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SUMMARY

A study has been made of the lif't-drag characteristics of 19 jet air-
eraft which have mimimum comfortable approach airspeeds that are fairly well
established, On about half these aircraft, drag effects, which determine
speed stebility, were stated to limit the approach airspeeds, though there
was naturally some lack of unenimity as to the level of the effect which
could e classed as tolerable, Timiting values of speed stabality are
proposed for the three types of landing approach used for carrier, airfield
and ingtrument lamdings, The speeds corresponding to these stebility levels
are in fair agreement with those aciually used, even for those aircraft whose
approach speeds were not praimarily limited by drag effects, Tt 18 considered
that drag effects must be taken into account in estimating approsch airspeeds,
and that this process materially improves the prediction of approach speeds
for the latest types of aircraft,

Turther data should be collected and analysed in order to confirm or
modify the form or level of the proposed limits,
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1 INTRCDUCTION

Tt has been appreciated for some time that among the many factors which
influence the pilot in his choice of epproach airspeed, the problem of
controlling speed and rate of descent can play a significant part, In common
with most of these other factors, speed and altitude control deteriorate as
speed is reduced, and ray in some cases become the main reason for not will-
ingly reducing the approach speed still further, When this is the case, 1t
should be possible, from a study of the aerodynamic parameters governing the
speed and altitude control problem, to assign limiting values to these para-
meters such that the limiting approach speed of a new aircralt might be
predicted,  This procedure has, so far, met with scant success, because the
speed and height control problem i1s only one of several, any one of wnich
might override it and demand a higher speed for accepiable asafety on the
approach, Among the more important of these contending factors are the risk
of an inadvertent stall, due %o a gust or while manoceuvring, the danger of
loss of stability about any of the three axes, the restriction of visibilaty
from the coekpit at high incidence, or deterioration in control response
generally,

Predzction of approach airspeed must take account of all these factors,
and seversl others and we cannot hope to produce a simple rule based on only
one aspect of the approach problem,

Nevertheless, deterioration of speed and altitude ~ontrol is given as
the main reason for maintaining & chosen minimum a2irspeed in more cases than
cne would expect, considering the variety of other reasons that might be
given, and 1t has therefore besen thought worthwhile to examine this control
problem, on a number of aircraft for which the relevant aerodynamic data is
availeable, in a further attempt to define a minimm acceptable standard,

2 FFRINTTIONS

The minimum comfortable approach speed is defined as that airspeed below
which the pilot will not, from choice, allow the aircraft to decelerate during
the approach, up to the point where he reduces thrust and starts the flare-out,
It can, therefore, be the speed which he tries to maintain throughout the
whole approach, from the completion of the turn off the crosswind leg, or it
can be the speed down to which he allows the aircraft to decelerate as 1t
crosses the threshold of the landing area, In either case, 1t is known as
the speed "over the hedge", as dastinct from a possibly higher speed at the
start of the approach.

Two distinct types of approach path must be recognised, The first is
the so-called "carrier type" approach, rade from a fairly taght, low alt:tude
eircuit as used by the Navy, The final straight descent path 18 joined at an
altrtude of 2-400 feet, so that steady conditrons on the final approach are
held for less than one minute, possibly for as laittle as 30 seconds.,  Thas
relatively short time i1s sipgnificant,

The instrument approach, however, starts at an altatude of between 1000
and 2000 feet, and thus lasts of the order of 5 times as long as the first,
Consequently, the pilot, while having riore time to establish the desired
steady conditions, is more conscious of extraneous effects which fend to
disturb those conditions, Generslly, therefore, a higher approach speed will
be chosen for this type of approach, if, as is usual, a steady speed is to be
malntained,

It is a characteristic of this second type of approach that the pilot is
atterpting to follow a prescribed glide path and 1% is under just these condi-
tions that speed and altitude control problems are most acute, The same is
true of the now-standard Naval approach for carrierl andings, using the mirror
landang aid, though the time involved is much shorter,
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Normal airfield landings are made along much less precisely delined
paths, and in the 1imit the speed control problem can disappear if no attempd
is made to follow a fixed path, or to aim for a fixzed touch-down poini, i.e,
if there is no altitude control problem,

Generally, however, some attempt is made to follow a set path, ani to
touch~down somewhere near the down-wind end of the runway, and the closer fhis
control of altitude becomes, the more aware will the pilot be of any deficiency
1in speed control,

It is therefore clear that a pilot's opinion of a minimen approach air-
speed 1s difficult to interpret unless it is known what type of path he was
atterpting to follow,

A further dafficulty arises from the inevitable divergence of opinion as
to what constatutes a minimun cormforiable speed for a particular type of
approach, Pilots may well agree on the speed whach they normally use as a
safe minimum on a particular aircraft, but there 1s a lack of information on
how far this speed could be reduced 1f the need arose, wiile keeping the
standard of control of speed and altitude above an agreed minimum,  The
difficulty is, of course, tc define this minimum standard of control.

3 SOME THEORETICAL RELATTOLISHIPS

A comprehensive survey by NEumark1 has established the criteria which
define the regimes in which flight "under restraint" is stable or unstable,
By "restraint" we mean the suppression, by the pilot using his elevator, of
altitude dasturbances, either relative to a horizontal or, more generally, to
any rectilinear path, Stability therefore refers to the behaviour of the
airspeed, following some initial disturbance, rather than to the more usual
longitudinal mode,

The stability criterion, or condition Jor subsidence of the distur-
bance is given as

oo ﬁoL. ch/ch>O o
D AS 14 QD/é

where C,. ard qD are respectively the 1ift and drag coeffacients, a is the

pul
lift-curve slope dchﬁia, and CAS 15 lhe equivalent drag coefTicient of the
propulsion syster, C,~ thus depends on speed and throttle position, and 1s

AS
defined as

1 ar
r =~ T e 3o (2)

T beirg the thrust, q the dynamic pressure, and S the wing area,

The 1if't coefficient at which the left-hand-szide of the inequality (1)
becomes zero defines the sarspeed below which, 1f the pilot tries to maintain
a steady straight path, without varying the engine thrust, any disturbance
in speed will be davergent, The tire constant of the davergence (or of the
sunsidence, 1f the speed is above the critical) is inversely proportional to
the left-hand-side of this incquality,

The inequality may Justafiably be simplified in most cases (except near
to, or at the stall) by ignoring the term QD/A in the denominator, Ve can
comhbine CAS with the total drag coefficient when the thrust varies saimply as

2 .
V7, or is constant.
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If CD/é 18 neglaigible, the inequality can be written

.+ C dac
A3 D (3)

since G is always positive, The time constant, T, of the subsidence or

L
GD + OA” dQD
T = V 2g ( CL = - dcl) (J‘{')

divergence 1s given by
e can define the minimum drag speed as that at a 11ft coefficient which
satisfies the equation

O, 4%,

2.2 2 0 (5)
CL dGL
while the speed for minumum glide angle with power on is gaven by
GD + GAS dOD
o~ ~a = ° (6)
L L

which daffers from the minimm drag speed unless C,, i1s zero, i.e, the thrust

A3
ig constant,

The minamum rate of descent at a fixed throttle setting occurs at a
speed which is lower than that for miniimmen drag, and whaich is given by

Bt Y% /S oo 7
C,, “ch T ENG, W

where %-is the corresponding thrust/weight ratio,

The various expressions defining the speeds for minimum drag, minimum
glide angle and minimum rate of descent, as well as that for the time constant
of the divergence or subsidence of a disturbance in speed, all contain the

function
("C-P--E-"(LDJ
CL dc

where Cp contains the term C,,. It 18 however, mainly because this function

determines the time constant of the decay or davergence of a speed error that
it 1s believed to be of importance in determining the standard of control of
speed which the pilot considers to be tolerable,

L DATA AVATTARLR

Flipght measurements of 1if't and drag in the Jandang confaiguration have
been collected and analysed for 19 dafferent aircralt, Relevant details of
these aircraft are given in Table 1,
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The 1ift and drag data are presented in two forms, In Pigs,1, 2 and

3 the variation of CD/GL is shown as a function of asarspeed, GD/CL is, to

a farst approximation, equal to the thrust/weight ratio required to maintain
level flight. The thrust/weight ratio needed for an approach at a glide
anpgle vy will be less Llhan this by a constant amount equal to the glide angle
in radians,

Tn Piga, k4, 5 ard 6 the apparently - critical parameter (CD/CL - dGD/aCL)

is plotted againsi airspeed, It is related to the variation of thrust
required for level flight ($RL) by the egquation

& % v 4Ty

6 C®, T WA (8)

In this analysis, all the aircralt are jet-propelled, and Cys will
usually be negligibly small in comparison with C.., CAS need not henceforth
appear as a separate coefficient, and will be absorbed into QD' This assumes

that the thrust is either constant, or varies linearly with V2,

On each curve the minimum cowrfortable approach speed 1s marked, where
possible, both for a normal airfield approach and for either a carrier type
approach or an instrument approach. It 28 obviously not possible to be
dogmatic about these speeds, since only in a few cases has a sysiemalic series
of teasts been made, awimed at reducing the approach speed to the minimum. Only
in those cases can one expect different pilots to agree as to this minimum to
nearer thar, say, 5 knots, Yhere speeds are gquoted more precisely than this,
they have been cbtained either as mean measured values from landings made by a
nurber of pilots (carrier landings in pariicular) or as minima established by
systematic test, Other figures ray be termed "generally accepbed vaiues",

These results are summarised in Table 4 accordang to the type of
approach to which they refer, This table also lisits the speed correspordirg
to the maximum available 1ift coeflicient a and the minimum drag speed,

Lmax

VMD' The former speed is quoted without refercnce to controllability at

this speed, 1.e, it may well be lower than the lowest speed for steady con-

trolled flight, The latter speed, V&E), is the speed at which the curves of

Pigs.k, 5 ard 6 intersect the speed axis, i.e, the speed at which
(GD/CL - dGD/HCL) becomes zero, The ratio of the approach speeds to Vg

L
max

and to VMD

are also given,

The data in Table 1 are split into three groups, which correspond to
the graphical data in Fags.t and 4, 2 and 5, and 3 and € respectavely, In
the first group (Migs,1 ard L) are those aircralt whose approach speeds are
stated to be limited prurarily by dafficulties of control of speed and
height, 1.,e, by drag effects, The second and third groups comprise those
whose speeds arc limited for other rcasoms, as indicated in Table 1, the
third sroup being dastinguished only because these aarcraft were fatted
with some form of bourdary layer or circulation control to increase 1ift,

On each curve of Figs,4, 5 and 6, tle speed corresponding to the maxi-
mun availsble 11Tt coefficaent is indicated,
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5 DISCISSION

5,1 pvuggested criterion Por lusd ting appcosch gpesds

Frg,l swmmazvises the avazlable data on the aircraft which extabhat the
phenomenon wiyler investipatina, and 16 18 hvrﬁ that we slhould expsct o sce
some saignificant trend in the value of (2. I - agD/hGL) at the chosen

approach speeds,

It is immedzately cobvious, howerer, that there 13 a lack ol wnanimity of
oplnicn as te what de roe of gpecd sitability defines a "murormar confortable”
spced aad cne is Corced to the urual evcuse thoh mmich more Ladormation is
needed before any rually sound conclusions can pe dyewn,

However, we can Gouble the amount of data avarlable if we inclwde that
for airers’t on which the pilots daa not specifically crnplain of dafficulty
due to heaght and upe=d coatrol, T.is additzoral 1aformation will, at leact,
show what degree of inslability (in thus scuse) can be tolerated by'some pllOtS
when other problems zre prosent. b g, 7 therefore 1s a U”bCln of all the data,
and shows the values of (GU/CL /HGL) zt tho cuoscn appreach speeds,

Dirferent diagrars rafer to the three classcs of landing approach - carrier,
airfield and insiruent types,

There 13 slill covsiderabhle scatter in the walaes of the stabilaty
parameter (Cr/bL - dc /ﬁu ) actualiy used, and cven the general trsal is not

clearly indicatcd, There 18 no point in quoting mean values of the parameter
for the three typus of approach sinoe roughly halfl the aircralt would be
epproaching with worse stability tnan thal correspouding to toc mcan, It is,
of course, limiting valucs tluat we requare,
2

An earlier otuldy of the _roblem , based on oreczf1c tesis on a lew air-
craft making carrier-type appioaches, sucgestsd thab since the time constant
of the divergerce or subsiderce s prodortional to speed (equatzon L), the
prlot Wouid'be aware of the rate at which a suted orror grows or daminisies in
terms of dastance bravelled, Using eqeuation 4, the varzation of speed wath
time, t, and distance, o, ray be wribien, for small veriations,

_ "Ep e w/” C ao
e /T u, © (%)

where the varisble spoed V = VA + U, “\I\t 18 the triuoned speed and u, 18 the

initial ervor ifromr the trimmed speed,

Thiz early work produced tne tentative conclusion that for carrvier
lendings, the gquartity

al 1 =]
e GL AG
ought nnt to excsed 40,003 sq £t/1b. Tais criterzon has Since heen interpreted

vy Neumark as menning shet the mincawn corforteble specd (for a carricr-type
approach} is such thst any anwetial srall speed crror would be deubled after the
zarcraft nas roved 1000 yards, Ve are thus concernzd with very slow rates of
davergence, yot there was roal difiaculty ia kecping the aircraf't on the glade
path at speeds below thas lamet.
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This crateraon 1s shown graphically on the diagram for carrier
approaches in Fig,7, by plotting the resulting variations of (QD/CL - dCD/dCL)

with speed, In 1ts present form, however, the criterion is not dimension-
less, and it has been suggested by I\Ieurm«n:'kzF that it can be made non-~dirensional

by multiplying it by the ambient pressure, p, so that, denoting the criterion
by ¥, we have

ide. y

U (Eb_ - E_CE\ (10)
v O, 4G

W@e?e.y = 1e4 18 the adiabatic constant, and M is the Mach number, The
}1m1t1ng value of F for carrier-type approaches is then approximately 6, which
is, incidentally a more convenient numerical value,

The variation of speed error with distance travelled may then be written

gps ¥/ (11)

1 = 11 [+
o

or, with numerical values appropriate to standard sea-level conditions,

34616 x 1077 T
Q

In Table 1, values of P for the indavadusl aircraft are recorded, and
these are plotted in Fig,d against speed, which is now expressed as the ratio
VA/VC . This diagram shows that the addational date now available does

Lmax

not Justify any change an the value of I for carrier approaches, and a
limiting laine is drawn at T = 6, In spite of the considerable scatter, one
may tentatively suggest corresponding limating values of F = 2 for airfield
approaches and F = -2 for insirument approaches, These additional proposed
limaiting values are also shown on the remaining two diagrams in IMig,7, and
all appear on the basic diagrams in Pigs.h, 5 amd 6,

On FPig.8, the symbols referring to aircraft whose approach sgpeeds were
stated to be lamited by drag effects are dastinguishable from those limated
by other factors. It is apparent that this former group of aircraft do not
exhibit markedly worsc speed stabality characteristics than the othcrs, In
8ll cases, this standard of specd stability was considered by the pilots to
be tolerablc, whether or not 1t was the lamiting factor, and onc 1s therefore
Justafied in grouping all the data togsther in arrivang at these limits,

The simple interpretation of thesc new lirits 1s similar to that
suggested for the carrier approach case, namely, that for cirfield approaches,
a small initial spced crror can double itself in 3000 yards, while on an
instrument approach stability is satasfactory if a speed error deccays to half
its anitial value in 3000 yards,



5.2  Eifccet of tyvpe of landine awproach on approach sveed used

It may perhaps be inlerrcd from tne above that an airfisld approach
mist he made at a speed higher than taotb which avossers accepoable on a carrier,
This, of course, 1s oot the case, Rather 1s 1t that the naval pilot 1o under
wuch greater pressuce to bring his speed dowa to the absolute manimam than 1s
the case when an airfield approach 1s beinyg wade, Thas, plus the fact that
his approach 1s probably a shorter one than is usual ashorce, makes 1t possible
For him to be more tolerant of this form ol instability. The noval pilod
would, of coursc, welcome an improvement i1n speed stabilaly as much asg anyone,
but the benefit has to be wergned apaiust the severe penalty of the hagher
approach speaed invelved, Conversely, Lhe shore-based pilot, of eygual skill,
would be able to cope with a lower standard of speed stabilitly than appears
to be usual, but bie advantages of the lower esyroach speed (a shorter landing
distance, For cxample) are saldom sulficiently imporiant to moke the exchange
worthwhale,

On an instrument approach, lhowever, the pilet 1s very much pre-occupied
with the manoceuvring ol the sarcralt in three dzmeasions, and any tendency
for airspced to wander 1s a distraction which he will wish to avoeid, Posa-
tive stabiluty of airspoed 1s a r.asonable requairemenrt in such 2 case, and
hag alrsady been posbulatew, in a daffercent form, by'PrescoitE. In this
altecrnative form, the approach sgecd shovid be such that the change in piich
attitude per unit cnanze in glide angle does not cxceed +2,7, This ratio, n,
may be written, with a = dGL/doc,

n o= dA0fdy = 1 + L (12)

% ) J.CD)
CL dCI

from which 1t is seen that n incrcascs as the speed is reduced towards the

minimam drag speed, and 1s 1anfinite at VﬁD'

The two criteria are releted, accordins to equalions {10) and (42), so
that

n = 1-2 OL/ay o, (13)

The specds ot whuch n and P have their preposcd limdting values of 2,7
and -2,0, respectively, for instrament approaches are compared in the follow-
ing table for airerat't J, I and G, for waich actual instrument spproach gpseds
are also available,

R - Speed for no= 2,7, Speed for B = -2,0, Actual speed,
Alrorach Knots knoss nots
J 13 103 15
H 155 158 145
0 132 119 130

Prescott's criterion gives cxcellent agrecent with fact on aireraft O,
upon warch arreraft the craiterion was mainly based, For the others, there
is laittle to cheose bowween the tvo methods, orall, Trescoct's criterion
produces opceds wiicea everage 10 knols hicher than those actually used on
the above three surcraft, wnile tas proscnt reshod produccs speeds which
average about 3 knots loscr than practice, The scattoer is shout the same
with the two metlods, so far as this can be gudged from three results.
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5.3 Comparison between actual and Jimaiing approsch specds

In making these comparisons, 11 must be emphasised at the start that
the limiting approach speeds have been derived solsly from considerations of
speed stability, with no reference to the many other aspects of the overall
handling problem which might demand some higher approach specd, Thus, where
the suggested limating speed is less than that actually used, it cannot be
suggested that the approach has been mzde unnecessarily fast,

heross each of Figs.l, 5 and 6, three lines are drawn which represent
the suggested varliation of the limiting values of the function
(QD/CL - dCD/aCL) with spsed for each of the thrce types of approach,  The

intersections of these lines with the curves givaing the measurcd variation of
this function with speed for the individual aircraft give the above limiting
approach speeds, These speeds are listed in Table 2 and also plotted on

Fige /.

Table 2 shows that the speeds corresponding to the proposed mnimum
standards of speed stability (1,e. the "lamiting" speeds) were generally
lower than those actually used, This is only to be expected since the
proposed standards define lower limits,

For thke aircraft wiose approach speeds were lumited by drag eflects,
the limiting carrier and airfield approach speeds average only 2-3 knots
lower than those actually used, For the romaining aircraft, the mean
difference is gtill only about 4 knots for carrier type approaches, but about
10 knots for airfield or insirument approaches.

There is no significant difference in the socatter, represented by the
root-mean-square deviation, between aircraft which were limited by drag
effects and those which were not,

The fact that the RS deviation is signiricantly smaller for carrier
type approaches than for the others, 18 probably iundicative of the tighter
limits controlling this type of approach,

Ie.9 is & straight graphical comparison between the aciual approach
speeds and those corresponding to the proposed minimum standard of speed
stability, This figure shows that the diff'erences are roughly constant over
the range 80-160 knots,

Fig.9 also irdicates that consideration of drag effects can materially
improve the prediction of approach speeds in the higher range as compared
with estimates based, for example, on the mergin over Vo {see section

5.1 below), Lrax
The following table, extracted from Teble 2, swrnarises the differsnces
between the actual approach specds and the speeds at which speed stability

would have fallen to the proposed limiting values, Differences are positive
when the actual speed excecds the limiting value,
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Carrier | Airrield | Instrument
approach | approach { approach

Mean differsnce,  knots +2, 7 +2,0 -

by speed stab- R,1L S, difference, knots 6.2 9,4 -

Aireraft lanited [
111ty on approach

Mean dif'ference, knots +he 2 +9,2 -

r ‘ac - % &
by olher factors {p s Vaiererente, knots 5.7 10,5 -

Ajreraft 1im ted [
on appreach

A11 19 aircraft Mean daflerence,  knots +3.6 +5,9 +3.3
together R 0. difference, knots 5.9 9.9 12.0

The probable diffcrence in any single example (rouzhly, 2/3 of the
R,i, S, dafference) 13 therefore *4 knots for a carrier approach, *6 knots for
an airfield approach or =8 knots for an ainstrument approach, These data are
based on 8 examples of carrier approach, 15 axrfield approaches, and only
3 instrument approaches,

5.4 Additional data on speed margin over Vi
X

Although stractly outsade the scope of the present paper, the data

avarlable permit some cbservations on margins of speed over VC . Fig. 8
T
“max

1s drawn on a scale of V@/Vb end the points representing approach speeds

Lrax

which were stated to be limited by proxamity to the stall (Table 1) are shown
by spproprizte symbols, Trom this it can be suggested that carrier type

approaches should be at or ebove 1,15 Vclma while the corresponding factors
X

for airfield and instrwwent approaches should be 1,20 and 1,30, This last
figure 1s, however, not well-founded,

Accepting these limits, we can then show on 'ig,9 to what extent the
reductions in approach gpeed, which may have been feasible on the basis of
drag effects alone, may have been achieved, so lar as danser of stalling is
concerned, Tach point on this figure has been linked to the corrssponding
lamitang speed in terms of Vi . It appears that in some cases, reductions

nax.
in speed tomards the limiting values determined solely from consideration of
drag effects might have bheen possible had it not been for factors other than
drag effects or stalling lamitations which must alsc be considered,

5.5 Effect of boundary layer or circulation control

No special problems ave apparent, so far as speed stability is concerned,
on those few aircraft examzined wnich were Citted with some form of boundary
layer or circulation conirol system. J1g. 3 shows the elfect of these hagh
1ift devices on drag/laft ratio and Fig, 6 siows their effect on the parameter
(QD/CL - dGD/dCL). On aireralt I, application of the high 1ift system

(resulting ia aircraf't R) produces a more rapid deterzoration in speed
stability below minimum Crag speed, rather sumlar to that shown for the
conventional arrcraft M (Fig.5), These two aircraft were tested at different
establisnments, and possibly this accounbs for some of 1lhe difference in the
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pi1lot's estimate of {olersble approach speeds, The sialling speed of air-
craft R is much higher than that of aircraft M, however, and the speed margins

over Vg for airfield approaches are not much different oo Lhe two air-
pe

craft.

5.6  Artificial means of improving speed sitability

The obvious method of improving the speed stsbility is the use of an
automatic throttle control system, In 1ts simplest iorm, this produces
changes in thrust proporitional to changes in airspeed from sore pre-selected
datum,

Then, referring to equations 2 and 3, 2t will be seen that we can
always produce positive speed stability (i.e, a subsidernce of any speed error)

iP the ineqguality of equation 3 is satisfied by artificially incrcasing CAS -

the drag coefficient equivalent to the thrust/speed veriation,

Suppose, on a certain aircraft, 1t 1s desired to reduce the approach
speed to a value for whach, in the absence of an automatic throttle, the

parameter F would have a value of FB’ SAY, FB will be positive 1f this new

speed is below the normal minimum drag speecd, The automatic throttle may be
treated as a device designed to reduce FB by an amount AF 20 as to provade

speed stabrlity, 1.e. AF wll be greater than FB.

The new value of ¥ = Fp ~ AF is achieved by increasing Cp to (gD + CAS)
where

Ly 1

LS G, AF

1

AR 4
T /s (14)

The definition of SAS in equation 2 may be re-written in terms of the

actual variation of thrust with speed

1
N

2
<q)ra

(15)

M
CAS
and the mimumum required thrust/airspeed variation becomes

az

S = -pVV AT/, (16)

A device of this type can in fact be used to produce a considerably
better standard of speed stability than is indacated by the limting value of
F equal to -2,0, and a value nearer -20 1s probably more appropriate, It
has been found zn practice that this higher thrust/airspeed voriation is
beneficial in quickly damping out the transient variations in airspeed
resulting from correctioas to the flight path,

Tt may be noted in passing that the variation of thrust (for level
flight) with airspeed given in equation 8 1s such as to produce only neutral
speed stability, Bquation 16 allows the stability to be improved to any
desired level, TFor example, the valuc of -20 for the parameter F, which is
readily schievable, means that a small speed disturbance would decay to half
amplitude in 3C0 yards, 1.¢. in about L-b scconds,

-2 -



6 QTHER DFPLOTS

One possibly signalacant factor, not so far concidered, is the bLarust
response to throttles novameat, On a normal aypproach, the pilot will attempt
to do what the automstac throttle control sysiem is designed to do for him.
Hie success in this direction rust depend on thrust response, and one would
expect him to be norc tolerant of speed instability if, in fact, he could
vary the thrust quickly and accurately, For example, the ratio of the
thrust used on the approach to the naximum available thrust naght have an
optinum value, A low value of the ratio means that the engine is operating
in a region where responsc may be poor, while a value approaching unity means
that there is lattle in hand for correcting for a loss in airspeed,

For the present, no data are available on the possaible signilicance or
likely value of this ratio,

K COMCLUSTIONS

The rimmum cowfortable approach airspeed of an aircraft is determined
from consideration by the pilot of the way in which a number of aspects of
the behaviour of the aircraft deteraorate as the speed 1s reduced, Among the
more importaat of these aspects is the phenormenon of speed siability, and in
about half of the 19 cases examined in this papor, speed stabrlity (or lack of
it) 15 stated by pilots to be the factor which prevents the use of a lower
approach speed,

The parameters determiming speed sitability have been examined and
limiting values have bheen suggestced whach define speeds below which 1t is
expected that speed stability would have been inadecuate,  For thiose air-
cralt whose approach speeds were, in facl, lim ted by macginal speed stability,
these proposed lamiting speeds average 2-3 knots lower than those actually
used, Taking all 19 aircraft together, the average differcnce is about
5 knots, but the R,1, 8, differcace is between 6 and 12 knots, depending on the
type of approach,

Automatic throttle conirol is in thcory an cffective method of improving
speed stability to an acceptable level, particularly on instrument approaches,

To swirarise, a1t 18 shown that spsed gtab.lity can 1limt approach speeds,
and that the level of otability must be faken into account in estimating
these speeds. Thag process can materially improve the prediction of approach
speeds Tor the latest types ol aircraft,

The study of the relation between approach spced and 1ift-drag claracter-

istice should continue, as wore data become available,  The umportance of
thrust response to throttle movements should also be cxamined.

LI37 O 3TMBOLS

a 11f% curve slope, CL/%aalan

GAS drag coeflicient equivalent of variable thrust (equation 2)
QD drag coeflicient

CL 121t coefficient

G maxomum avallable 11t cosfficient

- 1% .



speed stability paraweter (equation 1i0)
reduction in F produced by automatic throttle
gravity constant, ft/éec2

Mach number

piteh attitude change per unit change .n steady glide angle, 46 /dy
srbient pressure, lb/ft2

dynamic pressure %—pv2, 1b/Tt2

wing area, sq ft

distence along flight path, £t

engine thrust, 1b

thrust required for level flight, 1b

tine, sec

change in airspeed, ft/sec

initial value of u, ft/sec

eirspeed, ft/sec or knots, as indicated
approach airspeed, ft/sec or knots, as indicated

airspeed in unaccelerated flight at O  , ft/sec or kmois
max

minimom drag speed, knots
landing weights 1b
wing loading, lb/Pt2
glide angle, radians
. 3
eir density, slugs/ft
piteh attitude of aircraft datum, radians

time constant of divergence or subs:idéence, secs
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FIG. . VARIATION OF DRAG/LIFT RATIO WITH SPEED FOR AIRCRAFT

WHOSE APPROACH SPEEDS WERE LIMITED BY DRAG EFFECTS.
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FIG.3. VARIATION OF DRAG / LIFT RATIO WITH SPEED FOR AIRCRAFT WITH
AND WITHOUT BOUNDARY LAYER OR CIRCULATION CONTROL SYSTEMS.
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The Aerodynamic Effects of iAspcet Ratio on
Control Surface Flutter
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SUMMARY
The repcrt describes a serics of low spced flutter teste to obtain
a direct mecasurcment of the acrodynamic cffcects of aspect ratio on wing-
ailcron flutter, The tcsts werc made on rigid wings fitted with full
span ailcrons, the wings having root flexibilities in roll ond pitch,
Provision was made for massbalancing the ailerons, Some general con=-
clusions arc drawn concerning the c¢ffccts of aspecet ratio and massbalonce

on control surfacc flutter,
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1 Introduction

The tests described in this paper are the last of a scriests2,3,4
using a technique, described in reference 1, whereby the aerodynamic effects
of aspect ratio on flutter can be isolated, The procedure is to use wings
that are virtually rigid, but have root flexibilities, By suitoble adjust-
ment of the inertia ond elastic characteristics of the families of wings
considered, it is possible to make any change in flutter spceed between
individual wings of thesc families dependent only on the ascrodynemic effect
of aspect ratio.

The technique was applied in this instance to a family of unswept,
untapercd wings, cach wing having a full span aileron whose chord was 0,3
of that of the wing, The influcnce of massbalance on the control surface
flutter charscteristics was also investigated,

2 Exporimental details

241 Description of the wings and mounting rig

All wings were of solid homogencous construction, being made of
spruce, Each wing was fitted with a full span aileron, whose chord was
0,3 of that of the wing ond which operatsd on a plain bearing hinge,
There was no stiffncss between the wing end aileron, The wing section
used throughout was R,A,E,101,

The rig allowed wing freedoms in modes of linear flexure (roll) and
uniform pitchs A further degrec of freedom was allowed, that of aileron
rotation about its hinge line., The wing root was 0,075 span zbove the roll
axis, and the pitching axis was 0,35 chord aft of the leading edge.

Torsion bars of adjustable length provided the required stiffnesses, and
sliding weights enabled the roll and pitch inertias to be adjusted.

The wing mounting was designed so that its product of inertia between
roll and pitch was zero, but the mounting contributed to the direct iner-
tias of the wings so that means of adjusting them werc required., The
moments of inertia of the rig (wing and mounting) cbout the axis of roll
and pitch were adjusted by means of the sliding weights fo vary as 83
in roll and s in pitch, where s is the distence from roll axis to
wing tip. PFurthermorc the wings werce designed so that the products of
inertia between roll ond pitch and between roll and aileron rotation voried
as s° and the product of inertia between pitch and aileron rotation and
the moment of inertia of the ailcron about its hinge line varied as s .,
The inertia values are given in the toble accompanying Fig.1l together with
the dimcnsions or the wings,

2,2 Massbalance arrangement

A massbalance rider was abttached to a carrier arm at the outboard
end of each aileron (Fig.2) ond the massbalance contribution to the vari-
ous insrtias was such that the dependence of the inertiss on the sbove
functions of s (Section 2,1) was preserved. This was achieved by
making all spanwise dimensions of the massbalance system vory as s,
other dimensions being constant for all the wings, The carriers were
mode of stecel and the riders of lead; the structural cetails of the
massbalance system are given in the toble accompanying Fig.2.

The massbalance sysiem was offective in balancing out the dynamic
cross inertia between wing roll and aileron rototion, When the c.g. of
the rider was located 1,06" forward of the ailecron hinge line the aileron
was dynemically balanced in roll, However, when the rider was situated



in its furthest forward position on the carrier, the rider c.g., then being
1._72" foI'Wa:x?d of the aileron hinge line, the cross inertia between wing
pitch and aileron rotation was only reduced by 241,. of its initial value,

. The variation of massbolance conditions covered a range from 45,. to
80, static balence of the ailcron. The addition of mass balance had a
pronounced effect on the pitching moment of incrtia of the aileron. When
the carrier only weas added the incrtia was increascd by 15. of its basic
valuc and when the rider was addod at its furthest forwerd position it
was incrcased by a further 73,

2.3 Wind tunncl mcasurcnents

The tecsts weorce conducted in thoe 5 ft diameter open jet tumnel.
All wings wore mountcd vertically ebove a refloctor plate, to simulate the
symmctric flow condition., The wing aspcct ratios ronged from 2,0 to 6.0
being deTined as 2 s/c where ¢, the chord of the wing, was constant for
the whole scrics.,

The wings were set up by adjusting the torsion bars so that for all
the wings, the frequencies of the corresponding modes (with aileron fixed
to the wing) were the same. The natural frequency of the wings in roll
was 3,1 c.P.s. and in pitch 9,6 c.p.s. These frequencies were measured
with the massbalance rider placed on the carricr with its c.g. 0,82"
forward of the aileron hinge line.

For a particular massbalance condition i,c. aileron c.g. position,
the various wings are so related that the fluttar equations are identical
apart from the aspect ratio offects on the aserodynamic coefficients., The
fact that the natural frequencies of the wing in roll and pitch were
measurcd at a particular massbalance condition decs not imply that the
relation holds only for this condition. The rclation holds for all moss-
balance conditions but the cquations for cach massbalance condition will
be different,

The tests were made with the aileron free and with various mass-
balance conditions. Readings were taken (1) with only the carrier fitted
and (2) with the rider fittcd on the carricr at various positions along
the arm, For ocach of these conditions mocasurcments were made of flutter
characteristics for tho binery types of flutter wing roll-aileron rotation
and wing pitch aileron rotation and of the ternary wing roll-wing pitch-
aileron rotation.

Fluttor spceds and frequencics werc measurod for each wing, the
speed being that at which the oscillation just dicd out as the tunnel
speced wos reduccd. As some of the fluttor specds wore unusually low and
below the accurate colibroted volue for the tunnel, measurements of all
speads were made using o Chattock gouge.

3 Results

The results of the wind tumnel tests arse plotted in Figs 3-8. In
FPigs 3~6 flutter speed and frequency ere plotted against the reciprocal of
aspect ratio end in Figs 7 and 8 flutter specd is plotted against massbalance
position for each of the wings in turn,

The investigation was divided into three distinct parts, depending on
the degrees of freedom of the system that werc allowed. Thesc were

(1) Wing roll and aileron rotation
(2) Wing pitch and aileron rotation

(3) Wing roll end pitch and aileron rotation
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361 "ing roll-aileron rotation

The variation of flutter speed and frequency with aspect ratio for
this type of flutter is shown in Fig,3. It was found that the flutter was
quite mild end could be allowed to continue right through its speed range
so that an upper bound to the flutter was obtained. Flutter frequencies
are only plotted for two massbalance conditions to avoid confusion in the
figure.

It was found that the uppoer critical speeds were sensitive to damping
in the aileron degreec of frecdom, The aileron amplitude near the upper
critical spced is extremely small and the ailcron inertia at similer ampli-
tudes in the wind off condition is insufficient to overcome even the small
amount of friction present in the aileron bearing. Too much significance
should not therefore be attached to these upper criticel speeds; the upper
bounds are indicated by a broken line to indicatc the uncertainty about
the absoiute values,

It can be seen that for certain massbalance conditions, as the aspect
ratio increases there is a limit beyond which flutter of this type does
not occur, The tests indicate that for increasing massbalance the limiting
aspcet ratio decreascs, The limiting aspcet ratio is slightly less than
i when the ailcron is 59% statically balanced decreasing to just greater
than 3 as the balance rises to 64ii. No nose to the flutter speed curve was
found when the aileron static balancc was lcss than 594, the trend of the
rzsults indicates that limiting finite aspsct ratios should exist but no
values con be assigned to them,

It was considered that the extremely low Reynolds number at which the
tests were conducted (between 345 x 10% and 24.5 x 10%) could be producing
some unwanted aerodynamic effect. The roll=-aileron rotation flutter tests
were accordingly repeated with transition wires fitted to the wing, this had
the effect of increasing the width of the flutter band and meking the flutter
more violent. The general shape of the flutter speed curve is, however,
uraltered and in particular for the higher values of mass balance a limiting
aspect ratio exists above which flutter does not occur.

342  VWing pitch-aileron rotation

The variation of flutter speed and frequency with aspect ratio for
this type of flutter is shovm in Fig,k, Flutter speed increascs lireariy
with decrcasing aspect ratio; the frequency remains aepproximately constant
as the aspect ratio increases from 2 to k4 but for larger values gradually
decrcases, In the range of aspect ratios cxamined the flutter speed can
be expressed by a rclation of the form V = Vo £(A), where Vo is the
cxtrapolated cxperimental valuc for the two-dimensional case* and £(A)
is a function of aspect ratio., The particular form to be assigned to the
function f depends on the massbalance condition and several values are
given in the figure., However, for the raonge of massbalance considered a
rcasonoble average value of f£(A) is f(A) =1 + L4.25/A.

Wing pitch~aileron rotation type flutter occurs at higher speeds
thon the other typc for all the wings tested.

3,3 Wing roll-wing pitch-aileron rotation

When both of the wing degrees of freedom were allowed together with
aileron rotation, two forms of flutter were obtained closely resembling the

* It should be noted that extrapclation of the results beyond those
for the wings of highest aspect ratioc tested may not be justified.
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types of binary flutter considercd obove, The mainly wing roll-aileron
rotation type flutter was excited first, and then at higher spesds whilst
this type of oscillation persisted, a further disturbance would excite the
wing pitch-aileron rotation type flutter, which then became dominant, The
variations of flutter spoed end frequency of these types of flutter with
aspect ratio are shown in Fig.5 and 6.

When the rider was fitted so that its c.g. was 1.12" forward of the
eileron hinge line en instebility of the roll-aileron rotation type was
obtained involving large wing emplitudes. It was impossible to ascertain
whether this was flutter or not as the rig immediately "hammered" against
the amplitude limit stops, This phencmenon was not noticed for the binery
system. Otherwise the flutter speeds and frcquencics for the wing roll-
aileron rotation type flutter are practically the same as the correspond-
ing binary ones, The same doubts exist ebout the accuracy of the upper .
critical speceds for this type of flutter as werc mentioned in conncction
with the binary flutter,

The results for the wing pitch aileron rotation type flutter are
shown in Fig,6 and are very similar to those for the corrcsponding
binaries, Flutter speeds for the ternary are greater than those for the
binary having the samc massbalance conditions., The slopes of the lines
representing the increase in flutter speed with decrcase of aspect ratio,
decrease as the massbalence is reduced and they arc greater than those of
the corresponding binary case,

The regions in which the two types of flutter are possible arc over-
lapping for certain massbolance conditions, and it is possible to have
both types occurring at a particular speecd. TFor an aircraft, only the =
lower bound is, in general, significeant and there will be a transition
from one form of flutter to another, the transition point being at a
particular massbalance condition (corresponding to the nose of the wing -
roll-aileron rotation type flutter (Figs 7 and 8) of the tests) which
depends on ths aspect ratio of the wing in qusstion.

3.4 Comparison with theory

The fact that a decreasc of aspect ratio could increase the danger
of a mild aileron flutter has becen noticed proviously by J ordan® in some
flutter calculations on & similor system to this. To o certain extent this
is conf'irmed by those tests i,2, for certain massbalonce conditions a
limiting aspect ratio exists above which flutter will not occur., Flutter
calculationg for the roll-aileron rotation binary using two dimensional
derivativesé do not give agreement with the tronds indicated by these
measured results, These calculations show thot a flutter specd exists for
the infinite aspect ratio wing for all massbalonce conditions between thot
in which no rider is carricd and that in which the rider is 0,82" forward
of the aileron hinge line, For morc forward massbalance positions no
flutter speced exists for the two dimensional casc.

Attempts to predict the flutter characteristics for the finite aspect
ratio wings using two dimensional derivatives factorsd by the previously
detormined aspect retio corrcction? for the mein surface and the full
values for the control surfacc, gave generally poor agrecment for the lower
critical specds and the uppcr critical specds were very much lower than
the measurzd ones, (There is doubt about the accuracy of the moasured
upper criticel speeds though), The upper and lower bounds of the flutter
speed curve are roughly parallel with the aspect ratio axis, The
theorctical results obtained for the no rider casc arc indicated in Fig.3.

Speculation arises as to vhat is the cause of the discrepancy between

celculation and practicc., The introduction of structural domping into the
flutter equations will evoentually climinate flutter in the infinite aspect
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ratio case but the amount of damping required in the aileron degree of
freedom to achieve this is prohibitively large and such an amount of
damping is certainly not present in practice,

Flutter calculations for the binary pitch-aileron rotation type
flutter gave very poor agrecment with the extrapolated experimental
values for the infinite aspect ratio case and the theoretical work was
not continued further than this,

L Conclusions

Two types of ternary control surfacc flutter were characteristic of
the system considered here, one in which the main motion was roll of the
wing and control surface rotation and a second in which the main surface
motion was predominantly pitch. For 2 particular massbalance condition
both types exhibit an increase of flutter spced with decreasing aspect
ratio, the increase being slight for the first type. A linecar increase
was found for the sccond type of flutter, which could be expresscd in
the form V = Vo £(A), Vo being the extrapolated value for the two
dimensiocnal speed and A the aspect ratio, which was valid over the
range of aspect ratios tested,

Some confirmation is provided by these tests of an carlier theoret-
ical conclusionb that a decrease of aspect ratio can increase the probabil-
ity of encountering & region in which a mild aileron flutter occurs, The
limiting aspect ratio below which flutter occurs depends on the smount of
massbalance carried by the control, Increase of percentage static balance
has quite a marked effect on the first type of flutter, the flutter
eventually being eliminated; for the wing of aspect ratio 2 this occurs at
70,0 static balance whilst for that of aspect ratio 4 it occurs at 5%s.

The effect on the second type of flutter is a gradual increase in flutter
speed with increasing massbalance.

It is reasonsble to expect that the results obtained will be appli-
cable qualitatively to control surface flutter in general, where the
aileron will not be frce as in this case,
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