C.P. No. 1065

1065

C.P. No.

MINISTRY OF TECHNOLOGY

AERONAUTICAL  RESEARCH  COUNCIL
CURRENT  PAPERS

Flight Measurements of Wing-Tip
Yortex Motion near the Ground
by
F. W. Dee and Q. P. Nicholas

Aerodynamics Dept., R.AE., Bedford

2 LONDON: HER MAJESTY'S STATIONERY OFFICE
1969
PRICE 9s Od NET






4

UeDoCo 533.692.048.3 ¢ 533.682.054

C.P. No. 1065*%
January 1968

FLIGHT MEASUREMENTS OF WING-TIP VORTEX MOTION NEAR THE GROUND
by

F.W. Dee
OtP- Nicholas
Aerodynamics Dept., R.A.E., Bedford

SUMMARY

Tests have been made to measure the movement of the wing tip vortices

from a Hunter aircraft flying at 170 knots approximately 35 feet above a
runway, in a variety of wind conditions. Measurements were limited to o
maximum time of 20 seconds after vortex generation. During this period

the theoretical predictions presented are in good general agreement with
the observed motionsg; however significant differences did occur. There

was no clear indication as to whether the vortices decayed more rapidly

in the presence of the ground and atmospheric turbulence, than would have
been expected from earlier measurements away from the ground in calm air.
Limited tests were also made to study the vortex mutual interaction away

fram the ground.

*

Replaces R.A,E. Technical Report 68007 - A.R.C. 30345.
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1 INTRODUCTION

Previous flight tests1 have established the behaviour of the vortex
trail behind aircraft flying at low speed away fram the ground in essentially
celm air conditions. Since one of the critical regions for wake penetra-
tions by other airecraft is in the airport terminal areaz, information is

required on the behaviour of vortices close to the ground..

Simple potential flow theory (Appendax A) suggests that as the trailing
vortices descend towards the ground their vertical velocity decreases and
they begin to travel horizontally over the ground away from each other. In
practice several effects may be expected to modify the behaviour of the
vortices close to the ground. Because wind varies with height, so does its
effect on the motion of the vortices. Compared with the earlier measurements
at 10000 feet and above, atmospheric turbulence increases at lower altitudes
and this, together with ground friction effects, should dissipate the vortices

more rapidly than in the case of calmer air conditions away from the ground.

To cbtain a better understanding of these effects sane flight tests
have been made at R.A.E. Bedford airfield using a Hunter aircraft with
different coloured smoke ingected into its two wing tip vortices. In the
tests the overall motion of the vortices was observed, but measurement of
local velocities was not attempted. This Report presents the results of
these tests and scme comparison with theory together with suggestions for

further theoretical analysis.

2 TEST ATRCRAFT

A Hunter 6 aircraft (see Table 1) was fitted with special racks on
the outer wing pylons, the port rack carrying 4 red, and the starboard,
4 yellow smoke grenades. The grenades burned for sbout 15 seconds, and
could be fired by the pilot in any combination to mark each trailing
vortex distinctively during the test runs. No recording instrumentation

was fitted in the Hunter.

A Whirlwind helicopter, with an observation hatch in the cabin floor,

was used as an airborne photographic station to record the vortex motions.

3 DESCRIPTION OF TESTS

3.1 Tests away from the ground

During earlier tests with a Comet aircraft away froam the ground1, using

a similar method of visualising the trailing vortices, a mutual interaction



between the two vortices was observed. Initial tests were therefare made to
determine the behaviour of the Hunter's trailing voritex system away fram the
ground. The aircraft was flown at 170 kn eas at an altitude of 1000 feet,

and the vortex pattern photographed by a ground-based cine-camera. The results
of these tests permitted a height to be selected for the Hunter flights near
the ground, such that the vortex motion would be significantly affected by

the ground before there was any likelihood of vortex mutual interaction

occurring.

342 Tests near the ground

2e2e1 Test method

The tests were made over the airfield at R.A.E. Bedford, which is situated
in flat countryside. There are few burldings on or near the airfield, amd
none within half a mile of the test area. This area 1s shown diagrammetically
in Fige1 and contains the intersection of two runways at right angles, along
one of which the Hunter was flown. The other runway was used as a camera

base, with the camera located 925 feet fram the test rurway centre~line.

A second camera was carried in the Whirlwind helicopter, which at the -
commencement of a test hovered at about 500 feet above the runway intersection
A vertical measurang plane, at right angles to the track of the test aircraft,
contained the ground camera position, and a marker board in a corner between

the two runways.

The Hunter was flown at 170 kn in all cases, and at an altitude of sbout
35 feet above the runway. IBefore traversing the test area, the pilot ignited
the smoke grenades, and maintained smooth, steady flight across the test ares.
The time required for the aircraft to make a complete circult was deemed %o
be sufficiently long to allow the disturbance caused by the previous run
either to settle, or be blown away, before the next test. Visusl observa-
tion of the Hunter's smoke trails, with amd wzthout the helicopter in position,
suggested that the effects of helicopter rotar downwash could be neglected,
since no dif'ference in the behaviouwr of the smoke trail could be detected.
Also, with the helicopter in position, no difference in trail behaviowr could
be detected along the length of the smoke trail, which extended about

2000 feet either side of the measuring plane.

The two cine-cameras, loaded with colour film and rumning at 16 frames
per second, were used to record continuously the vortex positions as marked

by the red and yellow smoke trails. The cameras were started before the
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Hunter passed through the measuring plane, and stopped only af'ter the smoke
had dispersed, The ground camera was fixed, and recorded the heights of the
intersections of the smoke trails with the measuring plane, while the air-
borne camera, at about 500 feet altitude, recorded the lateral positions

of the intersections. During the tests, the helicopter pilot endeavoured
to maintain position in the measuring plane, and vertically above the
trails, enabling the camera operator to aim his camera vertically through the
open hatch in the floar of the cabine The marker board, which was initially
in the field of view of both cameras, defined a reference point subsequently
used in the analysis of the tests. The film recards were synchronized by
identifying on both films the instant at which the Hunter passed through the
measuring planes

Thirty-eight runs were made in a variety of wind conditions, with speeds
varying between zero and 15 kn and directions between O and 900 to the
Hunter's track. Helicopter piloting problems did not alliow tests in higher
winds.

3.2¢2 Measurement of vortex positions

Selected frames of the cine-film records were projected, and the vertical
and lateral positions of the intersections of the smoke trail with the
measuring plane were measured, and scaled appropriately to yield displace-
ments in f'eet from their i1nitial positions immediately after generation.

The scale factors were established for the ground camera from the image length
of the Hunter aircraft, and for the airborne camera from the i1mage size of

the 10-foot square concrete slabs of the runway surface.

A correction was applied to the measurements from the ground camera
film to ccmpensate for perspective distartion, which caused the apparent
trail height above ground to vary with distance from the camera. No
correction was applied to the airborne camera records, since the likely
errors due to imperfect positioning of the helicopter were assessed as

being of a considerably greater magnitude than the perspective errors.

The film frames were analysed at 1-second intervals, carresponding
to 1-second increments of wake age 1n still air. Since the presence of a

head - or tail - wind component effectively moved a younger or older portion



of wake into the measuring plane, the elapsed time has been multiplied by a
factor* to yield the true age of the portion of the trail in the measuring

plane. The headwind component was derived from knowledge of the local wind
strength and direction measured at 30 feet above ground level, b;} a standard

Meteorological office recording anemometer.

4 RESULTS AND DISCUSSION

Le1 Vortex mutual interaction away from the ground

During earlier flights tests with a Comet a:.rcraft1, a mutual interaction
was observed between the two vortices. A sinuous distortion developed, which
inareased until the smoke filaments marking the vortices almost touched at
intervals along the trails.s The culmination of this process was the rupture
of the smoke filaments, and the linking of the free emds across the flight
path to form a series of loops. The process of interaction is shown for
increasing vortex ages in Fig.2. The breaks in the smoke trails visible an
the photographs at 38 seconds, and at the extreme left of the photograph at
81 seconds are due to trail penetrations by an instrumented aircraft1. For
the Comet, flying at 150 kn eas and 10000 feet altitude, the time required
for the formation of these loops was about 90 seconds, and it appeared that
after little more than 120 seconds the vorticaty had substantially decayed,
although i1t cannot be necessarily assumed that a rapid vortex breakdowm

follows the interactione.

The Hunter flight tests at 1000 feet confirmed that the trailing vortex
behaviour was similar to that of the larger aircraft, although in this case,

the time taken for the loops to form was about 12 seconds.

* True age = Y ;, 2 x elapsed time
where V = airspeed of airaraft
u = headwind component along aircraft's track.

In the analysis it was assumed that u did not vary with height. Since

V-u
v

< 1+05) the error

(V‘; 2\ was always near unity in these tests (0.95 <

introduced by this assumption was small.
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A reason for the shorter interaction time for the Hunter may be the
smaller lateral separation of the vortex pair. If it 1s supposed that the
system is adequately described at t = O by a vortex pair, and also that
the individual vortex structuwre is always described by Sq_l.{ire's formulaB,
with the eddy viscosity a universal constent, and further, that the time
origin is suitebly chosen to permit differences in core size, the mnitial

conditions are fully specified by:-
(1) vartex strength, XK,
(ii) lateral spacing, s (= -%)- where b is geometric wingspan),
(211) inatial core size, d.
Further, 2f 1t 1s supposed that the effect of d is small, then dimensional
analysis leads from T = f (K, b) to

-—T% = constant C, say
b

since this is the only non-dimensional group that can be formed from the

parameters. If we now write

41,
K = o Vo
where I, = aircraft 1aft
p = air density
V = ailrcraft speed
b = geometric wingspan
we obtain,
Vb3
T = C'LI';-—' .

The value of C ocannot be found precisely from the Comet and Hunter tests,
but appears to be of the order 10 for both aircraft. More work would be
required to establish C, and to determine whether other parameters, defining
a more general initial structure, had a significant effect. For aircraft
with slender wings, such as the Concorde, although vorticity is shed into

the wake, the trailing vortex pattern is more complex than that shed by an
aircraft with attached flow‘I » and may be different in character. Conse-
quently, the mechanism of the decay process for the Concorde may be different,

and more flight tests would be required with a2 slender wing aircraft to



investigate this. It is, nevertheless, interesting to note that far the

Concorde, on the climb-out, at a weight of 350 000 Jb!:E-bz = 1.5 seconds,
3

and on the approach at a weight of 200 000 1b P—g"— = 1.9 sec. If the

Concorde vortices behaved as those of the Hunter and Comet aircraft, they

would interact within 15-20 seconds, but as the decay process may be dxf-

ferent, the vortices could persist for much longer than this time.

4.2 General features of vortex motion near the ground

Although, as will be seen later, the general motion of the vartices was
as predicted by simple theory, various other features were frequently
apparente.

Immediately after generation the lateral separation of the vortex pair
was about 35 feet (the Hunter's wingspan is 33.7 feet), but during the first
two seconds the separation decreased to about 27 feet, eorresponding closely
to the usually accepted value of-E (geometric wingspan). It may be that the

process of entrainment of the smoke i1nto the vortex core, or the rolling up

of the vortex sheet, caused the initially larger separation.

The minimum height above ground of the vortices was normally of the
order of 10 feet, and vartex mutual interaction never occurred. However, it
was seen that cccasionally one or both of the vortices broke into a series
of roughly semi-circular arches with both ends perpendicular at the ground,
as sketched in Fig.3. This suggests that the theoretical analogy of
replacing the ground plane by a pair of mirror image vortices is valid, and
that each vortex could be considered to be interacting with its mirrar image
in a manner resembling the vortex mutual interaction observed during the
Comet tests away fram the ground (Fig.2).

The vortices frequently moved in such a way that their heights became
different from each other, and sometimes both became sinuouse The principal
result of these effects was that the study was then of the motion of an
asymmetric vortex arrangement. However, the sinuocus vortices introduced
a further effect; although the departure from a two-dimensional system was in
itself normally small, the effect of any headwind component was to impart a
spurious apparent motion to the measurements which were taken in a fixed

pla.ne.



Another feature noticed was that the vortices frequently "bounced",
1.€+¢ while they moved apart they reached a minimum height and then began

to rise again.

Le3 Typical results measured near the ground

The harizontal and vertical co-ordinates of the intersections of the
smoke trails with the measuring plane for each test are tabulated in
Table 2 against true wake age 1n seconds. For each run the Meteorological
Office wind velocity is quoted, together with the track of the test

alrcraft,

A limited selection of the results is shown in Fig.s, which presents
the movements of the vortices in the measuring plane for wind conditions
from calm (less than 2 knots) up to 16 knots. Figs.4a and 4b correspond to
nominally calm conditions, and 1t will be seen that the upwind vortex
descended almost vertically and remained very near the runway centreline.
The very light cross-wind was sufficient to neutralise the upwind movement
due to the vortex-induced velocities. This could present a hazard to
following aircraft using the same runway. For the downwind vortex the two
effects were additive. Fig.4c shows the vortex movement with a 6% knot cross-
wind camponent, both the vortices being blown clear of the runway centreline
quite rapidly. Agaein in Fig.4d, with an 8 knot cross-wind component, the
lateral vortex motion was very rapid, and the vortices would have presented
no hazard to following aircraft using the same runway but could present a

possible hazard on nearby parallel runways.

Figs.5-8 present the results shown in Fig.l, together with theoretical
predictions based on the 1nitial conditions 1n esch case. The expected
paths of the vortices in still air were calculated froam the expressions

derived in the Appendix and an allowance made for the effects of cross-wind.

The actual cross-wind component during the first 3 seconds of recording
was derived from the mean horizontal velocity of the vortices during this
period. This cross-wind was then applied to the calculated still air motion,
assuming a 1/7 power law for the variaton of wind strength with height in
the earth's boundary layer and using a step-by—-step integration process.

It will be seen that the theoretically predicted paths are in reason-
able agreement with the measured results, suggesting that the motion derived
in the Appendix, together with a 1/7 power law for wind velocity, provides

an adequate prediction for vortex motion near the ground.
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Smoke dissipation or voartex mutual interaction limited the period of
measurement in the present tests to less than 20 seconds. For large conven—
tional aircraft the mutual interaction time appears to be considerably
greater, so it is possible that their vortices would persist near the ground
for considerable periods, as they do away from the ground. Thus any informa-

tion on vortex decay near the ground would be valusble.

[

Prom the present tests, an attempt has been made to extract rates of
decay at positions well outside the vortex core by comparison of measured
vortex motions with the mredictions of the Appendix. The time histaries of
the vertical and horizontal velocities of the individual vortices relative
to the surroumnding air have been derived from the recorded positions, with

allowances for wind as described in sections 3¢2¢2 and e 3

The theoretical prediction of the velocity of each vortex has been based
on the measured vortex separation, but to simplify the calculation the assump-
tion has been made that the other vortex of the pair was at the same height
as the one being studied. The measured and predicted harizontal velocities
have been compared on the basis of (height) "1, and the vertical velocities on
the basis of (half the horizontal separation)-1. These bases were chosen
because when the horizontal velocity is largest it is primarily dependent on
height, and when vertical velocity is largest it is primarily dependent on
horizontal separation. Equations (4) and (5) in the Appendix show that for
zero eddy viscosity the predicted velocities are given by:

Sr = _K and é = ‘—__K3

4x Az 4% Ay

where y 1is positive away fram the vertical plane of symmetry between the
vortices

and z 1is positive upwards.

The Appendix assumes a symmetrical disposition of the vortices, so far con~

venience the expression

XK _

hx Asd

where @8 = half the harizontal separation of the vortices, has been used in
the study of velocities.

hA =



Figs.9-12 show the camparison between measured velocities of the vortices and
those predicted for zero eddy viscosity, for the four tests presented in
Figs.4~8. The scatter in the measurements is large but it should be pointed
out that in the analysis of the mresent tests, the wind velocity profile for
any given test was assumed invariant with time, whereas in practice, atmos-
pheric turbulence can cause appreciable fluctuations of wind velocity with
time. Thus the horizontal and vertical velocity camponents\;f Figs.9-12
include any effects of random wvelocity fluctuations due to atmospheric turbu-
lence. Because of this scatter there is no clear indication as to the decay

in the translational velocities of the vortices, but it cannot be large.

Thus the vortex motion near the ground can probably be predicted ade-
quately. However, no knowledge was gained of the velocity distributions
within the vortex near the ground so it is not possible to predict how

rapidly the peak velocities within the vortices will decay or assess

3

whether the expression given by Squire”, for velocities within the vortex

still holds under these conditions.

5 CONCLUSIOQONS

Plight tests have been made to study the behaviour of wing-tip vortices
near the grourd. A Hunter aircraft was used, flying at 170 knots at a height

of about 35 feet above a runway, in a variety of wind conditions.

Measurements were limited to a maximum time of 20 seconds after vartex
generation. During this pericd the predictions of existing theory (see
Appendix) are in good general agreement with the observed vortex motions.
However, significant differences did occur, the two vortex heights frequently
becoming different fram each other, and the vortices sometimes descending to
a minimum height and then rising again. A reaction between a single vortex
and the ground, similar to the vortex mutual interaction that had been seen

in earlier tests, was also occasionally observed.

There was no clear indication as to whether the vortices decayed more
rapidly in the presence of the ground and atmosgpheric turbulence, than would
have been expected from earlier measurements awdy from the ground in calm
air.

All the measurements obtained in the tests are presented in this
report, for the benefit of any reader who wishes to meke a more complete

analysis of the data.

11
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Limited tests at 1000 feet altitude indicated that away from the ground
the vortex trail developed into a series of closed loops and that the inter-
action time far this process was approximately 10 secords compared with
earlier measurements of about 90 seconds for a Comet. The results suggest
that there may be a correlation between the interaction time and the
quotient {vortex separation)/(velocity induced at one vortex centre by
the other). Although this result cannot necessarily be read across
directly to the Concorde because of the different character of the vortex
trail, it suggests that the interaction time far the Concarde on the climb-
out and the approach may be considerably smaller than for existing transpart

aircraft.

6 SUGGESTIONS FOR FURTHER WORK

The analysis of the results in this Report could be extended, and theary
could be developed, with the following aims:-

1 The development of a method of predicting when a pair of vortices will
move into an asymmetric position, and what their subsequent motion will be.

2 A more detailed study of the velocities with which the vortices moved

might yield information about the decay in these velocities with time.

3 Further theoretical work could include computer studies of the mechanism
of the vortex mutual interaction process away from the ground (more results

of the type shown in Fig.2 are available).

4 Further tests are necessary if the rate of decay of the peak velocity
within vortices near the ground i1s to be established,

In addation, flight tests are required to study the decay process of vortices
shed by & slender wing aircraft and these are now planned.

i



Appendix A
CATCULATION OF VORTEX MOTION NEAR THE GROUND IN STILL ATR

A more gemsral treatment of vortex motions is given by Jones4, for a
multiplicity of vortex generators. A simpler approach, considering only

one vortex pair, has been adopted here.

In the analysis that follows, the vortex-induced velocities are
assumed not to vary with time, i.e. the effects of eddy viscosity on the
circumferential velocity distribution in the vortex have been neglected,
as these effects are considerable only in the region adjacent to the
vortex core and the mutually-induced vortex motions are dictated by the
velocities prevailing several core diameters away from the vortex centre.
Por typical aircraft under approach conditions the expression in Ref,1
suggests that it will be several minutes before the relevant velocities
fall to 99% of their initial values.

The analysis follows the methods of classical hydrodynamics5’1.

Let the trailing vortex pair be located a distance 2y apart, and at
hexrght =z above the ground, then the vortex system with 1ts i1mage may be

represented thus:-

z Q
/TT 1~~--§-;b

| z

Now the circumferential veloclty v, due to a single vartex of strength X

K

vV = om

where r 1is the distance from the vortex axis.

If we consider the velocities induced at @ by the remaining vortex
and the two image vortices, and resolve velocities (i) horizontally and

(1i) vertically we have

13

13



14 Appendix A

. . X 11 Z
D v =Rz~ 2] .
¥y z

+
and
-, K11
(i) =z = —E—- - ]
b | ¥ y2 + z2
therefore,
2
. X y )
Lnz (yz . Z2
and
2
- -K b4
Z - [ (A. 2)
65
Combining (A.1) and (A.2)
. 3
L - 4y _ _x
Z dz 3
z
or,
4z _ _dy
3 2
and hence,
1 1
S+t = A . (A' 3)
y b4

A may be found by substituting Vo and Z for y and 2z respectively.

(A1) and (A.2) may now be rewritten as

. K
= Ael
1+7tAz3 (44)
. -K
A = 3 - (A.C 5)
YAy

By eliminating 2z from (4.1) and rearranging:-

M _ K AX2—1/2
Y = T 3

y




Appendix A

or,

,
7 (A a dt
Y o= 5 .
X 2 A
y -
Hence, it can be shown that,

2
AK[(Ayz_1)1/2 +

B may be found by substituting Yq for y at t =0,

Rearranging,
2
2[1:7; +A(t+B)2:| 2 -1/2
y2 = [1 ¥ Q 64“ + 1> }
614.1\'.2 %(z(t + 13)2
2

K

and, by symmetry, 2= 1s given by:-

64w2
K2

o [en” 2 -1/2
[:?1:2 +A(t+B):| B} /
d fem) )

In each of these expressions, the upper alternative sign applies when

t < B, and the lower alternative sign applies when t > B.

Hence, the vertical and horazontal displacements of the vartex cores
can be calculated as a function of time, to give the theoretical vortex

positions shown in Figs.5-8.

15
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Teble 1

TEST DATA

Leading particulars of test aircraft (Hunter Mk.6)

Wing span 33«75 feet
Mean weight = 16400 1bf

Equivalent airspeed = 170 kn
Nominal test height = 35 feet

")

= 907 feet sec

Circulation K
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Table 2

MEASURED VORTEX POSITICNS

y and =z
port (p) and starboard (s) trails with the measuring plane are tabulated

coordinates, in feet, of the points of intersection of the
against true wake age (in seconds). For each run wind darection and speed,
measured by Meteorological Office recarding instruments, are quoted. The

Hunter's speed was 170 knots in a2ll runs.

Run 1 Run 2

Wind O A/C track 270° Wind O A/C track 270°
Time Time

(secs) Y, Yy B %g (secs) Yo g z_ Z
0 10 =26 346 36.0 0 20,9 =145 38.0 37.6
1 3 26  30.9 31.9 1 16.4 =12.7 35.4 3.5
2 -2 =28 26,1 26.8 2 14 =16 31.5 31.5
3 -6 =32 22.1 22.8 3 13 -18 29,6 30.6,
L -8 =36 18.2 18.7 L 10 =22 25.7 28.7
5 10 =40 15.2 15.6 5 8 =24 21.8 26.7
6 14 k6  13.2 13.7 6 4 =28  19.9 25.8
7 -14 =50  11.2 11.6 7 0 =32 18  23.8
8 -4 =58 9.1 1.7 8 0 -3 16  22.8
9 12 64 9.1 12.8 9 0 =38 14 22.9
10 =10 =72 9.1 14.0 10 0 =38 13

11 -6 =80 10.71 15.2 11 0 =42 13

12 -6 -86 1641 12 0 14

13 -4 =92 18.7 13 0 10

14 -4 -98 19.9 14 0 10

15 -102 2.1 15 0 3

Run 3 Run 4

Wind 400%/3 km A/C track 270° Wind 120%/4 ¥m A/C track 270°
Time Time

(secs) Yp g %5 2 (sees) Jp Ty 2y 2
0 18 =20 35,3 36.8 0 16 =17 35.4 36.6
1.0 10 -20 51.6 32-? .1 16 "'114- 3005 32’5
2,05 8 22 27.7 28.7 2 16 4 26.5 27.4
3,056 7 ~2% 24,.8 25.7 3 16 ~14  21.6 22.3
bet 6 =26 21.9 22.6 L 17 -18 17.7 18.3
5e1 L =36 17.9 19.7 5 20 -22  1heb 164k
615 L4 =30 15.9 17.5 6 24 -26 11.7 15.4
7e15 L =36 13,9 16.6 7 30 -3 9.7 135
8.2 8 42 12,9 4.6 8 38 42 7.7 1245
9.2 6 <46 10.9 147 9 50 -54 6.6 11.6
10.25 12 -52 14.8 10 57 =60 66
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Table 2 (Contd)

Wind 120%/16 kn 4/C track 090°

Time
( secs)

G

0e 95
1485
2-8
3o/
Le 65
5455
6.5
ol
8.5
93
10.2
11-15

?P I

=20 16
-3 -l
=54  -22
=70 <40
=94 =60
~-112 =76
«136 =90
-150 =108
“17L =120
~186 ~132
-206 ~148
~228 166
=248 -178

E
b

38.8
353
3007
26.9
23.1
21.3
18.4
16.3
15. 4
11{..}4.
147
15.0
1645

b4
S

3Tels
3y
2947
2842
2546
22.7
20.8
20,1
19-2
19.4
18.6
204Q
21.5

Run 5 Run 6
Wind 120°/14 kn  A/C track 090° Wind 120°/14 km  A/C track 090°
Time Time
(secs) Yp g Zp g (secs) Yp Iy 2
0 -4 22 39.6 39.0 0 -1} 18  36e5 35.3
0.95 =24 8 36,9 36.7 0.95 -26 2 3540 3549
1.85 =38 -8  35.4 343 1.85 =42 -12 Nely 355
2.8 -52 =22 32,7 .7 2.8 56 =32 29,7 32.4
3.75 =64 =36 28,9 28.1 3.75 =72 =46 27.0 2844
Le65 =76 46 26,0 25.2 Lbe65 =92  -64 25,3 24.6
566 =90 <56 24.1  23.3 5.6 =120 -76 249 18.4
6e55 =100 =62 244 22.4 655 =148 ~102  23.2 17.8
7e5 =112 =70 2.7 1%L 7.5 =160 =120  19.9 18.0
8o =126 =80 21.6 17.4 8ok =190 =142  19.3 18.5
9.35 =138 =94 17.2 16.5 9435 =216 =158  19.7 15.2
1003 =146 -104 16.2 15.6
11,2 =168 =110  17.7 16.8
12,15 =194 =124 16.9 15.9
Run 8 Run 11

Wind 130°/14 kn  A/C track 270°

Time
(secs)

0
0.95
1.85
248
3¢5
Le 65
5.6
6455
7e5
8elt
235
103

$:

0
-16
=34
~48
~62
-72
=88
-36

~106
~124
142
-162

s

-32
~52
-72
=
~118
-138
-162
-182
~202
~228
-250

Z

%

20.0
18.3
156
137
12.8
10.8
110
1140
111

12.6
1845
20.0

b4
8

20.7
19.0
172
17.6
1840
18.4
18.8
18.0
1843
18.7
20.3




Table 2 (Contd)

Run 12
Wind 130°/14 kn  4/C track 270°
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Time
(secs) Jp s o s
0 22 =18 2644 27.5
0.95 L =32 21.9 22.8
1.85 =10 -48 20.2 18.9
2.8 =22 =64 19.5 18.2
3.7 -32 -78 17.6 16.3
Le 65 =l 9L 1648 17.6
5.55 =56 =110 15.9 21.3
6.5 =62 =120 14.9 20.3
Tl =73e3 =130 140 20.5
8.3 -80 -151.7 13.0 21.0
9.3 -93.3 =175 114.0 17.8
10.2 —97.5 —201 11-1 17.0
11.15 =100 ~218 11.1 18.5
12,1 110 =238 11.2 20.1
Run 1
find 080%/7 kn  A4/C track 090°
Taime
(secs) p Vs “p Ze
0 =22 14 3649 364
Ce95  =2i 8 3.8 30.7
1.9 -28 0 26.8 26.0
2.85 =32 -2 21.7 21.0
3.85 -38 -8 18.7 18.2
4e B -4 12 The7 152
5¢8 =50 =16 13.7 15.3
6.7 -58 -18 12.8 16.3
7.65 =66 -20 13.9 143
8.65 -76 =22 13.0 15.4
906 —82 _22 12.0 16-){.
10.55 =92 =20 11.0 174
1.5 ~104 =16 1141 20.3
12.5 - -4 - 21.3
13.45 =120 =12 1.3

Run 13
Wind 120°%/13 kn  A/C track 270°
Time
(secs) y? yS Zp Zs
0 2% 12 35.1 35.5
1.05 18 -16 30.k  30.5
2,05 12 =22 25.7 25.6
3,05 8 -28 22.8 23.7
405 O -3y 50.0 19.7
501 =2 =42 18,0 17.8
6e1 -4 48 161 15.8
7.15 -8  -56 1901 1449
8.15 -8 -66 1441 13.9
9.15 -8 =76 13,1 13.0
10,2 -2 -8 1300 1t
11,2 =10 -9 1141 1241
12,2 =10 -98 10,1 1141
Run 15

Wind 090%/6 kn  A/C track 090°

Time
(secs)
0

O« 95
1.9

* & s ¢ o .
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OO O~ U
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13.9
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1.6
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13.7
liha 6
15.5
16-5
1844
1944




Table 2 (Contd)

Run 18 Run 1

Wind 130°/10 kn  A/C track 270° Wind 130°/12 km  A/C track 270°

Time Time

( secs) yp Vs %o s (secs) 7p Te 25 %
0 28 =10 33,0 3l 0 2y -4 Het 3545
1.05 8 -2J+ 28.7 2908 1.05 10 —22{. 30.7 51.8
21 -8 =40 25.2 2641 2e =, =36 27.1 28.1
21 -22 =56 225 23.3 2.1 -16 =50 23,4 25.3
Le?2 =34 72 20.7 21.6 heo2 =28 -62 196 23e5
5.25 =46 =88 16.8 20.8 5425 =38 =74 1606 2247
6.3 -60 -1 08 1308 19‘0 6.3 '—h—8 -88 15.8 21.9
8.4 64 146 Ge6 174 8.4 =52 =112 12.7 21.3

9.14- -‘58 —128 11.7 21-6
1045 =60 =140 10.6 18.4

Run 20 Run 21

wind 130%/12 ’m  A/C track 270° Wind 130°/10 kn A/C track 270°

Time Time

(secs) p s p s (sees) Jp s Zp Py
0 16 =24 31.5 32.8 0 20 -8 323 3346
1.05 -2 =36 29,41 3.2 1,05 10 =24 30s7 31.8
2,4 -18 =50 245 25.8 2.15 0 w32 29,0 29.0
3-1 ""32 -68 1907 22.6 3-2 "‘8 ""-{-2 27.2 260 1
Lelb ity -8i 17.8 18.5 Le3 -1l =50 25e4 2342
5.2 =58 =104 15,9 1647 5.35 =22 =62 21.5 20.3
6.25 =60 -118 13.8 19.2 .45 =30 72 18.6 19.4
7.3 =72 =138 11.9 18.4 7.5 =38 =84 1566 160l
8.35 =8, =460 131 19.9 8¢55 =42 =94 he6 154
9.4 =94 -178 13.2 20.3 9.65 =50 =108 13¢7 15

10,7 -54 =126 12.7 15.9
11.8 =58 -138 10.6 172
12-85 -62 "150 10.7 1806
13,9 -66 =162 10.7 18.8
1495 =68 -174 11.8 20.2




Table 2 (Contd)
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Run 2

Wind 220°/12 km  A/C track 270°

Time

Run g&
Wind 230°/11 m A/C track 270°
Time
(secs) Yo Ve %5 Zg
0 1 -22 35.5 3649

0.95 o =32 30.0 3.1
1 L) 9 "‘10 -J.|J+ 26.5 28. 3
2,86 -20 -b4 20k 24}
3.8 "36 "'68 16.6 17.2
Le75 =54 82 159 14e3
5«7 =70 - 151 =~

6s65 =80 =114 14«1 14ab
7.6 -84 -128 9.8 17.1
8eb5 -82 144 be5 1642

(secs) p Vs Zp  %s
0 28 -12 301 30.4
0495 8 =24 28 246
109 —8 -‘li-o 21.2 21 l9
2.85 =20 -56 18.4 21.2
2.8 =34 =72 16.6 19.4
4Lae75 =46 =86 1he7 1745
5.7 =52 =100 11.6 16.6
6465 -B4 =114 9.5 15.7
7.6 -56 -~128 10.6 14.8
8.55 =60 =148 16.0 13.9
9.5 =66 =156 15.0 15.2

10.45 - =162 21.2
Run 25
Wind 220°/11 km  A/C track 270°
Time

( secs) 7 Is %p g
0.95 -6 =40 29.2 29.2
1.9 -18 -52 25.5 26.)-].
2.85 =30 -62 217 245
3.8 —42 "724- 16.7 2106
Le75 =54 =86 14.8 18.6
57 -6l =98 118 1646
6e65 =72 =112 10.8 14.6
76 -80 126 9.8 14.8
9.5 =82 =150 Be7 1643

10.5 -'80 —160 706 19.9
M.t =80 -170 Teb6 23,7
12,40 =178 26.2
1335 -188 30e1

Run 26
Wind 330°/5 kn  A/C track 270°
Time
(secs) p Vs Zp %
0 18  ~20  59.8 59.3
1.0 24 =8  55.5 5645
2.0 32 0 51.1 50.0

340 40 4 47.9 45.8
LeO 48 16 L42.7 42.3
5605 54 20  39.6 39.1
6605 60 30  35.5 34.8
7.05 66 32.5
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Table 2 (Contd)

Run 2 Run 28
Wind 34,0°/6 kn  A/C track 270° Wind 180°/12 Jm  A/C track 270°
Time Time
(secs) p Vs 2 Py (secs) "p Vs p %
0 1 =24 47.3 L48.2 0 12 =24 27«6 27.7
0.95 22 =10 43.9 455 1 -4 =34 2hel 2449
1,95 32 0 4.5 K42.0 2 18 =50  20.4 22.1
2,95 42 10 39.2 38.6 3 -30 =66  17.5 21.4
5.95 J-|-8 20 36-0 3502 ]-|- ")-Jvo -80 15.6 1905
4eS 52 26 33,0 33.0 5 -50 =98 13.7 1%9
5.9 58 32 29,0 28.0 6 ~58 =112  11.7 191
6.9 62 36  27.1 24.0 7 -68 =130 9.7 19.4
7.85 66 4D 19.4 8 —7h =140 8.6 19.6
8.85 46 16.2
9.8 48 13.3
10,8 50 1.4
14.8 5l 7.5
12.75 56 66
1375 56 75
14475 5l 8.5
16.7 52 12.3
17.7 52 13.2
Run 2 Run 20
Wind 180°/12 kn A/C track 270° Wind 180°%/12 kn  A/C track 270°
Time Time
(secs) Ip Vg %5 Zs (secs) p Is 25 s
0 18 2944 0 12 =24  30.6 31.8
095 =i 25.1 0.95 18 =48  25.5 29.5
1.95 -18 =48  21.4 18.9 1.95 =4 =76  21.0 27.1
2,95 =30 =60  18.6 16.0 2.95 ~66 =102 16,1 244
3,95 =4h =78 16,8 1h.1 3.95 =84 =124 14,2 22.7
495 <54 =96  15.9 12.1 4.95 -108 =152  12.3 19.8
5095 =66 =146 1641 13.5 5495 =128 =178 10,2 20.3
6.9 -76 1541 6.9 =146 =206 8.1 20.8

7.9 =164 =234 7«1 22.6
8.9 "181{- -266 }+.8 2}4-.5




Table 2 (Contd)

Run_31 Run 32
Wind 190°/12 kn A/C track 270° Wird 220%/8 xn  A/C track 270°
Time Time
(secs) 7p s p  Zs (secs) Yp s Zp Zs
0 12 =22 24.7 236 0 o, 12 22,4 22.3
0s95 ~16 =48  22.4 21,0 095 26 =6  17.5 1841
1,95 =40 ~76  19.8 19.5 195 30 =2  13.6 16.0
2,95 =66 =104  17.1 17.8 2.9 32 0  11.6 15.0
309 =90 =132  15.4 17.1 3.85 36 L 11.5 13.9
he9 =116 =164  13.5 18.8 4Le8 38 6 11.5 139
5.86 =132 =188  12.6 20.5 5.8 42 10  10.5 13.8
8475 =202 12.2 8.7 62 8  15.9 18.9
9.75 -218 13.6 9.6 70 6  15.7 18.9
10.6 78 6 119 1%.9
11.5 6 19.9
12455 8 20.8
1345 8 19.8
Run 33 Run 34
Wind 220°/10 kn  A/C track 270° Wind 220°/9 ¥n  A/C track 270°
Time Time
(sece) “p s p s (secs) p s b s
0 28 -8  27.2 27.2 0 20 1L 30.3 30.5
095 26 w2244 23419 095 18 =12 26,5 2643
1.9 28 =4 19.4 20.1 1.9 18 =14  24.5 2243
2.85 28 =4 17.5 17.1 2.85 20 =16  21.5 19.3
385 30  «6  15.5 1he1 2.8 22 18  17.6 18.3
Le8 3 -6 13.5 131 48 26  -24 1306 17l
5.8 36 -8 11.5 12.1 507 28 -28 1007 17.5
6.7 40 =10 1.5 1241 6.65 32 =36 9.7 1747
7e7 4k =4 10.5 13.2 7.6 38 =42 8eb 1647
8s65 L6 =18  10.5 12.2 8.6 44 =50 Be6 1940
9.6 50 =24 114 1243 9.5 52 =54 8e5 20e1
11.45 58 -66 8ol 21l
12.4 68 =66 Be3 2144




Table 2 (Contd)

Run 35 Run 36
Wind 230°/11 kn  A/C track 270° wind 030%/4 m  A/C track 270°
Time Time
(secs) 7p s p % (secs) ‘p s Zp  %s
0 2L, =12 30.2 30.4 0 20 14 284 29.4
0.95 22 -8 28.3 28.3 1.0 10 =20 26e7 27.6
1.9 24 =10 2643 243 2,05 6 =30  22.9 24.8
2.85 26 -10 23,3 20,2 3,06 O =40  20.0 22.9
3,8 28 ~10  21.3 16.2 4.05 =i =48  18.1 20.0
4.8 R 20,2 15.2 5e1 -8 =62 15«1 18.1
5.7 40 18  17.2 15.3 6ol 14 =70  1kw2 17.2
665 46 =20  16.2 16.4 7ol =16 =82 12,2 16.3
7.6 5}+ "'26 16-0 15.&- 8-15 -20 -92 11.2 15014-
8.6 60 =30  15.0 13.4
9«5 6L, =34 14.0 13.5
10.5 70 =36 12,9 13.5

Run 37 Run 38
Wind 030°/4 ¥n  A/C track 270° Wind 030°/5 kn  A/C track 270°
Time Time
(sees) p Vs Zp % (secs) Yp Vs 2 Zg
0 12 20 247 25.6 0 1 =22 25.6 2646
140 b -2 21.9 21.5 1,05 8 =22 22.8 23.6
2.05 0 =30  19.0 18.6 2,05 & ~2h  19.9 20.5
3,05 =4 =38 17.1 15.6 3.4 0 -3 17.0 17.5
Le05 =8 =i  15.1 13.6 hel = =36 bl 1646
5,05 «10 =50 142 12.6 5015 10  =bh  13.1 1he7
61 -12 =60 4.2 10.6 6e2 =12 =52 1141 148
7.1 -1 =68 142 9.7 7.2 12 62 8.1 13.9
8.1 =16 =76 142 10.8 8.2 -12 -72 11.9
9.15 =16 =86 1543 12.0 9e2 12 =82 13.1
10,15 =18 =96  15.3 13.2 10,25 =14 =9 1ie 3
11015 =16 =106 1643 145 1143 -10K 14e5
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SYMBOLS

constants of integration
aircraft wingspan, feet

a constant

circulation (= 4L/%pVb) feet® seo
aircraft 1ift, 1bf

-1

radial distance from vortex centre, feet

half the horizontal separation of the vartices

vortex interaction time, seconds

vortex age, seconds

headwind component along saircraft track, kn

aircraft airspeed, kn

crrcumferential vortex velocity, feet sec-1

lateral positaicn of vortex core in measuraing plane, +ve towards
ground, camera, feet

horizontal velocity of vortex core in messuring clane, +ve away
from plane of symmetry, feet sec_1

vertical posation of vortex core in measuring plane, +ve utwards,
feet

vertical velocity of vortex core in measuring plane +ve upwards,
feet sec-1

3

air density, slugs £t

kinematic viscosity of air,

port
starboard

value at instant of generation
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Fig 3 Sketch showing interaction sometimes observed
between individual vortices and the ground
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Fig.6 Comparison of measured and theoretical vortex positions
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Fig-8 Comparison of measured and theoretical vortex positions
Crosswind=-14 ft/s (run 8)



l
-—--X Port
6 —© Starboard _
vy | ——— Theory //
ftfs Arrows denote increasing time /
4 -
7
e
//
e
I et %
v
06 008 | 00
T ft
-2
-4
-l
a Horizontal velocity vs (hclgnt)
p ~—~-x Port
#ls | —o Starboard //
¢ ——- Theory N
Arrows denote increasing tl‘ﬂ'\%{*
-2 Zd 1
—F
0 0'-0?. 0-04 0:06 008 Q10
1
) sft
2

. . L
b Vertical velocity vs (half-sepqratlon)

Fig.9a eb Vortex horizontal and vertical velocity components (run2)

Crosswind — 2 ft/s



° |
4 —=====X Port
473 ol @ Starboard
——— Theory X
1
Arrows denote increasing time :
4 ¥
A
X
e <
f
o —->"1/
002 /004 +06 0-08 010
4 L
/‘ Lot
-4
a Horizontal velocity vs (height)™
— 6
5 I
ftfs | —— X Port
—a| @ Starboard
——— Theory
Arrows dencte increasing i
—e Eime /,/ *
——X
_-.——-"'"'/ /’,/
© T T .06 GoB 510
) (=) O '&;t
2 SAS
4

. . -1
b Vertical velocity vs (half- separation)

FigiOazb Vortex horizontal and vertical velocity components (run |)

Crosswind =35 ft/s



----x Port
—@ S$tarboard

10| —— Theory
Arrows denote increasingtime X
ftfs !
!
B8 .
[}
I
[}
U
6 A
A
[}
I
T ,
& —
// 'l'
2 ""'-_":/‘ ,f’
- - I bt X
’
. 0-0¢% / 10:0% ©'c8 Q-08 10
Y
;" z £t
-2 xl
-4
@ Horizontal velocity vs height
-6
3 |---% Por't.b 4
—o6 Starboar
ftfs |—— Theory ol /
-4 Arrows denote increasing time y
4
fx-----@—
_w” PP =
A PP A
_J"
0 = =& _
0-02 0 04 0-06 0-08 010
Ve fe
2

b Vertical velocity vs half- separation

Fig.ll asb Vortex horizontal & vertical velocity components (run18)
Crosswind —Il ft/s



¥
-%-- Port
—O— Starboard
- 2
— — Theory | TN 7
Arrows denote intreasing time -X ‘i\ o
x, X/
TN
>
/ rd
}( prd
AI
! -
sl /
O 02 / H © 006 008 l/ Tt Ol
X 2
(*) (.
a Horizontal velocity vs height
T
-~ Port
—O— Starboard x:? /‘{
— —— Thq.or‘y "//
Arrows dencte increasing time
e el o o
ocog f olo4 Q:06 oos Ilgft o0

b Vertical velocity vs

half — separation

Figl2aabVortex horizontal & vertical components (Run 8)
Crosswind — 14 ft/s

Printed in England for Her Majesty's Stationery Office by
i the Royal Aircraft Establishment, Farnborough. Dd.l186815, X.3.



A.R.C. C.P, NCs1065
January 1968

Dee, F.W.
Nicholas, C.F.

FLIGHT MEASUREMENTS OF WING TIP VORTEY MOTION NEAR THE
GROUND

Tests have been made to measure the movement of the wing tip vortices
from a Hunter aireraft flying at 170 knots approximately 35 feet above
a runway, in a varlety of wind conditions. Measurements were limited
to a marimum time of 20 seconds after vortex generation. During this
period the theoretieal predictions presented are in good general agree-
ment with the observed motions; however significant differences did
occur, There was no clear indlication as to whether the vortices
decaysed more rapidly 1n the presence of the ground and atmospheric
turbulence, than would have been ezxpected from earller measurements
away fram the ground in calm air. Limited tests were also made to study
the vortexr mutual interactlon away from the ground,
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