mountings of

the spotlights and mirrors enabled them to be adjusted.

2.4 Measuring Devices

The microswitches were positioned 20:7 in apart and were connected to a

chronometer (Fig. 7).

Two wooden rods of rectangular cross-section straddled the tank. Each

had a similar rod of shorter length attached to its underside with flexible

rubber/...



2.4 (continued)

rubber strips over the remaining length at either end. The lower rod and
rubber strips skimmed the water surface of the full tank. One of these

composite rods carried a graduated scale on its upper surface (Figs. 4 and 6).
A dock was supported face up just above the water surface (Figs. 4 and 9).

2.5 Model Wings

The four model wings had the following planforms: elliptic, rectangular,

swept and delta. Their details are given in Table 1.



METHOD

3.1 Obtaining 2 Clean Surface

The location of the apparatus in the laboratory was such that oil spray
was often present in the air around. Coupled with dust and dirt, this
resulted in the formation of a sticky skin on the water surface after a day
or so. A clean surface could be obtained by simply filling the tank up to
overflow. But this measure invariably caused large-scale motion in the water

which took a considerable time to be damped down.

A less time-consuming method was served by the two rods straddling the
tank. By bringing them together and then drawing them apart, a clean surface

was obtained without substantially disturbing the fluid below the surface.

In any case, the loss of water through evaporation entailed refilling

the tank after about three days.

3.2 Starting and Stopping the Model

After it was switched on, the motor was allowed to reach its selected
speed by holding the belt off the driver pulley. On releasing the belt, the
model was started on its travel. The entry speed was deduced from the time

taken to cover the distance between the microswitches.

When the pulley at the lower end of the rig was released, the temsion
was taken off the belt carrying the driving shaft. The trigger of the pulley
release mechanism then held up the shaft and stopped the model near the bottom

of the tank.

A tachometer detected variation im the model speed between entry and the
end of its travel. By running the motor between about 1600 rpm and 2200 rpm,

this variation was restricted to less than 157 of entry speed.
The wing incidence was measured with a clinometer.

3.3 Flow Visualization

By careful adjustment of the spotlights and mirrors, the desired uniform

lighting over the surface was achieved.

The 1deal flow visualization material should render visible not only the
vortex cores but alsec the dastribution of velocity through the vortices and
the surrounding fluid. Lycopodium powder, paper punchings from data tape,
sawdust and aluminium powder were tried in that order, before 1t was decided
to use aluminium (see Fig. 8). When used sparingly, the lycopodium particles
were too fine to reflect sufficient light with the lighting system employed.

Too much of it obscured the velocity distribution through the wake. The

sawdust/. ..



3.3 {continued)

sawdust was too coarse, and the paper punchings soaked easily and c¢lumped

together after a short time.

An interesting aspect of the tests was that with lycopodium, the
boundaries of the wake system could be discerned fairly well. Fig. 8(b) shows

an instance of looping at the surface observed during the tests

3.4 Photographic Record of Wake Patterns

The film used was 35 mm ASA 400. Depending on the magnitude of the
rotational velocity, one of the following combinations of aperture and
exposure was selected:

f4, t s ; f 56, s , £8,1s .

The exposure was changed in the middle of each sequence to follow the

diminishing velocities.

The scale was arranged to appear down the edge of each frame (Fig. 6).
The first frame was taken just as the model entered the water. Subsequent
shots were discriminately taken according to changes in wake drift velocity
and vortex structure. The time needed for resetting determined the limit to

the interval between consecutive frames.

The idea of using a movie camera for measurements of rotational velocities
was ruled out. The normal speed for shooting is about 20 frames a second,
which means that each frame would only record the path travelled by a particle
in about -L-s, definitely not enough tire to enable a reasonable streak to be

50
seen on film.



RESULTS

Figures 9 ~ 14 show a selection of photographs depicting the behaviour
of the wake. The time origzn is taken to be the moment the model entered the
water. Two sets of prints were used: (i) postcard size, with clock and scale
included, for wake drift and core separation measurements, and (ii) enlarge-
ments, for measurement of the peak rotational velocity. Something like 300

prints were studied in all,
4.1 Wake Drift

In the case of two clearly formed vortices, the centrs of the wake is
the mid-point of the line joining their centres. Its position was read off
the graduated scale. The datum was taken to be the path of travel of the
trailing edge of the wing. The corresponding time was taken from the clock,

vhich could be read to the nearest } s,

Often, a number of secondary vortices appeared in addition to the main
vortices {e.g. Figs. 9, 13 and 14). The interaction of two vortices of
digsimilar strength and different or the same sense of rotation is described
in Appendix A. By studying the flow pattern on the photographs, the directions
of rotation of the secondary vortices were worked out. Some estimate was then
made of the centre of such wake structure along the lines of the theory in

Appendix A.

4.2 Core Separation

This is the distance between the centres of two distinctly formed
vortices. Where secondary vortices appeared, the centre of each cluster of
vortices was estimated. The distance between these centres then gave an

approximate measure of the core separatiom.

4.3 Peak Rotational Velocity

Distinct streaks were sought out and their length measured. Where the
streak had a large curvature, short lengths were stepped off. The velocity

is the streak length divided by the exposure time.

The wake drift velocity was obtained from the tangent to the wake
position vs. time graph. According to the position of the streak, an
estimated correction was applied to the measured velocity to get the purely
rotational veloeity. OSome check was afforded by choosing streaks at about

the same radius, but at different positions around the core.

Figures 15 - 18 indicate the behaviour of the vortex wakes from the four
model wings. Each graph treats the variations of wake drift, core separation

and peak rotational velocity with time,
AN AN
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{continued)

4.4 WNon-Dimensionalized Velocity Decay

It is desirable to have the variables appropriately non-dimensionaiized
to encompass the effects of scale, wing geometry, incidence, model speed,

viscosity of the fluid, etc.

The initial core dirameter on completion of the rolling-up .f the trailing
vortex sheet from an elliptic wing is proportional to the initial core separ-
ation, b,' 7. This together with Squire's theory, suggests a non-dimensional
velocity to be

vi bg'
—~—
where K = circulation of vortex,
and a non-dimensional time to be
vt

by'? -

There are two ways of obtaining the wvalue of K in the experiment.
{i} K can be deduced from the wing characteristics, incidence and
model speed by using the relation

L alaUS
pUbo' = ZbO'

K =

where a; is the three-dimensional lift curve slope. Thus, another
non~dimensional velocity could be

tho'z
a;als

The value of a; was obtained from the Royal Aeronautical
Society data sheets!®. The tests were carried out at a Reynolds
number of about 2 x 10%, from which a, was estimated to be about
4+4 per radian. A check was made using the formula from Abbott and

von Doenhoffl® (see Table 1).

The zero-lift incidence for the rectangular wing was estimated
to be about -3° by invoking the analogy of a symmetrical section

with 50% chord deflected 7° downward.

For the delta wing, previous measurements with similar
. . . 0
sections!’ have shown the zero-lift incidence to be less than 1 .

No correction was applied to the measured incidence.
Since the tests have all been conducted in water, the non-

dimensional/...
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(ii)

_11_

{continued)

dimensional time could be reptesented by

t
bg'?
Fig. 20 shows a plot of vtbo'z vs. L. The upper bounds
a,cls bo'2

from the HP 115 testsl% are included after reduction to these

variables.
K can also be estimated from the wake drift velocity

K
21’

This velocity was obtained from the gradient to the wake drift curve

z

at the point near the origin corresponding to the measured b' value.

. . . vibg'
Using this K, Fig. 21 was plotted of tKo vs. EJ%E . The
o

HP 115 upper bounds are included.
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DISCUSSION

5.1 Arbatrary Time Origin

The rolling up of the trailing vortex sheet behind a conventional wing
takes a emall but finite time to be completed. The age of the vortex wake
has often been reckoned from the time when the two discrete cores are formed.
The time origin adopted in the experiment (see Section &) therefore results
in some error if the measured time is to represent wake age derined as above.
However, the error would materially affect only the early wake ages. In any
case, it is difficult to make any precise correction since the wake drift
origin was also arbitrarily defined (Section 4.1). For the slender wing, the
error is in the opposite direction, since the leading edge vortex sheets roll

up before the sheet passes the trailing edge.

In the theory in Appendices C and D, the origin of wake age is taken to
be the limit as the peak rotational velocity tends to infinity. In practice,
this would mean az point of time before the cores were formed. Again, taking
the measured time as wake age would result in substantial errors only for

early wake ages.

5.2 Effect of Wall of Tank

Appendix B analyses the interaction of the vortices with their images in
the wall of the tank.

The vortices started off at zbout 10 in from the edge of the tank, their
imtial separation agistance being souething of the order of 6 in. This initial
digposition should lead to a maximum error of about 127 of the true wake drift
velocity (the measured velocity 15 less than the true value). Theoretically,
the vortices should also be impelled towards each other with a speed which is

about 37 of the drift velocity.

For the elliptic, swept and delta wings, these errors were not seriously
considered since the vortices were relatively close together to begin wich.
However, in the case of the rectangular wing, i1t is likely that these errors
have contributed to the flattening of the wake drift curve near the origin
(Fig. 16{a)).

5.3 Effect of Model Speed Variation during Travel

Additional vortices will be continually shed off an accelerating wing.
Since the circulation, K, is proportional to the model speed, there would
have been a maximum change of 157 in K between entry and the stopping of the

model (see Section 3.2). However, this change was spread over a distance of

about/..,



- 13 -

5.3 (continued)

about 7 ft and would not be expected to alter substantially the vortex pattern

at the surface.

5.4 Path Lines and Streamlines

The flow pattern captured on film does not reveal the streamlines since
the picture is not one of steady flow. It only shows the path travelled by

a particle over the period of time that each frame was exposed.

By plotting both the streamlines and path lines using the appropriate
functions for a vortex pair (readily available in most textbooks, e.g. Ref. 18,
or easily derived), it was found that the distance between apparent ceantres is
greater than that between real centres by about 10Z of the latter. (See
Fig. 22 for an illustration of the velocity distribution through the wake from

the delta wing).

This correction was not applied to the core separation measurements. At
early wake ages, the effect of the wall of the tank was to draw the vortices
together (Section 5.3). In any case, for wakes where secondary vortices
appeared, the errors likely to be incurred in estimating the core centre would

make such a correction meaningless.

5.5 Discussion of Flow Patterns in Figs. 9 - 14

To avoid repetition later, some comments are now made on the flow patterns

shown on the photographs in Figs. 9 - 14.
Fig. 9  Elliptic wing, a = 12°, U = 2.0 ft/s

At the same time as the cores grew, they moved apart. After 18 s, there
appeared some slight distortion of the port vortex. After 33 s, a cluster of
at least three vortices had replaced the port vortex, while the starboard
vortex had at least two secondary vortices above it. From then on the pattern
became increasingly distorted, but the maximum velocity remained around the
centre of the wake. The distance between the two clusters of vortices

progressively narrowed.
Fig. 10 Rectangular wing, a = 50, U= 30 ft/s

A contra-rotating secondary vortex appeared around the port vortex after
27 s. This was most probably caused by the fluid coming from behind the

driving shaft. It was socon absorbed into the main vortex.

The cores maintained their initial separation even after 40 s. Their
discrete nature is evident. The rolling up of the streaks of fluid devoid of

aluminium particles shows to good advantage the entraimment of the surrounding

fluid/...
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5.5 (continued)

Fig. 10 {(continued)

fluid in the growth process of the cores. At 72 s, the maximum velocity
appeared to be near the centre of the wake. After 130 s, the cores, full-
grown, could just be made out, with the fluid still moving fastest around the
wake centre.,

*

Fig. 11  Rectangular wing, a = 10°, U = 2-2 ft/s

The discrete nature of the vortices is clear for the sarly wake ages.
Between 35 and 70 g, fluid seemed to be moving across the lower boundary of
the wake system. But the streaks are path lines, not streamlines. Apart from
changes in the magnitude of the velocities, the patterns from 70 s onwards

appeared to be similar, with the maximum velocity around the wake centre.
Fig. 12  Swept wing, o = 120, U =20 ft/s

At 4-5 8, the cores appeared separate, but at 18:3 s, they seemed to have
grown to touch each other. There was some reduction in their separation
distance during the interval. After about 20 s, the maximum velocity

persisted around the wake centre as the cores drew apart.

The port vortex was slightly distorted after 35 s. At least two second-

ary vortices could be discerned above it at 47 s.
Fig. 13 Delta wing, o = 50, U= 26 ft/s

An undistorted pattern of an interlocked pair of cores persisted up to
20 s, at which a slight distortion of the port vortex appeared. By 27 s, two
clusters of secondary vortices characterized the wake pattern. Throughout,

the maximum velocity remained around the wake centre.
Fig. 14 Delta wing, o = 120, U= 24 ft/s

After 1C s, a void appeared suddenly between and sliightly above the
vortices which were thrust apart. Some fluid appeared to be thrown up fram
below. The observation conforms with the presence of a vortex with its plane
of rotation normal to the surface, and suggested looping just beneath the

surface.

The cores came topether again from 15 s to 25 s. A secondary vortex
spiralled its way into the port vortex during this period. From the flow
pattern between them, it was deduced that they rotated in the same sense. The
two vortices seemed to swing each other round in a clockwise sense, which

agreed with the theory in Appendix A.

The features/...
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5.5 {continued)

The features of the wake patterns described above are typical, and one

or more of them appeared at various occasions during tne other tasts.

5.6 Wake Drift cnd Coze 3eparation

(See Figs. 1o - 18}.

Generally, the wake drift rate wis found to 1ncrease with incidence
(none of the wings was stalled) end to decrease with increasing core separ—
ation. This is 1n agrecment with theory. No definite conclusions can be
drawn concerning thc effact of model speed, since the speed range used was
small, but the results for the rectangular wing show an increase in the drift

rate with speed.

The vortices shed frem the vectargular wing retained their original
separation for guite a long time. Scme sinuous distortion appeared after
about 39 ¢ which progressively increased. Looping at the plane of the suxface
was observed on one of tlhe tests (o = 100, U= 26 f£/fs) at about 100 s. It
is reasonable to suppoce that this is the order of wake age when looping could
have occurrad foir the other tests, though, of course, not all looping would
happen to be al the surface. It was arourd this time, too, that clusters of
secondary vortices nppeared foi one ol the other tests (o = 100, U= 3-1 ft/s).
In all ca=es, the beginnzng oi subsctintial change 'n the original core
separation a3 ascociated with cpe oncet ac about 60 s of a wake pattern where
the maximum rctcticnal velocity was around the wake centrz. When the cores

appeared discrete, they "lwoys mairteinad their initial ceparatlon.
This interesting observation was pursucd further with the other wings.

For all tess on the d-lta ving, the wake pattern of maximum velocity
around the centre was observed almost right from the start. The core
separations increoasad markedly after about 5 s. Secondary vortices appeared
for all the tests: at 25-L0 s for o = 5°, 15-25 s for o = 8%, and about 10 s
for the higher incidences. The "looping beneath surface" phencmenon on one

test (o = 120, U = 2+4 ft/s) has been mentioned (see Section 5.5).

For the swept wing and the elliptic wing, the change 1n wake pattern
began after about 25 ¢. Again the core separations at this wake age were
beginning to show appreciable increases from their initial values. Secondary

vortices appeared at 30-45 s.

There 1s strongz evidence, therefore, that the development of the wake

can be broadly divicded into tvo reglons. Initially, the voctices are fomed

as discrete/...
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5.6 {continued)

as discrete cores wiilch behave lndependently of each other. As the cores
grow, due to the action cof viscous forces, their edges ultcimately come
extremely close togetner. After tuls point ras been reached, the cores no
longer remain independent of each other. They intermix ana the whole system
of two locked cores grows with wake agze, appearing to maintair the same shape
until their mutual interference leads to the formation of clusters of

secondary vortices.

The similarity in behaviour among all the wings saggests the existence
0L some non—dimensional pardmeters which may make the experimental data

collapse 1nto a single curve.

5.7 Velocity Decay

A difficulty experienced in measuring the rotational velocity at very
early wake ages was that an exposure too long produced streaks merging into
one another, so that 1t wdas hard to tell where one streak ended and the next
began. In such cases, there 1s the likelihood that the distinct streaks

selected may not represent the maximum velocity.

The graphs of peak rotational velocity vs. time in Figs. 15 = 18 confarm
that there are two different decay rates. Lines of slope -} and -1 fitted
the data at early and late wake ages respectively. There appears to be a
finite transition period between the slow and the rapid decay rates, and this
1s clearly evident from the results of the elliptic wing and the rectangular

wing.
The beginning of the transition period was at about:

30 s for the elliptic wing

50 s " " rectangular wing
20s " " swept wing
10s " " delta wing

These are of the same order as the wake ages when change in the wake shape

was observed, which were:

25 s for the elliptic wing

60 s " " rectangular wing
25 s " " swept wing
<5s " " delta wing

The conclusion 1s reached that the transitiom to a more rapid decay rate is
associated with the change in wake pattern observed for the variation of core

separation. The decay/...
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5.7 (continued)

The decay rate lines drawn in Figs. 15 - 18 are reproduced on a single graph
in Fig.19. This graph strongly suggests that while a supersonic transport aircraft
may have a much higher rotational velocity initially in 1ts wake than a conventional
heavy transport, due to its shorter span, the rapid decay rate over almost all 1ts
wake age 1s lakely to cause the wake to be dissipated much faster than that of the

conventional aircraft.

In Fig. 20 the data appear to cocllapse into a single curve, although there 1s
some scatter. A4 greater degree of scatter 1s seen 1n Fig. 21, mainly attributable
to the errors incurred in deducing K from the wake drift velocity. The abscissae
in these figures 1s, for the model results, proportional to the non-dimensional
time suggested in Section 4ok, where only the kinematic viscosity (a constant for
these tests) has been omitted. The upper bounds of the results from the HP 115
tests, with time scaled by the ratio of the eddy viscosity of aar to the
kinematic viscosity of water, are shown for comparison. The proximity of these
bounds, carried out with a 'model' of very large scale, at a much higher

Reynolds number, in a different fluad, seems to justify the parameters used.

It can be postulated ihat, in theory, the peak rotational velocity decays

according to a single lavw expressed as

vtbO. { vt }_c
w
12
X bo

—

vt
where the index ¢ = 7 for S < T
1
bo
vt
= 1 for > T,
b '?
o

where 7 15 some constant.
From the graphs, 7 was estimated to be between 3 x 10—3 and § = 10-3.

Some reservation nmust be made about the applicability of this law to the wake
in the vicamity of the aircraft, because of the different nature of formation of

the vortices from a slender wing and from conventlonal wWingsa

All the vortices must start off as discrete cores, but their growth ultimately
brings them very near each other. How soon this will be depends very much on the
wing characteristics and the scale. Fig. 22 1llustrates the different wake
structures between the wake from the delta wing and that from the rectangular

wing, nearly four times as old.
Corresponding to the two decay rates, two basic vortex models can be advanced
to represent the development of the wake, VvizZ. (1) a single vortex, and (11) a

oriex palr.
vorkex ® The theories/...
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The theories of Lamb® and Squire® give the variation of velocity with

time for a single vortex as

The vortex pair cannot be dealt with as conveniently, although scme
indication of the decay rate 1s given by a non-iigorous approach used by
Flower (unpublished). If the system is assumed to have a constant pattern
with, in particular, the position and wmagnitude of the peak velocity being
uniquely related to the distance between vortex cores and tuoe wake drift
velocity, then the distance between vortex cores would be expected to be
proportional to t%. The linear momentum of the system would be constant,
but would then also be propurtional to veloecity x time. Hence

Ve *® t"I

This approach leads to an inconsistency which suggests that a constant
pattern is not in fact possible for a vortex pair, but gives nevertheless

some indication of how a vortex pair decays.

Looping at the surface occurred on one test of the rectangular wing at
a time when the other tests were undergoing rapid decay. But whether looping
occurs or not, the cores must intermix, and the intermixing would be of more

significance in influencing the decay rate than the 1nstability phenocmenoca.
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CONCLUSIONS

(a) For each wing, the wake drift rate increases with incidence and decreases
with increasing core separation.

{(b) The onset of appreciable changes in the core separation distance 1s
assoclated with the transition from one wake pattern where the vortices
appear as discrete cores to another where the maximum velocity remains
around the wake centre. This occurred at about:

25 s for the elliptic wing
60s " " rectangular wing
25 s " " swept wing

<5s " " delta wing

(c) There are two different rates of decay of the peak rotational velocity,

vg. Initielly,
Ve a t“i
and after a finite tramsition period,
=1
veg a t .
The transition begins at a time depending on the wing geometry and scale.
This time was about:
30 s for the elliptic wing
50s " " rectangular wing
208 " " swept wing
10s " " delta wing.
These are of the same order as the wake age when appreciable changes 1in
core separation begin. The transition is therefore associated with the
change in wake pattern. ‘
(d) It is postulated that, in theory, a decay law exists which encompasses

all the wings. This 1s expressed as

-C
thO‘ vt ]
S
K & bg '2

where the index ¢ = { for %ETI < T,
o

vt
= 1 for 5.7z - T o
Q

T ig some constant whose value was estimated from the data to be between

3x 10 and 6 x 10°°.

(ed/...
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(continued)

(e} The development of the wake 1s described as follows:

(£)

(g)

The vortices start off as two discrete cores which grow independently
of each other and maintain their initial separation. The peak rotational
velocaty decays as tlme"%.

But they cannot grow indefinitely without coming extremely close to
each other. Vhen this happens, at a time which depends on the wing
geometry and scale, the cores intermix and the wake system thereafter
grows as a pair of interlocked cores, increasing the separation of their

centres with time. The maximum velocity decays as time—1.

Their mutual interference may lead later to the formation of clusters
of secondary vortices. lLooping may occur, but whether loops appear or not,

the cores must intermix.

The two parts of the wake development can be represented by two simple
flow models:

(1) a single vortex, with solid rotation in the core and potential flow

in the surrounding fluid, and

(11) a vortex pair consisting of two cores descending with constant

linear momentum.

The examination of the decay of vortex wakes by the plunging of models
into water has proved extremely useful as a means of visualising and
understanding the phenomena. The results appear to be in fair agreement
with full scale tests, bearing in mind that some differences are to be
expected due to the uncertainties of the technique. One such uncertainty
18 connected ith conditions along the length of the vortices - axial
flow would not be present on the surface of the water and any effect
dependent on axial motaon would not be reproduced. Another error

could be created 1f impurities formed a film on the water surface: the
precautions taken in the present tesis are believed to have been
sufficient to make this error negligible, although perhaps some
investigation of the effect of impurities would be desirable if further

tests are madee
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RECOMMENDATIONS FOR FURTHER WORK

(a)

(b)

{c}

{c)

(e)

(a)
(b)
(e)
(d)

(e)

(£)

The following suggestions may be made to improve on the apparatus:

To keep down velocity changes during the travel of the model, a

flywheel can be attached to the motor shaft.

Some clutch can be included to disengage and engage the driver pulley

on the motor.

Camera '"shake" can be eliminated by tying down the camera mount, e.g.

a tie can connect it to the wall of the Laboratory.

The model attachment can be remade or caorrected to eliminate the slight
inclination of the model span to the upper edge of the photograph frame

{see Fig. 6}.

Pulleys with a larger variety of diameters may be provided to extend

the speed range.

Further investigations can include:

The measurement of core radius, suitably defined.
Non~dimensionalizing the wake drift and core separation curves.
Tests with wings of other shapes and scale.

The motion of the wake mear ground. A board can be lowered into the

tank to simulate the ground.

Studies of the vortex pattemns at selected planes inside the water.
A slit of light can be reflected across the water inside the tank to
illuminate the plane. Flow visualization material, to be useful here,

must have the same density as the water.

Checking the non-dimensionalized decay plot by utilising data collected

from various other flight experiments.






APPENDIX A

Motion of a Pair of Vortices

The mutually induced velocities of a pair of vortices of unequal
circulation will result in some rotatiom about a centre which is easily

calculated.

Consider two vortices of circulations K;, K, (where K; > Kj3),

separated by a distance b’.

Fig. A shows the directions of the mutually induced velocities when
the vortices rotate in (a) opposite senses and (b) the same sense. If

x is the distance of K; from the centre of rotation, O, then

r it
K 2 '
X (= | b,
opposite (K1 — Kz
r K2 W
= — e ?
and xS ame \K 1 + sz b *

Fig. B shows the pattern of streamlines of the flow between the
vortices. The distance of the stagnation point in (b) from Ky is in

fact equal to Xgame”*






APPENDIX B

Effect of Wall of Tank on Motion of Vortices

A pair of vortices formed in the water bounded by the cylindrical wall
of the tank produces images whose positions are detemmined by the properties

of 1nverse points!®. Thus, in Fig. C, OVp. OL, = OVg. OIg = R2.

The interaction of the vortices with the images thus mars an exact
representation of vortex wake motion in an infinite fluid, such as would be

practically obtained for vortices shed from high—flying aircraft.

However, 1f the vortex separation, b', is small compared with the
diameter of the tank, the effect of the images would be expected to be
pronounced only if the vortices were near the wall. This is the situation

obtained in the tests when the model is plunged in close to the wall.

Figure D illustrates this situation and indicates the directions of
the velocities induced on vortex B by the other vortex A and the images,

C and D.

From the diagram,

_ -1 _ b’ .
8 = tan T(R-7) ;
0A = (R-z) sec B H
_ R .
AC = oy 04 H
BC = (AC? + b'2 + 2,AC. b' sin 0)! ;
- einl fac
and o = 8sin (BC cos 8] .

The velocity of vortex B in the z-direction is then

. K [1 cOs o 8in G]
zZ = - -

7 (B BC AC

and in the y-direction

. . K [sin o _ cos ©
y 21 | BC AC

(ef. in infinite flurad, 2 = 7o §y=0.)
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DECAY OF TRAILING VORTICES

Model wings of various planforms were plunged vertically
into a water tank and the vortex patterns on the surface
were studied.

For each wing the wake drift rate was found to 1ncrease
with incidence and to decrease with increasing core
separation. The wake started off with discrete vortex
cores which grew independently, maintained their initial
sepafitlon. and had peak velocities which decayed ss t
time™Z. The edges of the cores ultimately came very close
together, and thereafter separation distance between the

core centres increased with time, and the peak velocities
tended to decay at time=T,
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Model wings of various planforms uere plunged vertically
into a water tank and the vortex patterns on the surface
were studied.

For each wing the wake drift rate vas found to increase
with incidence and to decrease with increasing core
separation. The wake started off with discrete vortex
cores which grew independently, maintained their initial
separation, and had peak velocities which decayed as
tlme‘i. The edges of the cores ultimately came very close
together, and thereafter separation distance between the

core centres increased with time, and the peak velocities
tended to decay at time~1.
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DECAY OF TRAILING VORTICES

Model wings of various planforms vere plunged vertically
into a water tank and the vortex patterns on the surface
were studled.

For each wing the wake drift rate was found to increase
with incidence and to decresse with increasing core
separation. The wake started off with discrete vortex
cores which grew independently, maintained their initial
separﬁtlcn, and had peak velocities which decayed as
time~7. The edges of the cores ultimately came very close
together, and thereafter separation distance between the
core centres increased with time, and the peak velocities

tended to decay at t1mg‘1.
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