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1 INTRODUCTION

The wake produced by an aircraft may be separated into three categories:
(a) the slipstream effects from propellers (or jet engines),

(b) the turbulence associated with fuselage and drag-producing
excrescences and

(6) the trailing vortices,

When considerin§ the effect of this wake on following aircraft, it has
been shown by Andrews?! that (a) and (b) are negligible compared with (c).
This Note, therefore, deals exclusively with the disturbances caused by
trailing vortices, and their effect on aircraft which fly into them,

Theory indicates that the strength of trailing vortices increase
directly as tne welght and inversely as the span and speed of the aircraft.
It may be expected, therefore, that the problem will assume serious propor-
tions at an airport, where landing rates are high, approach speeds reasonably
low, and where traffic may be varied, with small aircraft landing behind large
airliners, In order to investigate the time during which such disturbances
exist in a dangerous form, tests have been made using a Lincoln and a Devon
aircraft, with varying amounts of flap deflection, undercarriage up and down,
the former simulating a heavy airliner, and the Devon a small aircraft, No
special apparatus was fitted, beyond the installation of smoke canisters on
the Lincoln's wing-tips, which were used to mark the position of the wing~
tip vortices, and the results obtained have been derived from pilots
impressions of the severity of the disturbance at various distances behind
the Lincoln., The theory on the growbth of the vortex suggested by Squire
has been applied to the results of these tests and those by Kraft?, The
flight tests indicate that this theory holds for the first 160 seconds air—
craf't clean, and approximately 105 seconds flaps down, af'ter which the
vortices start to decay much more rapidly. Although there is insufficient
evidence from the tests to give a clear indication of the mechanisms of this
rapid decay, there is some support for the suggestion that the time for the
start of the rapild decay is independent of the circulation.

2 MET:OD OF TEST

The aircraft employed were a Lincoln, ballasted to 66,000 1b A.U.W.,
to 'lay' the wake, and a Devon as the following aircraft., No special instru~
mentation was fitted in the Devon; the Lincoln was fitted with racks under
each wing-tip to carry a total of four smoke generators, (Fig.1 and 2), which
could be ignited elecirically by switching from the cockpit, and each burned
for 45-50 seconds. These were used to enable the pilot of the Devon to locate
and fly along the centre of the disturbance. Various optical methods were
used to estimate separation distance, but the following technique was adopted
to deal with the large separations involved: when the Lincocln's speed and
altitude was adjusted to the test condition, one of the smoke generators was
fired, and the timing was started from the instant that smoke was first
visible, The Devon then circled near the beginning of the trail until a given
time 1nterval had eclapsed, and then flew into the trail from astern (Fig.3).
Knowing the speed of the alrcraft, the separation distance could be calculated.,
The pilot attempted to fly the Devon so that its fusalage was in the centre of
the smoke trail and he then estimated the maximum aileron angle required to
hold the wings levcl, When both aircraft were flying at the same speed, the
separation time remained absolutely constant and on each occasion that the
Devon left the smoke trail (due to its irregularity), the pilot rc-entered as
soon as possible, Thus for each separation time, the pilot could spend an
appreciable period within the vortex and thercby get a very good idea of the



aileron angle required to hold the wings level, TFig,lk shows a typical trail
produced with the Lincoln flyiag at 130 kts in the clean condition, at an
aporoximate range of 1% n.m.

The initial tests were done with both sircraft flown at 130 kt,, but
at a later stage, the Lincoln's speed was reduced to 110 kt., and the Devon's
to 85 kt., to simulate more closely the approach speeds of the two aircraft,
In all cases, calm non-turbulent conditions were sought, to ensure maximum
wake persistence. The altitude at which the tests were made varied between
3,000 and 8,000 £t depending upon weather conditions. Most tests were made
at approximately 6,000 ft,

The rate of roll of the Devon using full aileron was measured by timing
the aircraft through 60 degrees of bank from zero rate of roll, Although it
was not measured directly, the effective time lay has been estimated from
Ref.3 as 0,5 seconds and the tests give a rate of roll of 21 *2 degree/second
in both clean and flaps down conditions,

3 RESULTS

CAEE S 3w

The beSCS were mi’«de in. 'three Stages, ae al Ci‘tuues between j,OQO' and.
8 OOO'
H 4

(1) Both aircraft "clean", at V, = 130 knots.

(i) Lincoln uudercarriage dGown, half flep, Devon "clean", Both aireraf't
Vi = 130 knots,

(iii) Lincoln undercarriage dovm, full flap, V, = 110 kuots Devon 20° flap,
V, = 85 knots. *

3,1 Both aircral't oclean Vi = 130 knots

L =

Initially, separation distances of less than 2,000 yards were investi-
gated, but the rolling disturbance was so violent that the distance was
increased to 4,000 yards, and systematic tcsts begun from this distance.

At separation times up to 110 seconds, it was found that full opposite
aileron was insufficient to prevent the aircraft being rolled rapidly to
about 457, and flung clear of the wakc with height losses of 100 ft or more.
At about 160 seconds full aileron was just sufficient to counteract the
imposed rolling moment although it was not until a separation of 7 n.m.

(t = 180 seoonds), was attained that the Devon could be controlled relatively
easily, One half or less of the available aileron was needed to hold wings
level, and considerable bumpiness was felt. The bumpiness could be detected
up to 240 seconds, Observation of the smoke trail (Fig.L) showed it to be a
compact filament, rotating at very high speed, which showed little tendency
to disperse for 2-3 minutes after it had been laid,

3.2 Lincoln undercarriage down, half flap, Devon ‘olean', both aircraft
130 knots

A preliminary test at a separation distance of 6 n.m, (t = 150 seconds)
showed that, with flaps down, the disturbance was negligible, and consequently,
all further tests were made at shorter sevarations.

At 90 seconds, aileron displacements of wore than ¥ full travel were
required to hold wings level; at 110 seconas, 2/3 aileron was necessary; but
at 120 seconds, rolling tendencies were slight, although some bumpiness
persisted,



Iwvidence in support of the greatly rcduced separation times was forth-
coming from visual observation of the smoke trail, The rate of rotation
was very mucl slower, and instead of the compact filament of smoke seen in
case (i), the trail was rapidly broken up af'ter 1 minute, and bad become
virtually invisible after 2% minutes,

3¢3 Both alrcraft in ‘approsch' condition (Lincoln full flap, 110 kt,
undercarriage down, Deven 20V flap 85 ki,

Tris test represented most closely the conditions likely to be encoun=-
tered by an aireraft on the final approach to touch-down., The Lincoln was
flown with full flap and undercarriage down at 110 ktg, on agproaoh speed in
line with current practice; and the Devon was flown with 20° of flap at
85 kts, The Devon's undercarriage was not lowered,

It was found thot full aileron was nccessary to hold wings level at a
separation of 60 zcconds but that at 105 seconds, the disturbance required
sbout 2/3 aileron %o control,

3.4 Summary of rcsults

The results obtained in the foregoing sections are summerised in the
table below (Table 1) and Mg.5., Many more tests were made than those listed
below butb results which indicated lower induced rates of roll were rejected,
as it was thought that thesec did not reprecent the worst cases since the
Devon may not have flown invo the centre of the trailing vortex,

TABLE 1
sumary of Flight Test Data
Afrcrafs condition Separation Coments Polnt No,
tine } figure
Lincoln clecn 140 secs, full aileron required tn )
hold roiling noment ) 1
170 lmots 6000 £& | 19 seess | Full alleron required to )
held rolling moment )
180 sees, Roll easily controlled 2
20 sees, Bumpy with very 1little
roll tendency 3
180 secs, Half aileron required to
stop rolling moment;
very bumpy L
Linealn £111 flap 120 secs, Smoke dissipated; bumpy,
little tendency to roll 5
U/C down 110 knots 60 seos, Full aileron required to
hold rolling moment 6
5000 ft 105 secs. Approximotely 2/3 aileron
required to hold rolling
moment 7
Lincoln ¥ flap 105 secs, % aileron required to hold
rolling manent 8
1720 knots £CO 1% 110 secs, 2/3 aileron required to
hold relling moment 9
60 seos, Full aileron required to
hold rolling moment 10
150 secs, Smoke disuipated;ro
rolling effect 11
120 sees, Bumpy small roll tendency 12
%0 secs, 3 alleron to hold rolling
t andenoy I 5

e



L INTERPRETATION OF THE FLIGHT TEST RESULTS

be1 Theoretical and expcrimental studies

Very little work has been done to investigate the mechanism of the
growth of the trailing vortices behind a wing. The only studies available
are by H.B. Squire4 and B.G. Newman®. Squire suggested that the growth of
the trailing vortex would depend upon the ‘'eddy viscosity'! e and the
circumfercntial velocity w of the vortex at a radius and at any time t
would be given by:~

2
K T
wo=3 xr':} - exp< L(v + aKS%j]

where a = & constant
K = +the circulation of a line vortex
and € = the eddy viscosity = akK.

For the flight conditions considercd in this Note, v, the kinematio
viscosity is small compared with e, the eddy viscosity, and therefore v
has been ignored in further calculations.

4.2  Appiication of the theory to the £light case

L.2.1 Introduction

Before going into the detail of the application of the theory to the
flight case, it is worth while giving a short resuné of the overall approach
50 that the assumptions mede during the application can bc more easily
followed,

The constant 'a' in the Squire theory was calculated using the flight
test data of Kraftz. In these tests, a wake was laid by a Mustang fighter
and marked using smoke. A Jjet alrcraft was then flown through the wake on a
track at right angles to that of the Mustang and by suitable instrumcntation,
the vertical velocities in the wake wcre measurcd. From the flight results
and using a definition of rv* s0 that

2
rv
=T - 1.6 (Fig.10)
a value of ‘'a' = 0,000k was calculated., A comparison of the change of vortex

core diameter calculated using this constant and the measured diameter is
given in Iig.6(a),

* The vortex core radius n, is defined as that at which the cimcumferen-
tial velocity is a constant perccatage (20%) below the value it would have had
in potential flow about a line vortex. This was chosen for convenience during
the induced rate of roll culculations and is also quite close (within 7%) of
the radius at which the maximum circumferential velocity occurs,.



Using the same value for the constant 'a' the velocity distribution in
one ol the tip vortices of the Lincolwu ir the clean condition was calculated
at various times (Fig.7). Assuming that the fuselage of the Devon was flown
into the core of the vortex, the change in incidence on the two wings will
nroduce a rolling moment which has been calcuiated, using sinple strip theory,
and equated to the rolling moment due to rolling to give the induced steady
rate of roll, This induced rate of roll has been calculated for a range of
separation times from the Tincoln with {laps up and down, When the Lincoln's
Tlans are down, it was assumed that the total circulation was shared between
a vortex shed by the wing tip and one from the outboard end of the flap,
(This is discussed in detail later),

The flight resulvs have been compared with these calculations in Flg.é(b).
(It should be remcmbered when examiuing this dis gram that, all results which
were obtained in flight reguiring more than Iull aileron cannot be represented
and therefore one would not expect [1light results in the clean condition at
separation times bLelow 150-150 seconds),

frouw thege recults, it seemea that there were probably two different
rates of decay; one dredicted by Squire which continued until a certain
condition in the vortex was reached and after this, a second much more rapid
decay, possibly due o a change in the stability of the system, There is
insufficlent evideice in the flight test to give a real clue to the cause of
this rapid decay, although there is some evidence to support the suggestion
that the time for the start of the rapid decay is independent of the
circulation,

h.2,2 The incuced rollins velocities due to the Lincoln (oleaq)
The results obtained on the Devon huve been extrapolated using the

above theory to give the induced rate of roll for a range of aircraft size,

These have been plotted as a function of span ratio and senaration time on

Iig.8., It can be seen that the small span aircralt would be severely affected

up to separation times of 100 secounds,

It should be remexmbered that alter 160 secowds there appears to be a
ravid decay of the vortices and by 200 seconds only bumpiness and minor
rolling effects remein,

L,2,3 The induoced rollins velocities due to the Lincoln (Flaps down)

The consideration of the flaps Gown case in somewhat more complicated
as two vortices are shed from ecach side of the aircraft; one from the out-
board edge of the flap and one from the wing tip., Ior Lhese calculations it
has been assumed that the vortices are of egqual strength K where K is the
total circulation of the aircraft., The vortices shed from the tip and flap
will rotate about each other and in the simple picture they have been
graphically summed to mazke one vortex.

The diagram showing the vertical velocity distribution is given in the
upper part of fig.9. It has also been assumed that the radius of this vortex
system l.creases as Vl as before,

This means that it has been assumed that the rate of growth of the +tip
and flap vortex is preportionzl to the combined or total circulation of the
aircralt. The effective vortex radius Torp is then approximately equal to

half of the distance between the tip and flap vortices {(r ) plus the radius
of' the tip vortex rmp or ilap vortex at any time,

r . = Ty + . = ro o+ L x 1.6 x aK%



The induced rates of roll for the Devon were calculated using this
single vortex structure and have been plotted in Fig.6(b). [The use of the
effective vortcx radius leads to induced rates of roll which arc slightly
higher than those vwhich would be caleulated using th: full formula) .

It can be scen that the ogreomsnt between the calculated and flight
results between 60 and 100 seconds is surprisingly good.

The calculations were cxtended to cover aircraft of other span ratios,
and the result of these calculations is shown in lower part of Fig.9. Again
it should be remembersd that the flicht tests indicate a rapid decay of the
vortex after 100 seconds, the disturpence falling to zero at 120 seconds.

h,2,h  The life of the trailing vortices

In the comparison betwveen the calculated vortex decay and the flight
results (Fig,6(b)) it can be scen thad at 150-160 seconds (aircraft clean)
and 100-110 seconds (llaps down), the induced rates of roll fall rapidly to
ze¢ro. At these large separation tiies, o considerable amount of dispersion
of' the smoke has talien ploce, This usually tokes the form of a verfical
separation bectween sections of lhe siolre trail which breaks up into short
lengths and eventually lhe couplots dissipation of the suoke trail,

The mechanimm of this rapid decay may be controlled by changes in the
stability of the vortex systesn, by erternal forces such as atmospheric
turbulence or, most probaebly, by a combination of both,

The characteristics which are most likely to change the stability of
the vortex systen are:-

(1)  The growth of the core of cach of the tip vortices until these inter-
fere with each other suificicently to cause the rapid decay. If this occurs,
the time for the start of the rapid decay will be proportional to the span
of the aircraft and inverscly pronortional to V. Although the evidence from
the flight tests is nol conclusive, 1% does not support this as a possible
mechanism,

(2) The loss of rotational velocity and theorefore the inherent stability of
the vortices themselves as the core grows,

This way be consiaercd in terms of:
(a) The angular velocity within the core, or
(b) The rate of change of circumferential velocity with distance dw/ﬁr.

In both of thesc cascs, it can bz shown that the time required to reach
a given condition is independant of K, This is supported from the very
limited evidence availoble,

Whatever the mechanism of this rapid deca, in calm air, the time for
this rapid decay will be appreciably wodificd by atmospheric turbulence, i.e.
the more scvere the turbuleuce, the carlier the effect of the vortices will
disappear. It is wmost ilaportant that further investigations be made at low
altitude and in typical approcch conditions %o establish the effectis of
turbulence when the surfacce wwind vilocities arc about 10 knots or less.

5 EXTRAPOTATION 20 OLITAR ATRCRATT

These results can be extrapolated to other aircraft, with taper ratios
and aspect ratios similar to the Devon, by using o change of span ratio
Fig.8 and 9.



To calculate the rate of roll induced on & ilracking aircraft of span

bT by a lead aircraft of span b. and baving & clrculation K, at any given
Lo

time, the following procedures should be adopted.

(1)  Aircraft clcan:

(a) caloulate K £ = ﬁ?ﬂ where W = AUW 1b
2t seq level L V = gspeed knots
bI = s8pan of lead aircraft

: by [TL70
(b)  calculate the equivaleat span retio = —%?M
L

(¢) using "ig,8 lock up the induced rate of roll using the span ratio
calculated in (bs above ot the required separation time,

This rule will hold for all equivalent span ratics less than 1,0, TFor
values above 1.0 a complete recalculation is necessary.

(2)  For eircraft with flaps down:

(a) calculate K a5 above

b e
(b)  czlculate ecquivalent span ratio 32 1%29
T

<

(c) using Fig.9 and the equivalent span ratio, look up induced rate
of roll at the required scparation time, If the circulation is increased by
& factor of two or four times the Lincoln values, the formulac will give
induced rates of roll approximately 6% and 15% too low respectively, The
crror depends upon tae relalion between ry and e

A summary of the A U.W,., span and specds at take-off end landing for a
nunber of large civil alreraft is given in Table 2,

This extrapolation holds up to the time when the vortices start to
decay rapidly. At present, whilst therc 1s insufficient evidence to define
the mcchonism of tlis rapid decay, it is best to assumc that the start of the
rapid dccay will occur at 160 scconds and 105 scconds with the aircraft clean
and with flaps down respectivcly,

6 THE APPLICATICN O TUESE RLSULTS TO AIRLTELD CONTROL

In these tests an attempt was made to simulate the worst possible
conditions by

(a) doing the tests in ,on-turbulent air (equivalent to calm air at
ground level),

(v) Dby marking the core of the vortex and flying into it,

(c) by using the test results in which the worst effects were obtained
for a given separation time.

At ground level, the chances o' an aircraft being dangcerously disturbed
by the wake of another aircraft will depend upon:

(a)  The circulation of the load airoraft,

(b)  The relative spans of the two aircraft,

-0~



(c) The ro:ling performaunce of the tracking aircraft.,
(d) The separation times between the aircraft.

(e) The effeot of atmospheric disturbances such as wind and thermals
¢n the life of the vortices.

(f) The distance of the wake below the path of the aircraf't at
separation times of one minute or more,

The accidents and dangerous incidents, reported in Ref.6 and 7 have
been examined. They include aircraft over a range of span ratios from
0,25 to 1,0 and the common features in all cases are that the separation
times were of the order of 60 seconds or less and the weather conditions
were such that the wind velocities were very low, almost calm, and the time
was elther evening or night when one would expect very {ew thermals,

At the present time it is felt that insufficient is known about effects
such as (e) and (f) above to make an adequate prediction of safe separation
times., It is possible to suggest some simple rules which could be applied
until further tests are made to establish the mechanism of the rapid decay
of the vortices and to investigate the effects of turbulence and the downward
deflection of the wake at large distances behind the aircraft,

7 RECCMMENDATIONS FOR FURTIIAR WORK

(1) If the effects of the vortices are %o be avoided under all weather
conditions during both take-off and landiung, the separation times should not
be reduced below a minimum of two minutes for aircraft using part-span flaps
with flaps deflected and three minutes Ffor aircralt not using flap or with
full span flaps,

(2) The scparation times could be reduced to 60 seoonds if the crosswind
component of the surface wind is 5 xnots or greater, (A 5 knot wind will
nove the wake 500 £t in 60 seconds).,

8 CONCLUSIONS

The persistence of wing tip vortices has becn investigated using a
Lincoln and Devon aircraft. The resultls show that:

(1) With both aircraft in the ‘clean' configuration (flaps up) flying at
130 knots, the vortices persist belind the Lincoln in a dangerous form for
160 seconds, (full aileron required to countcract the rolling moment applied
to the Devon) but reduce rapidly to a safe Torm at 150 seconds, when control
of the Devon could be maintained using little aileron,

(2)  With the Lincoln using half flap deflection and undercarriage down and
the Devon ‘'olean', both at 130 knots, and with full flap and undercarriage
down at 110 knots, full aileron was required at 60 seconds, 2/3 aileron at
105 seponds and decaying rapidly to little aileron required at 120 seconds,

The flight results have been compared with the theoretical predictions
and it appears that the theory suggested by Squirc fits the experimental
results quite well up to scparation times of 160 seconds aircraft clean and
105 seconds with flaps down. After this, the vortices decay rapidly. Although
there is insufficient evidence from the flight tests to give a clear indication
of the mechanism of this rapid decay, there is some support for the suggestion
that the time for the start of the repid decay is independent of the
¢irculation,

-4



Then using this evidence %o predict corditions with other aircraft, it
must be emphasised that future civil aircraft will have valucs of circulation
up to three times those experienced in the present tests, Until Turther
evidence is available, it is recommended that to avoid dangerous disturbance
on the approach and during take-off due to another aircraft,

(a) the separation times between aircraft should not be less than
120 seconds when the aircraft are using part or full flap deflection and 180
seconds when the aircraft are clean,

(b) separation times can be reduced to 60 seconds provided that the
crosswind component of the surface wind relative to the runway in use 1s
5 knots or greater,

Further work is required to establish a hypothesis predicting the time
for the rapid decay of the vortices and to establish (a) the effeects on the
vortex of turbulence due to wind and thermals near the ground and (b) the
distance of the wake below the flight path of an aircraft at separation times
of the order of one to two minutes,

LIST OF BYMBOLS

a a constant
b span (ft) suffices L lead aircraft
T +tracking aircraft
b! %? distance apart of the trailing vortices
K circulation K = 6%?23
P rate of roll (deg/sco)
r a radius of the tip vortex (L£t)
r, radius of the vortex core (f£t) Fig.10
r, 2 r0 is equal %o thic distance between the centre of vortex core shed

from the wingtip and the outboard edge of the flap

t separation time records
U true speed of the airoraft ft/sec
v FAS knots
w' potential flow velocity at any point due to a fully rolled up vortex
1
pair (ft/sec) w! = gL R -

2z b,2/1+ - V2

o

w circurferential veloecity of the vortex at radius r
—

2
v — .,,..K=-=.-,. - (D -r
R g, lj eXp [Mv + aKSt-]]
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LIST OF SYMBOLS (Contd.)

W weight (1b)
y distance from centre line of aircraft (ft)
p air density (slugs)
€ eddy viscosity e ak
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TABLE 2

Summary of aircraft take-off and landing data

Adrcraft Span A UW,

D.C.8 139,7¢ 190,500 (landing)

287,000 (take-off)

Boeing 707 141.5' 195,000

295,000

Comet IV 115 113,000
152,000

Britannia 100 142,53 123,000
155,000

Viscount 700 al. 52, 000
59,000

Lincoln 120 66,000

(Test)

66,000

Lincoln wing area 1326 s5q.7t

Devon span 57 ££ 6 ins,

Speed Vi
Knots

125
162
130
161

130

110

3
} 6000 £t

WI.2078.C.P.489.K3 ~ Printed in England

ftzésec
K at sea level

3450
L4010
3350
4100

- 2540

2970
2490
2470
1660
1770

1470
6000 £t
1720
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FIG.I. INSTALLATION OF SMOKE GENERATORS

FIG.2. GENERAL VIEW OF LINCOLN
SMOKE CANISTERS VISIBLE UNDER STARBOARD WING-TIP
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FIG.3. DIAGRAM SHOWING METHOD OF TEST

FIG.4. TYPICAL SMOKE TRAIL

AIRCRAFT CLEAN V. = 130 kt. RANGE 1.5 N.M
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