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SUMMARY

An experimental investigation of the wake behind a Meteor 4aircraft
has been carried out, and theory used whercver possible to confirmand
exterd the results cbtained.

Meagurements shew that for the conditions govered in these tests, the
jet velocity has fallen to a negligible value by about 200-300 £t behind
the jet exit. The jet would be oxpected 10 persist Longest under take-off
conditions although no measurenents were made of this specific case.

~The majer disturbances behind on aircraft are dus to the trailing
vortices and tnuse deccay only slowy. Tests With a Vampire flying in the
wake Of the ileteor Show that the strength of these vortices has only
fallen to about half its initial walue by 8000 ft behind the aircraft.

Theory and flight test expericnce show t hat t he rolling moment imprsed
0N a 4racking aircraft constitutes the nost severe disturbance fromthose
vortices, ard that in somc eircumstances this rolling nonent can be
suffifiently large to overpower the ailcron control of the tracking
aircraft,

Theory indicates that the disturbances fromthe trailing vortices
will be very severe for a gmll S| OW aircraft flyang in the make of a
large heavaly | oaded aireraft at |ow speed. The disturbances encountered
by a mssile attacking an aircraft Will depend largely upon the relative
sizes of the mssile and aircraft, but in mmnmy cases may be small, as
the closing speeds are usually high and the mssile wing span snall.
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1 | ntroduction

Some brief teats were recently carried out by Armament Depart nent
to determne the position of the wake of a target aircraft and jts genera
effect upon g4 tracking aircraft. These teats showed that the disturbances
in the wake were severe even at extrenme range and that a stern attack
woul d only be practicable if the wake was avoided. To enable the guns of
an attacking aircraft to be pre-set to avoid the wake of the target,
measurements of the angle of the wake to the flight path of the target
aircraft were made.  Although the information obtained in these tests was
thought sufficient fromthe point of wiew of an air-to-air conbat, it was
not considered sufficient for guided weapon purposes, since in mamy
instances it would not %z possible to arrange the flight path of a guided
mssile to avoid the wake of the target aircraft. Some quantitative idea
of the magnitude of the disturbances |ikely to be encountered by such a
missile was therefore required.

At the opposite end of the speed range difficulty was being
experienced, and even accidents caused, by light aircraft flying into the
wakes of larger aircraft under approach conditions at busy civil airporits.
Information on the nature of the wake and the factars affecting its decay
were required to enoble existing airfield control procedure to be modifisd
to ensure the safety of the small aizoraft.

The series of teats and the theoretical work described in this note
were carried out with the abeve obgects in view.

[t is convenient to consider the wake behind a jet aircraft as having
t he following conponents:

1. The jet (or jets). This consists of a small diameter region having
a large longitudinal velocity conbined with perhaps a relatively
smail rotation due to swirl. Considerable small geale turbul ence
woul d be expected to be present.

2. The body and other wakes. These are characterised by regions of
turbul ence and reduced total head behind drag produecing conponents.
In nost cages, the largest region would be behind the fuselage.

3. The vortex sheet and trailing vortices. The vortex sheet shed from
the wing rapidly rolls upinto a pair of trailing vortices. These
trailing vortices may be represented by a double rotational notion
of the classical form  &pall scale turbulence 1g confined to the
cores of these vortices.

The teats were planned in such a way as to investigate each of the
above conponents separately, an attenpt being nade to nmeasure the
magni tude of these conponents as well as their rate of decay with distance
behind the aircraft. Since the difficulties involved in teats of +thisg
nature were consi derable, both the successful as well as the unsuccessfu
techni ques have been detailed rather nore fully then is perhaps usual so
as to gwde any further investigations of this nature.

A theoretical approach has been used to estimate the disturbances to
a tracking aircraft or missile flying in the wake and to predict the wa
1n Which these disturbances would very with gpeed, altitude, and size of the
target and tracking aircraft, The estimates have been checked, wherever
possi bl e, agaxast the observed fiight teat results.



2 Visualisation of the Wake

Early in the tests at was found that consistent results could only
be obtained when the pilot of the tracking aircraft could "see" the wake.
Extensive use wasg Jherefore made of the Weteor 4 aireraft used in the
tests of Reference 1. This aircraft was equapped with means for injecting
a low viscosity pil into the jet pipe to produce a dense white snoke. The
oi |l was carried in underwi ng tanks Which were pressurised with nitrogen to
provide the necessary pressure feeding. Each tank fed only to the engine
on its own side, but the pilot could select either port, starboard, or
both engines. The snoke, as well as defining the boundaries of the jet,
al so showed the positions of the trailing vortices, since when the vortex
sheet frem the wing rolled up, the snoke was wapped round these vortices.
This systemwas not entirely satisfactory as care had to be taken that the
tracking aircraft did not becone campletely immrersed in the snoke, other-
w se its w ndscreen became covered in unburnt c1l., a fair nount of
practice was necessary to perfect a technique of swtching the snoke on
and off at the right times go that the tracking aircraft never became
conpletely inmersed in the snoke. The total duration of the snmoke was
only about 30-40 seconds, even though a considerable amount of oil was
carried, and this short duration proved a severe limtation

At high altitudes use was made of condensation trails to visualise the
traaling vortices.  This was found §referab|e to using the oil snoke as it
elimnated the difficulties nentioned above

It is felt that if further tests of this nature are to be carried out
a smoke trail obtained by injecting cressyliec acid into the Jet pipe woul d
probably give a considerable inprovement. The snoke +trail produced by this
systemis not unduly dense, persists far a considerable tine and can, of
course, be switched on and off at wall, PFurther, sufficient acid can be
carried to produce a long duration of snoke.

Smoke canisters positioned at suitable points on the aircraft were
found useful for investigating the rolling up of the vortex sheet behind
the wing, However, as the type of canisters used iould not ignite at
altitude their use was limted to flights at altitudes |ess than about
5,000 £t. At these 1oy altitudes, carc had to be taken to choose calm
conditions so that the tendency for atmospheric turbul ence to break up
the snoke pattern was reduced.

There 1g little doubt that the suceess of a series of tests to
investigate the wake behind an aircraft depends al nost fundamental |y upon
an adequate means of visualising t he wake.

3 Characteristics of the Jet

3.1 Determnation of the Rate of Decay of Jet Velocity

3.1.1 "Pitot Traverse” iicthed

The first technique used to neasure the velocity in the jet was
surprisingly  successful. A two-seat Meteor 7 was flown in formation with
the target Meteor and to its starboard side. The snoke(para.2) was then
switched on and the trackang leteor 7 edged an until its wing tip pitot-
static heal vwas immersed 1n the centre Oof the smoke.  The observer an the
Meteor 7 then read the inerease in ASI reading. The distance between
the two aircraft was obtained vith a fixed ring gun sight. The cl osest
di stance that the tracking aircraft was flown to the target aircraft was
dictated by the strength of thec tip vortex effects and the controllability
of the Meteor at the particular flight speed. Thus,although at 250 knots
a traverse could be mde only a few feet behind the'fin, it was not deemed
safe to fly closer than about 40 £t fromthe tail of the target at other
specds.
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The results obtained in tests at 10,000 ft altitude and at speeds of
178, 250 and 346 ¥nots are shown an figures 1 (a), (b) and (c), together
with estimated values for the nean velocity at the jet exit as deraived
from Derwent 5 brochure data

The results are plotted as the difference, &V,, between the EAS in
the j et gtreom and the flight mAs (V). It is see& that the jet velocity
falls to a low value very rapidly and that fcr the particular flight
conditions of these tests, the jet velocity can be considered negligible
at distances greater than about 200~300 ft behind the aircraft. _The jet
velocity persists |ongest at high R.P.M. and low speed (Fig.1(a)). It
may be noted that in deriving jet velocity from the ASl reading 1% is
assuned that the static pressure in the jet is atnmospheric. This iS
al most certainly true 1pn all cases considered here as the jet exit is
not choked.

Wien the engine 1s at |ow R,P,M. or idling there is a drop in ASI
reading in the jet signifying a |oss of total head.

This "pitot traverse” nethod demanded appreciable flying skill
since the disturbances due to the trailing vortices were so severe that
the pilot could only hold the pitot~ztatic head i1n the jet gtream for a
short space of time.  Thig was partazeularly true at the very close ranges,
where often te jet vel ocity has to be obtained from @ mesontary jump
in ASl reading as the pitot-static head traversed through the jet stream
Where this jump in ASI readaing was large, 1w was felt that errors due to
lag in the ASI system could be appreciable. Further there was no
guarantee that the velocity at the centre of the jet (i.e. the peak
veloeity) was being nmeasured every tune. These uncertainties mainly
applied to the closer ranges and it 1s felt that the values of Jet
velocity obtained at the larger ranges are reasonably accurate.

3. 1.2 Photographic lethod

In an attenpt to confirm the results obtained above, another
technique was used.

A Meteor 7 was flown an formation swith the target aircraft but a
few thousand feet directly below it. The observer in the rear seat then
took a cinég record of the snoke as 1t emerged fromthe jet pipes of the
target aircraft. A specinen record obtained in this way is shown in
Figure 2. The cemera used was a cam&ficx Eclair oamera set for its
maximm speed of about 50 pictures per sec. and equipped with a 35 mm
focal length lens.  This camera was found convenient in that the sight
coul d be rotated through 90° to enable the camera to be sighted with the
lens pointing vertically upwards. To assist the operator in keeping the
camer« | evel, a spirit |evel bubble was attached to the side of the
camera.  The coners. speed wsg obtained by photographing a high speed
wat ch (3 secs per rev.? i flight inmmediately after the test.

From the c¢iné record a plot of the distance of the end of the snoke
fromthe jet exit against tume can be obtained, the |inear scale being
obtained by measuring the size of the aircraft on the film and the tine
scal e from the neasured camera speed. Figure 3 shows the plot obtained
from the photographs of Figure 2, which Were taken at 30,000 ft and at
255 knots EAS. The slope of the curve at any point clearly represents
the true velocity of the jet at that point plus the true airspeed of the
aircraft.  For the example of Figure 3, it appears that this total
velocaty has fallen to a stabilised value of 218 knots by a distance
of about 150 £t behind the jet exit. The true air speed of the aircraft,
as derived fromthe IAS and anbient tenperature is 426 knots. Attributing
the 2 per cent difference between these %wo speeds to experinental errors
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it follows that the velocity of the Jet has fgllen to zero by about 150
£ behind the Jet exit. 4t 10,000 ft altitude the correspondingdistance
at the sane r,p.m. aad speed 1s about 250 f4 (traverse nethod Fig.l(b)).
This difference betwsen the results obtained at the two altitudes m ght
be expected, for, at a given r.p.m. and speed, the E,A.S. at the Jet exit
decreases with increasing altitude. Hence the Jet would be expected to
persist |ongest at lcw altitude.

The record shown at Figure 3 isoneOf two taken at 30,000 ft to
illustrate that the rapid decay of jet velocity shown by the results of
the traverse nmethod {para.3.1.1.) was also true at high altitude. A
series of records, of which Figures 4(a) and 4(b) are typical, were also
taken at about 10,000 ft azltatude to give a direct conparison with the
curves of Pigure 1,

Figure 4(a) suggests that at 478 knots at 13,000 ft altitude and at
12,200 r,p.m., the Jet velocity has fallen to zero by about 500 ft behind
the jetexit,The results obtained fromthe traverse nethod (Fig.1(a))
give a value of about 300-350 ft. Thus the two different techniques
produce an answer of the sanme order, af not exactly of the sane magmtude.
However, exact agrcement coul d hardly be expected, as the al nost
asynptotic decay of jct velocity makes i1t nost difficult to determane the
exact point vhere it has fallen to zero,

Figure 4(b), 15 a record wkenWth the starboard engine zdling and
gives a good idea of the possible errors in the method. The steady flight
speed wms recorded as 221 knots, whil e the stabilised speed determined from
the portengine smoke trazl 13 213 knots and from the starboard engine
207 kncts., Although these three figures agree to only about 75 accuracy,
there is still little doubt of the order of the distance downstream for
the Jet velocity to decay to a small value.

Ag the above particular exanpl es show, the results of this method
confirm conclusively the results of the traverse method in show n? t hat
the Jet velocxty decays to a small value vathin several humdred feet of
the target aircraft. This photographic technique 1s, however, not
accurate enough to be used for a gencral investigation of the effects of
speed, altitude and ecnginc r,p,m. On the decay of the Jet.

3.2 Turbulence 1in the Jet

The turbulence 1n the set could be felt as a high frequency buffet
on the tracking aircraft.  This turbul ence seemed to die away in much the
same manner as tho jet veloeity and was not apparent at large range.

A vibrograph was installed in a Vanpire aircraft to measure the
magni tude and rate of decay of this turbulence (at least, as far as its
offect on the Vanpire wag concerned). Some trial records were taken to
prove the nethod, but no systematic tests were made owing to lack of time.

3.3 Suwmary of conclusions fromthe Jet Investigation

Ls two widely different techniques Of measwring the velocity in the Jet
had given practically the same result, and as the real interest lay in the
characteristics of the wake at further di stances downstream than where the
jet had been ghown to exist in any serieus form no further tests were
carried out.

Before proceeding further, it is convenient to summari Se the main
results, together with the Inferences that can be drawn fromthem



1, For the speed range 178~350 knots BaS at 10,000 £+ and for engine
speeds up to 13,500 rap.m,, the jet velocity has fallen to a
negligibly 1ow value by about 200-250 £t behind the jet exit.

2. |t seemprobable from the results that the distance for which
the jet persists is mainly dependent upon the difference between

the speed of the jet at the# et exit and the speed of the
sarcraft, the larger this difference the longer the jet persists.

3. For a given r,p.m, and flight m&S, this excess speed will be
greatest at low altitude. Hence the conditions faveuring a leng
persistence of the jet velocity mght be expected to be [ow
al titude, high engine power, and |ow aircraft speed: e.g
take-off  conditions

4 Extent Oof Rake behind Fusel age and Cther Brag Producing Bodies

The wake behind the fusel age and other drag producing bodies is
defined by a region of reduced totzl head and of small scal e turbul ence.

Sone brief tests using the traverse techni que (para.3.1,1.}1ndicated
that the loss in total nead an the wake of the fuselage was relatively
small. For exanple, at 250 knots at 10,000 ft altitude, the drop in
AST reading at apbout 4O f£% behind the fusel age was only about E~1Q knots.
No systematic tests were nade.

5 The Vortex Sheet and Trailing Vortioes

The investigation of paras,3 and 4 nave shewn that the disturbances
at large distances behind a turbo-Jet aircraft can only be due to the
trailing vortex system Indeed, a1t is probable that at all distances
kehind the target, the trailing vortices predominate in their effect on a
tracking aircraft and this mght be expected to be equally true for a
propeller driven aircraft.

In the following paragraphs, the theoretical characteristics of the
trailing vortex sheet gnd vortices will be discussed and their effects on
a tracking aircraft cstimated, Flight measurements of the disturbances in
the wake and of the decay of these disturbances with daistance behind the
target aircraft will then be presented and compared with theory.

The characteristics and basic theory of the vortex sheet and
trailing vortices are given in many text-books, and reference should be
rade t0 these standard works for nore detailed information than is given
In the follewing outline.

5.1 MRolling-up' of the Vortex Sheet

The vortex sheet shed fromthe wing, being unstable, rapidly rolls
up into two finite vortices commonly referred to as the trailing vortices.
Theoretical and experinental investigations of this rolling-up precess
are detailed in Reference 2.

The point vhere the vortices are fully rolled-up is herd to specify
precisely as the wvorticesapproach the fully rolled-up condition
asmptotically as the distance fromthe wi ng approaches i nfinity. Hewever
it can be shown? that the distance, e, for the vortex sheet to become
essentially rolled-up is of the form

b (1)



A = aspect ratio of' wing
b = wing span
K = sone constant

where

To illustrate the order of magnitude of this quantity for a Meteer
aircraft, zt will be assuned that the Meteor has elliptic span |oading
and hence that a value for ¥ of 0.28 can be used. (Reference 2).
Substituting in equation (1) we obtain Figure 5, which Shows that the
vortex sheet becomes essentially rolled up z1 quite a short distance
behind the aircraft, Hence as far as a tracking arrcraft i S concernsd,
lxttle error will be involved byassumingthat the disturbances at all
practicable ranges are due entarely to the fully rolled-up vertices.

Experimental checks of the distance for the vortex sheet to roll up
and of the distance apart of the fully rolled-up vortices can be obtained
by using suitsbly positaoned Snoke canisters. To tests were carraied out
wth this specifically in mind but Figure 7{b} zs typical of the results
that can be obtained. The canisters mere in this case positionea one at
the wing tip to mark the centre of the vortex and the ether midwey between
the nacelle and fuselage {Fig.7(a)). The photo at 160 knots shows clearly
howr the centre of the vortex moves inboard to its stabilised position, the

smok= from the anmer camster meamdhile wrapping i tself arcund this centre.

The diffusion of tne snmoke fromthe inboard canister as very rapid. [Ihig
I's perhaps duo to the smoke becom ng m.xcd with the jet or vwith the
turbulent air zn the core of the vortex. In any event, the snoke seems to
become eventually smapped in o cylinder about the centre of the vortex
instead of remainingasasi ngl e filament. Unless particularly calm
conditions are chosen, atnospheric turbulence rapidly breaks up the snoke
pattern (para.2). This can be seen happening towards the bottomof the
phot ograph at 260knots, although conditions at the tine when this phote
wns telen were admttedly very turbul ent.

5.2 Irclination to Plight Path of Vortex Sheet and Trailing Vortices

To show the posit.on of the wake behind the target aireraft and how
this varies with flight speed, the inclination to ~he flight path of the
vortex sheet and of the fully rolled-up vortices will be calculated.

Assuming elliptic s-pan loading_._the dgwmrard velscity of the vertex
sheet immediately behind tho wing is

T

= w2
QW T D
wher e r, = circulation at mzd span.
b = span of aircraft
and w, = dowrmrard velocity
For 1evel flight
- b
¥ = p3- I T (2)
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where W = weight of airoraft
U =true air speed of a.rcraf$

- Hence the dowmward inclination of the vortex sheet immediately
behind the wing is

{1
o 188 1 -
- = radi ans 3
il o2 v 2 (3)
1
where V, = EAS «f aircraft (Knots)

The vortex sheet rapidly rolls up into two finite vortices ﬁpa:a.5.1)
and once these are formed they ispart to each other a dowmward velocity of

I
0 = 5 (&)

where ' = distance apart of fully rolled-up vortices.

If it is assumed that b'= "/, b (elliptic loading) then (4) becomes
af'ter rearrangenent

- -é;i#%? radi ans (5)

bvi_

e3lE

The inelinations given by (3) and (5) for a leteor aircraft are shown
an Fagure 6. As the vortex sheet rolls up its inclination to the flight
path decreases rapidly until the value for the fully relled-up vortices is
rcached, Thereafter the inelination below the flight path decreases only
slowly as the vortices decay.

The curves of Figure 6 together with the calcul ated distances for the
vortex sheet to roll up (Pigure 5) enable the position ofthe wake to be
derived.  For exanple, if it is assumed that the inclination of the wake
decreases linearly fromits value close behind the wing to its vae for
the fully rclled-up vortices, then at 250 knots the distance of the wake
bel ow the flight path is about 4 ft at 200 ft behind the aircraft, this
di stance thereafter increasing by about 0.6 ft for every 100ft increase
in ran?e. Thus, except at very low speeds, the centre of wake will [ie
only slightly below the flight path.

Some measurenents of the inclination of the centre of the wake to the
fIiPht path are reported in Reference 1. For speeds of 250-450 tits the
inclination at about 400 ft behind the sircraft was abeut 2°.  This is of
the same order as the theoretical values for the fully rolled-up vortices
(Figure 6). Hence we may conclude that o theoretical treatment such as given
above srill give a good guide to the position of the wake.
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5.35%rength and Theoretical Effects of Fully Rolled-up Vortices

In this section the theorstaical effects of the vortices upon a
tracking aircraft will be discussed. It will be assumed that the vortices
have just become rolled-up and have not had time to decay appreciobly.

The wvelocity pattern due to the fully rolled-up vortex pair can be
readaly derived from the gtandiard theory which, as al ready menticmed, is
resented i n most text books.  Thus if the erigin s taken midiymy betvreen
the two vortices and if y i s measured horizontally and perpendicular to
the £flight path and g verfoc-13; dowmmrds, then the deomward velocity at
any pownt on the y axis is

T
b (&)

i

l‘-__..w

Where T isS given by couation (2) ard bt = %/ . b (assuming
agean elliptie span | oadi ng) . To avoi d the infinite velecity at the

centre of each vortex, it 1o generally assumed that €ach vortex has a
"core" rotating with constanht snerigr velocity. The daemeter of this cere

13 about 0.2 B! for elliptic loading=.

The variation of  w, derived from equation (6) for a Yetcor aircraft,
I's shom wn Pigure 8 for a flight cpeed of' 248 knots EAS at 15,000 ft
altitude, The di stance dowvnstream where this vel ocity distribution would
be expected 1s 3% the point where the vortex sheet ig Just fully rolled-up,
that Is, =t about 200 Tt range (Figure 5), As the distance downstrean
inereases beyond this range, so the cores spresd and the vaortex system
decays.

Notc that the velocity @ in equation (é)igz relative to axes moving
with the vortices. The velocCity relative t0 axcs fixed 1n epace must anelude
t he velocitt?'le t0 the downward movenent cf tne vertices thensel ves
(equation y), However, for a tracki ng cirerart flyi ng continuously in the
wake, 1% 1S the velocity relative tO the moving axes that 2¢ of amportance.

The vortices yull cause both lnngitudinal and | ateral disturbances to
a tracking sirveraft and we will now nroceed to exsmine each of these effecis
separately.

5.3.1 Longatudinal EfTcets ou a Tracking pircrafi

The Jorngitudinal trim chanze as an aircraft traverses slowy through
the wake fromtop to bottomags difficult to define and cal culate, but the
following will indicate tne general order of magnitude of the disturbance,

The longrtudinal change of trimwill clearly be a maxwmum When the
sircraft 1S at the centre Of the vortex pattern. gs the velocity
distribution here will be of the type shown in Figure 8, it iS apparent
that the trim change will bec rafluenced by three main facters:

1. The dowrward vel ocity betireen tne o vortices will reduce the
1ift on the tallplane and hencc produce a nose-up moment ON the
alrcraft,

2. The dgwrmmrd vel ocity will also reduce the leading over the root

cf the g and henpe reduce the dommmabh at the tail. This will
ceuse 3 nose-dovn moment,
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3, In order 10 mantaan equilibriumof [ift = weight, the incidence
of “the vhole alrcraft Will have to be inercased. The ef fect of
thus i n reducingt he change of incidence at the tz11 caused by
(1) will become Of greater importance asS the span Oof the tracking
eircraft IS decreased, so that nore of the wing i s immersed in
the downward velocity field between the two vortices.

Consider now a Meteor sircraft beang tracked by a Vanpire, both
aircrars flying at the same speed of 248 knots and at 15,000 ft alvivude.
Figure 8 shows that the mean downward velocity over the tarlplane of zhe
Vamnire, When it is gt the centre of the wake, wall be shout 14 £t/sec.
The down clovator requircd {0 balance out she increased [ift on the

&
tailplane will be .2.1.13’. 1-’5 which gives a value o about 24°, The

2k
stick force corresponding to this will be about 51b. This elevator
angle to trimwill however be reduced by probably sbout half by the
second of the factors nentioned ghove, Further, as a large proportion of
thewingOf the Vermire will beimmsrsedi n the downward velocity field
between the trio vortices, the change in attitude required to maintain
lift = weight will be large and will again considerably reduce the el evator
angle to trim

The |ongitudinal change of trimywould vhus be expected to be small.
Pilovs? opinions fromflight tests using letcor and Vampire airecraft
eonfirmed that this was the case. The lateral disturbances were in all
cages Stated to be the nost severe and difficult to control.

5.3,2 Laveral Effects on a Tracking Aircrafh

The way 1n Which the lateral disvurbance varies as the tracking
aircraft noves across the wake fromone side to the other can best be
illuscrated by reference to Figure 8.  4as the tracking aircraft moves in
from the right so the port wing will become affected by the upward velocity.
This will imgosc @ rolling MONENt on the aircraft tenting to roll it to the
right.  As the aireraft moves firsher 1nto t he certre of the wake, so the
rolling MONENt wiil increase to a mexcimum end then decrease as the port wang
bucomes affecved Dy the downward velocity betwcen the two vortices. As
more and more Of the pors Wi ng becomes | Mersed in this downward velocaty
and the starboard wing bocomes influcnccd by the upward velocity, the
rolling mement will chamge t0 one producing a roll to tie loft. This will
probably roach a maxi mum vglue when the aircraft cenvre~line is at or near
the cenvee Of the right hand wvortex. Movemcnt Of the aireraft further into
tho cengre of the wake will cause this rolling monment to decrease untal at
beconcs zero whon the alrcraft centre-line 1s at the centre of the vortex
pattern.  The reverse seguence will apply as the aircraft then moves out of
the wake to the left,

Let us now try to estimte the magnisuac of these rolling moments
and the zileron angles roquired to trim

If Lis the rolling monent inposed by the vortex pattern at any
pexticular instant, then the ailcron angle, £, required to trim is given

by

L= £ & 5pU28h .
Now & = 8p . .E.b_
~ 2UE,
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Hence L=6P-~2%£-£-%9U §b. (7)

- If we assume that the rolling noment, L, and the danping ir rall
derivative,, ap, obey the sane |aw of variation with Mach number then at

any Mach mmber, M we can wite (7)as

(L)g = cepﬁmzo(%%)ﬂ i tpUsyp. (8)

Hence We can obtain the aileron angle to trimby estimating the icw
speed values of L and £ and by substituting themin equation (8),

together with the val ue Gf(Pb/QUg)V[ obtained from flight tests at the

appropriate Mach nunber and EAS.

Both L and 6P have been estimated here bysinple strip theory
assumng that the increase in lacal CL at any point along the gpan is equal

to (the change an incidence at that position) x (the section lift curve
slope). A cheek on the accuracy of this strip nethod was obtained using
the nore exact theory of Reference 4. The gifference was, however, found
to be insufficient to warrant the age of this more conplicated nethod.

The particul ar case of a Vampire 5 aircraft tracking a Meteor will
now be considered. Both aircraft will be assuned to be flying at 24.8 knets
and at 15,000ft altitude. The velocity distribution in the wake of the
Meteer at fairly close range has been estimated in para.5.3,and is given
in Figure 8. Using this wvelocity distribution, the rolling noment inposed
on the Vampire when it is at any speeafasd distance from the centre of the
wake has been calcul ated, and the aileron angle to trimderived in %the
manner outlined above. Figure 9 shows the variation in this aileron angle
to trim as the Vampire traverses across t he wake. It ig seen that the
initial roll to the right as the aireraft traverses in from the right is
relatively small conpared +sith the ensuing roll to the left caused by
the port wing becom ng imersed in the dovmward velocity field between the
fwo vortices. The maxinum aileron angle to trim amounts to - (or about
0.8 of the total aileron travel) and occurs when the centre-line of the
V%npire is 41 ft fromthe centre of the wake. This rapidly changes to
g~ In the other direction as the aircraft traverses further across the
wake, the distance between the two peak val ues being only 22 ft. The large
magni tude of this trim change coupl ed with the rapid change-over from
maXimum ene way {0 maximum the other, accounts to a |arge extent for the
difficulty of controlling a tracking aircraft in the wake of another
aircraft.

To indicate how the aileron angle to trimin the wake varies with the

flight speed let us assume that the core dianmeter and distance apart of
the vortices are unaffected by speed, altitude or Mach nunmber. The verti cal

velocity w, at any point in the wake will thus be proporticnal 'cc r,

(equation (6)) and hence to -g?-ﬁ (equation (2)). It therefore follows that
the rolling moment L induced on the tracking aircraft till be independent

of speed and altitude, since L i S propartional toO —%° . 3 P o* .

- 1% =



Hence the aileron angle to trimwll vary as -—-1--2- . —éz— (Bqn.7) or as

1
A

1 1 . : o
=% + o uhere \Ii is the flight gAs. The lateral control difficulties

i SUE

would therefore be expected to become nore serious as speed i s reduced.

For the particular example considered above, the aileron control of the
Vanpire will be insufficient to tram out the lateral disturbances for
speeds less t han about 226knots HAS. We see then that the rolling monments
amposed on a tracking aircraft flying in the wake can be large and that at

low speed it ispossible to have insufficient aileron control available to
counter the severe lateral disturbances. [t should be borne in mnd that

the sbove calculations apply +» ranges of the order of 200 ft. As the

di stance behind the target aireraft ncreases and the trailing vortices
decay so the disturbances will decrease and the anount of aileron control
required be reduced accordingly.

5.4 RRate of Docay of Trailing Vortices

From what has been said above it 1s clear that the imperitant
characteristic governing the severity of the disturbances in the wake at
noderate distances fromthe target is the rate of aecay of the trailing
vortices.  ™e will now proceed to describe attenpts to measure the rate
of decay in flight, as there appears to be Jittle information available

on the subject.

As the rotational velocity in the wake is small conpared with the
flight speed, it wag found difficuit to devise a technique which would
enabl e the quantity neasured to be large in conparison with possible
experinental errors. In the end two nethods were tried.

The first of these wss an attenpt to measure the actual rotational
velocity in the wake by using snoke canisters suitably positioned on the
target aircraft (e.g. Figure 7)., Unfortunately the snoke wag found to
diffuse too rapidly making this nethod unsuitable for exploring the wake
at large d:8tances downstream It was therefore not pursued further, but
as the technique could be used to give ainformatien of value on the manner
of the roliing-up of the wvortzx sheet behind the wing it has been briefly
described 1n pera.5.4rather than an this section.

In the second method the difficulty of measuring directly the velocity
pettern due to the vortices wag avoi ded, an attenpt being made instead to
rneasure the maxamum aileron angle to trimas aaaircraft traversed the wake
at various distances downstream, Using an argunent roughly the converse of
that developed in para.5.3.2, 1t was then possable to work back fromthe
nmeasur ed maxiumm alleron angles and obtain the rate of gpread of the vortex
core.  This second method proved guite successful and it is therefore
di scussed in nore detail.

5.4,1 Variation in FPaximum Aileron Angle to Trim with Distance
behi nd Target Aircraft

A Vampire 5aircraft was instrunented to measure port aileron angle,
aileron stick force, and normal acceleration on a desynn type continuous
trace recovder, A 16mm G.3.A.P. camera Was fitted in the nose of the
aircraft to nmeasure range. A typical record obtained as the Vanpire
traversed fromright to left across the centre of the wake 13 shown in
Figure 10. Comparing this wath the theoretical curve of Figure 9, 1t i
seen that the gencral shapes of the aileron angle to trimcurves are
simlar except that the small peak predicted at about 35ft fromthe

w 4l



centre of the wake does not occur so markedly on the flight record. The
flight tests showed that although the pilot could control the aircraft to
just beyond the first maximum aileron angle reached, the changeover from
maxi mum ail eron angle one way t0 maximm the other was so rapid that he
had difficulty in keeping the axrrcraft under control. The record shown
in Figure 10 i's perhaps one of the better ones, as in general the flight
record of the variation in aileron angle beyond the first peak does not
agree well with the theoretical variation. It was felt however that some
reliance could be placed in the first peak value of aileron angle obtained
in this way. A series of tests were accordingly carried out to nmeasure
the variation of this peak aileron angle with range, speed and altitude.
To enable the pilot to "see" the wake, snoke was used at low altitude and
vepour trails at high altitude (pera.2).

Only a proportion of the flight records obtained could be used as the
pilot found it difficult to traverse always through the centre of the wake.
Also, as pilots egtimates of range were found to be considerably in error
(no gun sight was fitted), only those records where the range cculd be
derived from the G S. A P. camera filmwere used, The difficulty of
tracking through the centre of the swsmke and cf estimating range fromthe
GS AP filmincreased as range increased. This accounts to some extent
for the few points obtained at |arge range. Tawse recexds where the pil ot
reported that he had allowed a wing to drop before the maximum aileron

angle was reached were al so ignored

The results obtained arc shown in Figure 11. In these the maximm
port aileron angle to trimas measured fromthe records has been
corrected to a mean angle using ground neasurenents of the aileron
differential novement.  Ho correction has been made for variation in
weight of the target aircraft. It is seen fromFigure 44that the
vortices persist for a considerable tinme and have decayed only to about
half their initial strength by 8000 £t behind the target aircraft. For
the two speeds at 30,000-35,000 £% altitude, the disturbances close behind
the aircraft were so strong that although maximum stick travel was used,

the wings could still not be kept level. Theoretical values for the
maximzn aileron angle to txram as derived by the nethod of psra.5.3.2 are
al so shown plotted. It has been assumed that these theoretical values

apply at the point where the vortices are just fully rolled-up. The
agreement between theory and experiment 1g quite encouraging.

It should be noted that with the limated number of points obtained
at the larger ranges there is no real guarantee that the maximum val ues
of aileron angle to trim have been reached. A consi derabl e nunber of
poi nts at eaoh range woul d be necessary to enable curves to be drawn
writh confidence. however, it is felt that sufficient has been done here
to establish beyond doubt the general orderofthe rate of decay of the
strength of the trailing vortices.

Probably the mpjor difficulty encountered in these tests wag in
determning range With a camera. Thus at ranges greater than say
5000 ££ it was difficult to see the target aircraft distinctly or the
f11m because of haze snd the general lack of definition of a 16 nmfilm
Further vhen vapouwr trails were used it was necessary for the tracking
aircraft to clinb several hundred feet above the wake to photograph the
target. Radar ranging equi pnent would be a satisfactory solution to
t hesediffioulties. The snoke producing system used for visualization
of the weke at low altitudes waz also not entirely satisfactory, the
difficulties encountered having been nentioned alveady in para.2. A
smoke system USing eressyliec acid would probably give much impreved
results,
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Tt was because of the above difficulties that the programme was
limited to those tests necessary to prove that the technique was a workabl e
one and to give sone general guide to the rase of decay of the trailing

vortices

5.5 Ceneral Discussion

It has been denonstrated here, both by theory and by flight tests,
that the rolling nonents amposed by the trailing vortices are the nost
serious of the disturbances felt by an aircraft flying in the wake of
another aircraft. It has also beenshown that at low Speeds these rolling
monment s becone of such magnitude that ain general insufficient aileron power
2g available to counteract them Further, as the rolling noment changes
sign fromits maximum in one direction to itS maximum in the other in a
very short distance laterally across the wake, control of the tracking air-
craft wll be very difficult. In fact, unless the wake is traversed slowy
and by a pilot who knows what disturbances to expect, the aircraft will in
meny | nstances be thrown out of control. This 1s no doubt the reason
underlying many of the accidents that have occurred to aircraft flying
inadvertently into the wakes of other aircraft.

An estimate of the maxi num disturbance |ikely to be encountered close
behind the target aircraft can be obtained by using the nethod of para.
He3s2in congunction with the core diameter of Q,2b! assumed there. As the
actual magnitude of the disturbances depend fundanental |y upon the type of
aircraft in question, let us consider, briefly by the general nethods of
dimensional analysis the effects of the various parameters, speed, altitude
size of aircraft, etc.

It has already been ghown inN para.5.3.2 that for both target and
tracking aircraft flying at the same Speed, the aileron angle to trimin

. . 1 e . .
the wake i S proportionalto V? E%% ] Hence the control difficulties wll
i

increase rapidly as the speed is reduced, or as the rolling power of the
a1lerons decreases. The nost severe disturbances would be expected

(1) at low equival ent airspeeds
or (2) at transonic speeds where g%z may become smal

or (3) at speeds near the aileron reversal speed.

To show the effect of the size of the tracking aircraft on the maxi num
aileron angle to traum Figure 12 has been prepared by scaling the Vanpire
planform used for the previous cal cul ations. The speed and altitude are
again 24.8 knots EaS and 1500ft respectively. The effect on the -tracking
aircraft is seen o be nost severe when 1ts span 1s about z that of the
target.  Thus a fighter of 40 ft span atbacking a bonber of 160 fi span
would, other things being equal, expectto encounter more severe dastuimr
bences than would a large aircraft flying in the wake of a smaller aircraft.
On the other hand, a guided mssile attacking a large aircraft woul d probably
encounter relatively small disturbances as its span 18 usually very snall
relative to that of the target. It should be noted that the curve of
Figure 12 applies only to the particular core diameter assuned for Figure 8.
As the vortices decay and the core diameter increases so the value of the
ratio span of tracking aircraft/span of target mrcraft for mawimum dishirbare
wallincrease, although of course the overall |evel of the disturbances
will be less.

- 16 -



The disturbance in the wake will also clearly be proportional to the
spen loading (W) of the farget airorart,

It has been assumed in the above discussion that the speed of the
tracking aircraft is the same as that of the target aircraft. If, however,
the tracking aircraft flies an the waks at a speed which is different from
that of the target, then the aileron angle to trimcan easily be shown to be
proportional to

1

“oh \!
1
LA sz’g)

whore the dashed quantities refer to the tracking aircraft. Thus, for a
given target airoraft speed, v,, the lateral disturbance to a tracking

aircraft will be greatest when its speed is |ow

To summarise, it appears that. a small slowaircraft flying in the wake
of a large heavily |oaded aircraft f%ﬁlﬂ at |ow speed will encounter
exceptional ly severe disturbances. e %isturbances encountered by a mssile
attacking an aircraft will depend to a large extent upon the relative sizes of
the aircraft and mssile, and in many circunstances may be small espeoially as
the closing speeds are usually high.

6 Reecommendations for Further Work

It is felt that sufficient work has been carried out here to show that
the major disturbances in the wake at all ranges are due to the trailing
vortices.  The main problem now outstanding is the determnation of the laws
governing the rate of decay of these vortices. Wth these |aws established
it would then be possible to predict the disturbances likely to be encountered
by an aircraft or mssile flying in the wake of any other airaraft.

It is considered that the first step should be the establishment of an
adequate theory for the decay of a pair of trailing vortices, backed in the
first instance by laboratory experinments. Further flight experinents woul d
then be required to check the validity of this theory under tlight ocunditions
and to deternine the values of the empirical constants.

~ The experinmental technique using the values of maximm aileron angle to
trimcan, it is thought, be used successfully for any further flight experi-
ments.  To enable these neasurenents to be related to the velocity distributions
due to the vortices, accurate measurenent of the aileron Rower of the tracking
aircraft and of the distance apart of the wvortices will be required. This
latter can be acconplished by the snoke technique nentioned in para5.1

7 Conclusions

1. Measurements Show that, for a Meteor f£lying Within the speed range
175-350 knots at 10,000 £+ altitude, the get velocity has fallen to a
negligibly low value by about 200-300 £t behind the jet exit.

2. The jet velocity would be expected to persist |ongest at |ow
altitude, at low forward speeds, and at high engine r.p.ms The conditions
favouring a long persistence of the jet mght thus be expected at take-off.

3. The major disturbances at all distances behind an aircraft are due to

the trailing vortices and these decay only slowy. Tests using a Vampire
aircraft flying in the wake of a ifeteor show that the strength of these

--‘]7-.



vortices has fallen to only about half 1ts initial value by 8000 ft behind
the aircraft. Athough insufficient experinental work has been carried out
here to draw any general conclusions on the decay of the trailing vortices
it is felt that a satisfactory flight technique has been established for

further tests

Lo  Theory and flight experience show that the rolling nonents
i nposed on a tracking aircraft by the vortices constitute the nost severe
disturbance due to the wake, and that under some conditions the rolling
mments so inposed. cannot be controlled oven with full aileron applied.

- 5. Theory indicates that the effect of the trailing vortices on an
aircraft or missale flying in the wake at a given range increases as

(a) the speed of the tfarget decreases

(b) the gpan loading of the target increases

(c) the speed of the tracking aircraft relative to the target
aircraft  decreases

(a) the span of the tracking aircraft relative to the target decreases.
The ratio of span of tracking aircraft to span of target to g-ve
maxi mim gaisturbance Wl |l depend | argely upon the vortex core
dianeter at the particular range an question

(e) the aileron effectiveness of the tracking aircraft decreases.

Thus a small sl ow aireraft flying in the wake of a large heavily
| oaded aircraft flying at |ow speed woul d be expected to encounter
exceptional |y severe disturbances. The disturbances encountered by a
mssile attacking an aircraft will depend |argely upon the relative sizes
of the aircraft and mssile, bat in many circunmstances my be small
especially as the closing speeds are usually high and the mssile wing

span small.
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wei ght of aircraft (ibs)
aircraft span (ft)
aspeet ratio of ring
wing area (sq £t)
distance apart of trailing vortices (ft)
distance for vortex sheet to roll wp fully (£1)
EAS Of oircraft (knots)
T48 of aircraft (ft/sce)
air density (slugs)
air density at sea level (slugs)
lift coefficient = “ft po? g
circulation around centre section cf wng

downward vcilocity of vortex sheet immcdiately behind wing
(ft/sec

dowmpard velocity at any point due to the fully roiledup
vortices (ft/sec)

diffcrence between j et vel ocity (EaS) and aircraft EAS
(knot s)

mean aileron angl e {dcgrees)
rate of roll {degrees/scc)

rate 0f change of rolling moment coefficient with atleron

angle = Lt pv¥s e

rate Of change of rolling moment coefficient with relling
velocity = L/% p eb %

¥ach nunber
d

cL/da for tailplane
d'CL/dn for tailplane

elevator angle (degrees)
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TABLE 1

Aircraft Data

Meteor 4 EE 522

Wing span LYARER
Wing area rh0sq %
Aspect ratio 3,98
Tapes ratio 2.2 ;1
Wing section EC 1240/0640r1 0ot

EC 0940/0640 tip
Wing setting to fusel age datum 1.0°
Aerodynam ¢ nean chard 116.6 ins.
Fuel capacity 325 gals
Pog oi | capacity (for snoke) 120 gals
All-up weight 163201 b
C.G position with full fuel,

rilot but no fog Oil 2.4 ins aft of datum
-] =

¥t.2078. 0. P.282.k3 - Printed in Great Britain
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