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A study has been trade of the lift-drag characteristxs of 19 Jet au- 
craft which have minmum comfortable approach airspeeds that are fairly well 
established. On about half tnese au-craft, drag effects, whxh determme 
speed stability, were stated to limit the approach airspeeds, though there 
was mtu-ally some lack of unammty as to the level of the effect vrhlch 
could be classed as tolerable. Limiting values of speed stability are 
proposed for the three types of landing approach used for carrier, airfield 
and instrument ladings. The speeds corresponding to these stablllty levels 
are m fair agreement mth those actually used, even for those au-craft whose 
approach speeds were not prmm-lly lvrited by drag effects. 1t 1s considered 
that drag effects nust be taken into account m estimating approach airspeeds, 
and that this process matermlly reproves the predxctmn of approach speeds 
for the latest types of axrcraft. 

%rther data should be collec:tcd arx?i analysed m order to confirm or 
modify the form or level of the proposed lmts. 



3 SOY3 THEOXXICAL RFLYTIONSHIPS 
4 DATA hVAILt23LE 
5 DISGLissION 

5.1 Suggested criteria for limiting approach speeds 

5.2 Effect of tne of.' landing approach on approach 
speed used 

5.3 Comparison b&men actual ad+ limting approach speeds 
5.4 Additloiml data on speed margin over VC 

L mx 
5.5 Effect of boundary layer or circulation control 
5.6 Artificial means of irrgroving speed stability 

6 GTLS'2 El?FECTS 
7 CONCLUSIOi'G 
tiST OF SB,BOLs 
LIST OF mmm?ms 

LIST OF TASLGS 
Table 

1 - Pasm data on 19 aircraft 
2 - Comparison between actual and proposed lmiting approach speeds 

LIST OF ILLUSTRATIONS 

Variation of drag/liiY ratio with speed for Grcraf't whose 
approach speeds were limted by drag effects 

Variation of drag/lift ratio mth speed for aircraft not 
lusted by drag effects on the approach 

Variation of d.ra&ft ratlo with speed for aucraft with and 
without boundary layer or crrculation control systems 

Variation of (CD/% - dCJdCL) 
approach speeds were Iunited 

Variation of (ZD/CL - dCD/dCL) 

with speed for axeraft whose 
by drag effects 

with speed for aircraft not 
limited by drag effects on the approach 

Variation of (CD/CL - X!.#.CL) mlth speed for alroraft with and 

mlthout boundary layer or circulatlcrn control systems 

Actual ad limiting approach speeds and value of stability parroter 
(q)& - dC~dCL) 

Derlvatlon of proposed luxits due to both drag effects and rargln 
over V 

cLmax 

Comparison between actual approach speeds and speeds predicted from 
drag effects only 

3 
3 

; 

7 

9 . 
10 
II 

II 
12 

13 
13 
13 
15 

16 

17 

2 

4 

5 

6 

7 

8 

9 

-2- 



1 IN!lKiDUCTION 

It has been appreciated for some time that among the many factors which 
influence the pllot in his choxe of approach airspeed, the problem of 
controlling speed and rate of descent can play a significant part. In ooIlxnon 
with most of these other factors, speed and. altitude control deteriorate as 
speed is reduced, and may in some oases become the main reason for not vnll- 
ingly reduorng the approach speed still further. When this is the case, It 
should be possible, from a study of the aerodynannc 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 alrcraft might be 
predloted. Ths procedure has, SO far, met with scant suocess, because the 
speed and height control problem 1s only one of several, any one of wnioh 
might override it and demand a higher speed for acceptable safety on the 
approach. Among the more important of these contending factors are the risk 
of an inadvertent stall, due to a gust or while manoeuvring, the danger of 
loss of stability about any of the three axes, the restrlotion of visibility 
from the cockpit at high Incidence, or deterioration in control response 
generally. 

Predzction of approach airspeed must take account of all these factors, 
and several 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 control is given as 
the main reason for malntalning a chosen minxnum airspeed in more cases than 
one would expect, considering the variety of other reasons that might be 
given, and It has therefore been thought worthwhile to examine this control 
problem, on a number of aircraft for which the relevant aerodynamic data is 
available, xn a further attempt to define a n;inxmnn acceptable standard. 

2 D~FINITIOK~ 

The minmum comfortable approach speed is defined as that airspeed below 
which the pilot roll not, from choice, allow the alrcraft to decelerated.Wlng 
the approach, up to the point where he reduces thrust and starts the flare-out. 
It can, therefore, be the speed whhlch 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 allo-ws the alrcraft to decelerate as It 
crosses the threshold of the landing area. In either case, It is known as 
the speed "over the hedge", as dlstlnct from a possibly h@er 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, made fraq a fairly tight, low altitude 
circuit as used by the Navy, The final straight descent path 1s joxned at an 
alktude of Z-400 feet, so that steady condltlons on the final approach are 
held 3?or less t1lan one minute , possibly for as little as 30 seconds. Thxs 

. relatxvely short tine 1s significant. 

The mstrmmt approach, however, starts at an altitude of bekveen 1000 a and 2000 feet, and thus lasts of the order of 5 times as long as the first. 
Consequently, the pilot, while having more time to establish the desired 
Steady conditions, is more conscious of extraneous effects which tend to 
disturb those condltxons. Generally, therefore, a higher approach speed will 
be chosen for thx type of approach, if, as is usual, a steady speed is to be 
mazntained. 

It is a characterx.tic of this second type of approach that the pilot 1s 
attempting to follow a prescribed glxde path and It 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 carrlerl andings, using the mirror 
landing aid, though the trme involved is much shorter. 
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Normal airfield landings are made along much less precxely defined 
paths, and in the limit the s?eed control problem can drsappear if no attempt 
is n&de to follow a fixed path, OF to aim for a fixed touch-down point, i.e. 
if there is no altitde control problem. 

Generally, however, some attempt is made to follovi a set path, ani to 
touch-down maewhere near the down-wind end of the runway, and the closer *is 
control of altitude beom=es, the more aware ml1 the pilot be of any deficiency 
m speed control. 

It is therefore clew that a pilot's opmion 0: a minmum approach air- 
speed 1s difficult to interpret unless it is known what type of path he ms 
attempting to follow, 

A further ddfioulty armss from the inevitable divergence of opinion as 
to what constitutes a minmum corrfortable sped for a particular type of 
approach. Pilots may well agree on the speed whhlch they normally use as a 
safe minimum on a particular aircraft, but there 1s a lack of uformation on 
how far thx speed could be reduced of the need arose, wXle keeping the 
standard of control of speed ati altitude above an agreed xinirmw The 
difficulty is, of course, to define this munmum standard of control. 

3 SON2 T:iEORZTICAL FGLA"IOISWIPS 

A comprehensive survey by Neumark' has established the criteria which 
define the regimes in which flight "under restraint" is stable or unstable. 
By "restraint" we mean the suppression, bj the pilot using his elevator, of 
altitude disturbances, either relative to a horxzontal or, core generally, to 
any rectdinear path, Stability tiiererore refers to tne behaviour of the 
airspeed, followirg some initial disturbance, rather than to the xore usual 
longitudlral mode. 

The stablllty criterion, or condition L'or subsidence of the distur- 
bance is given as 

cD+::Ls-~>o (1) 

where C L ad s are respectively the lift and drag coeffxcients, a is the 
lift-curve slope dC#la, aral CAs is the equivalent drag coefflclent of the 
propulsion system. GAS thus depends on speed and tbxottle positIon, and 1s 
defined as 

T being the thrust, q the dynmu pressure, and S the xing area. 

The lift coefficient at which the left-hand-side of the inequality (1) 
becomes zero defines the x~rspeed. below which, of the pilot trxs to maintain 
a steady stralgllt path, without varying the engine thrust, any disturbance 
in speed will be dlvergent. The tirre constant of the hvergence (or of the 
su~sldenoe, lf the speed is above the cr~txal) 1.9 uwersely proportional to 
the left-bad.-sde of this incqwlity. 

The inequality may justifiably be sirrplified In most cases (except near 
to, or at the stall) by ignoring the term C&/a in the denomuator. We can 
;ybine GAS with the total dray coeffxcient when the thrust varies srrnply as 

, or is constant. 
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If s/a 1.S r,e&grble, the mequa11ty can be wmtten 

CD + ofi dOD 

cL 
-3q'O 

s1?l!x c L is always positive. The time constant, 7, of' the subsidence or 
divergence 1s given by 

(3) 

(4) 

We can define the minmm drag speed as that at a lift coeffzcient which 
satmfles the equatmn 

-2 5 0 OD 
cL L 

(5) 

while the speed for minmum glide angle wxth power on is given by 

'D + 'AS dCD 
OL -3 = o 

which du?fers from the nluumux~ deag speed unless 0 AS is zero, i.e. the thrust 

is constant. 

The minxnun rate of descent at a fixed throttle setting occurs at a 
speed which is lower than that for minimum: drag, and which is given by 

(7) 

where $ . 1s the corresponding thrust/weight ratlo. 

The varzous expressions defining the speeds for minimum drag, minimum 
glide angle and m~nimurr. 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 

D dCD (” 3 -- - 
CL ac 

where % contams the term CtiS. It is however, mainly because this function 
determkes the txne constant of the decay or dlvergenoe of a speed error that 
it 1s belle-red to be of tiportance in detemtiing the standard. of control of 
speed whzch the pilot considers to be tolerable. 

4 DATA AVAILA 

Flight measurements of lift and drag in the landing oonflguratlon have 
been collected and analysed for 19 different aircraft. Relevant details of 
these auxraft are given in Table 1. 
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The lift and drag data are presented u3 two forms. 
3 the variation of Cj/CL 

In Figs.1, 2 and 
is shown as a function of ali-speed. CSJ CL is, to 

a first approximation, equal to the thrust/weight ratx re&rcd to .zamtam 
level flight. The thrust/weight ratio needed for an approach at a &de 
angle y will be less than this by a constant amount equal to the glade angle 
in radons. 

In Fig3.4, 5 and 6 the apparently - critical parameter (CJCL - dCD/dCL) 
is plotted against airsoeed. It is related to the variation of tlxmst 
required for level flz&t ('?,) by the equation 

(8) 

In this analyaw, all the aircraft are Jet-prOpelkd, and. Cu will 
usually be negligibly mall m compamson with CD. CM need not henceforth 
appear as a separate coel%m.ent, and will be absorbed mto s. Ths assumes 

that the thrust is exther constant, or varies linearly with V2. 

On each curve the mim.mm corifortable approach speed 1s mrked, where 
possible, both for a normal ax%.eld approach and for either a carrxr type 
approach or an instrument approach. It 1s obviously not possible to be 
dogmtic about these speeds, since only in a few cases has a systelmtx series 
of tests been made, amed at reducing the approach speed to the minmum. Only 
In those cases can one expect different pIlots to agree as to this minimm to 
nearer thar., say, 5 knots. Vhere speeds are quoted more precisely than thm, 
they have been obtained either as mean measured values from landmgs mde by a 
number of pilots (carrier landings m particular) or as mxG.ma established by 
systematic test. Other figures may be termed "generally accepted values". 

These results are smmarised in Table 1 according to the type of 
approach to which they refer. Tllis table also lists tie speed correspoticg 
to the ma.xi.mm avazlable lift coeffxlent 

t > cLmax 
and the nminxm drag speed, 

SD- The fonmr speed is quoted mthout reference to ControllabIlity at 
this speed, 1.e. it my well be lower than the lowest speed for steady con- 
trolled flight. The latter speed, V1>D, is the speed at which the curves of 
Figs.4, 5 ard 6 intersect the speed axis, i.e. the speed at which 
(CdCL - dCD/dCL) becomes zero. The ratio of the approach speeds to Vic 

L max 
and to VjD are also given. 

The data in Table 1 are split mto three groups, whxh correspoll;i to 
the graphical data in R.gs.1 and 4, 2 and 5, and 3 and 6 respectively. In 
the first group (Figs.1 and 4) are those aircraft whose approach speeds are 
stated to be limited prmarily by dlfl%xltLes of control of speed ati 
hexght, 1.e. by drag effects. The second and third groups comprise those 
whose speeds arc lmited for other masons, as indicated m Table 1, the 
third %~oup being dmtingulshed only because these amwaft mere f'ltted 
with some form of bomdary layer or circulation control to increase lift. 

On each curve of Flgs.l+, 5 and 6, tlle speed correspondmg to the mxi- 
mm available lift coefficlczt is mdxated, 
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This crlter~on IS shown gmph~ally on the diagram for camler 
approaches m Flg.7, by plotting the resulting variations of (I+'CL - dCddCL) 
with sped. In Its present form, however the criterion is not dimension- 
less, and it has been suggested by Newark 2, that it can be made non-dmensional 
by multiplying it by the w&lent pressure, p, 
by F, we have 

so that, denoting the criterion 

1.6, 

2 p = -----a e %\ 
2 CL dad 

(10) 
y M 

where y = 1.4 1s the adlabatlc constant, and M is the Mach nmber. The 
limiting value of F for camler-type approaches is then approximtely 6, which 
is, incidentally a more convenient nuinerlcal value. 

The variation of speed error with distance travelled my then be wrItten 

u = u e g P s F/P 
0 (11) 

or9 with numerical values appropriate to standard sea-level. conditions, 

u = u e 
3.616 x 16~s~ 

0 
. 

In Table 1, values of P for the indlvldusl arrcraft are recoded, and 
these are plotted 12 Fig.8 against speed, which is now expressed as the ratio 

"A'"C 
Lfrax- 

This diagram shows that the additional data now available does 

not justdy any change 1.n the value of F for carr~r approaches, and a 
limltmg lme is drawn at F = 6, In spite of the considerable scatter, one 
my tentatively suggest correspodmg limtmg values of I? = 2 for alrfleld 
approaches and F = -2 for mstrument approaches. These aZiltiona1 proposed 
limilting values are also shorn on the remamlng two dmgrams 1x1 Flg.7, and. 
all appear on the bamc dragram m P1.gs.4, 5 ad 6. 

On Fig.8, the symbols referring to aircraft whose approach speeds were 
stated to be lmited by drag effects are dui;inguishai3le from those lmted 
by other factors. It is apparent that this fomer group of aIrcraft do not 
exhibit markedly worse speed stsblllty cbaracterlstics than the others. In 
all cases, this stardad of sped stablllty iyas cons~dcred by the pilots to 
be tolerable, whether or not It was the lmiiting factor, ara3 one 1s therefore 
Justdied In grouplag all the data tog:-thcr In s..rrlvug at th*se llmlts. 

The simple interpretation of these new llirits IS similar to that 
suggest& for the carrier approach cast, narely, that for airfield approaches, 
a small inltlal spce& error can double itself m 3000 yards, wi.ile on an 
instrument approach stabdlty is satisfactory if a speed error decays to half 
its uutial value in 3000 yards. 
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n = 1 

The speeds ot which n and F h-,vi their prcposcd lirriitzq 
and. -2.0, respcctlvely, for uxtruent approaches dre compared 
~ng tablo for aircraft J, II and C, I or wnch actual I.nstrurr,ent 
arc also available. 

(13) 

values of 2.7 
III the Pollow- 
approach speeds 

nircra3 Sped for n : 2,7, Sped for I" = -2.0, Ac~L&al speed, 
Yaots tiO’;S lcmts 
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5.3 Comparxon between acfxal and ltili,~ng approach speeds 

In maku.g these comparisons, 
the limiting app~~~~h 

IL rust be emphasised at the start that 
speeds have been derived solely from considerations of 

speed stabxlity, with no reference to the msny other aspects of the overall 
handling problem which rmght demand some higher approach sp~cd. 
the suggested lmtlng speed is less 

Thus, where 
than that actually used, it cannot he 

suggested that the approach has bee11 ma.& unnecessarily fast. 

Across each of Figs.& 5 and 6, three lines are drawn which represent 
the suggested variation of the 
$)/~ - y/q 

limiting values of the functxon 
wnth sp-ed for each of the three types of approach. The 

intersections of tllese 1~~s ~mth the curves glv~ng the measured variation of 
this function with speed. i'or the ~ndividuual aircraft. give the above limiting 
approach speeds. These speeds are luted in Table 2 arxi also plotted on 
Pig. 7. 

Table 2 shows that the speeds corresponding to the proposed muCmum 
standards of speed stability (1.e. the "limiting" speeds) were generally 
lower than those actually used. This is only to be expected su~ce the 
proposed standards define lower limits. 

For the axrcraft whose approach speeds were llrnlted by drag efr^ects, 
the limit~r,g carrier and aud'~eld approach speeds average only 2-3 knots 
lower than those actually used. For the rerrr~u~xng aucraft, the mean 
difference is still only about 4 knots for carrier type approaches, but about 
10 knots for airfleld or instrument approaches. 

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

The fact that the X.55 deviation is slgnillcantly smaller for carrier 
type approaches than for the others, 1s probably idicativz of the tighter 
limits controlling this type of approacl~. 

fig.9 is a straight graphical comparison between the actual approach 
speeds and those corresponding to the proposed min&um standard of speed 
stab111ty. This t'~@re shows that the differences are rou&l.y constant over 
the range 80-160 knots. 

Pig.9 also idlcate3 tZhat consderation of drag effects can materially 
improve the prediction of approach speeds in the higher range as compared 
with estimates based, for example, on the mar~n over VC (see section 

5.4 below). LmaX 

The followirc table, extracted from Table 2, sw~~1ses the differenceS 
betieen the actual approach speeds and the speeds atwhxh speed stability 
would have fallen to the proposed linuting values. Differences are positive 
when the actual speed exceeds the lusting value. 
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Aircraft lurited 
by speed stab- Nean difference, 

dlty on approach c R.Y1.S. chfference, knots 

Aircraft 1i.m tea 

hi other factors 
on approach i 

Mean difference, 
R.XI. S. difference, knots 

A11 19 aircraft &an tifPerence, 
together c 

knots 
B.X.S. dlffercnce, kl10ts 

- 
/ 

i-3.6 +5.5 +3.3 
5.9 9.9 12.0 

1 

The probable difference in any single example (rou?;hly, 2/3 of the 
R.l/,S. difference) 1s therefore t4 knots for a carrier qproach, t6 knots for 
an airfield approach or 58 knots for an mstruxent approach. These data are 
based on 8 examples of carrz~er approach, 15 a.xfeld approaches, and 0nPj 
3 instrument approaches. 

5.4 Additional data on speed w.rgm over VC 
LmaX 

Although strxctly outslde the scope of the present paper, the data 
available permit some observations on margins of speed over VC . >'ig.8 

%-&3x 

1s drawn on a scale of VP/VC and the points representing approach speeds 
L Lax 

whxh were stated to be lusted by proximity to the stall (Table 1) are shown 
by appro>rlate syii;ools. Prom thx it can be suggested that carrxr type 
approaches should be at or above 1.15 VC 

Lmax 
nrhtie the corresponding factors 

for airfield and lnstru;iRnt approaches should be :.20 and 1.30. This last 
figure IS, however, not well-founded. 

Accepting these limits, we can then &COW on I'ig. 9 to what extent the 
reductions in approach speed, which o;ay have been feasxble on the basis of 
drag effects alone, way have been achieved, so far as darqcr of s tallmg is 
concerned, Each point on this figure has been luiked to the corresponding 
lmitmg speed L* terms of VC_ . It appars that 111 some cases, reductzons 

in speed towards the lxmitlng values detennued solely from conslderatlon of 
drag effects might have been possible had it not been for factors other than 
dray effects or staillng lunitatlons which must also be consu?iered. 

5.5 __ %ffect of boundary layer or circulation control .- 

No special problems sze appar-nt, so far as speed stability is concerned, 
on those few aircra:'t exarmned mxch mere fitted with some form of boundary 
layer or clrculatlon control system: -'xg.j shows the effect of these hqh 
lift dences on Ylmg/llft rat10 and 1Q.G slows their effect on the parameter 
($,/CL - dC#CL). On au-craft I, application of ?;he high lift system 
(resulixng in aircraft R) produces a more ra?ld deterloratlon 1n speed 
stability below muxmzu Crag speed, rather slmnxlar to that shown for the 
conventional slrcraft &: (Fq.5). These lxo aircraft were tested at dfferent 
establlsnments, and possibly thx accounts for sone or' the dlffercnce in the 
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pIlot's estmate of tolerable approach speei:s. The stalling speed of azm- 
craft R is much higher than that of aircraft h;, however, and the speed margins 
over VC 

ItDax 
for airfield approaches are not much different i"oi Ihe two au- 

crar t. 

5.6 Artificial means of mprovmg speed stablllty 

Tile obtious nethod of improving the speed stability is tine use of an 
automatic throttle control aystern. In Its smplest l'om, thx produces 
changes in thrust proportional to changes in airspeed fro:n soile pre-selected 
datum 

Then, referrmg to equations 2 and 3, It will be seen that we can 
always produce positive speed stability (i.e. a subsidence of my speed error) 
if the mequality of equation 3 is satlsfiej. by artlficlally increasmg GAS - 
the drag coefficient equivalent to Yne thrust/speed varmtion 

Suppose, on a certain awcraft, It 1s &sued to reduce the approach 
speed to a value for whxh, in the abselloe of an aukmake throttle, the 
parameter F would have a value of FB, say. FB will be positive lf this new 
speed is below the normal minxrum drag speed. The automatx throttle may be 
treated as a devxe deslgned to reduce FA by an amount AF so as to provide 
speed stabrlity, 1.e. AF pnll be greater than FB, 

The new value of I? = FB - AF is aohieved by increasing s to (CD + C,& 
where 

The deflnltlon of 2 As xn equation 2 r&y be re-rvrltten xn temns of the 
actual variation of thrust with speed 

cs = 
1 al? 

-pvs= 

and the minxrun required thrust/alrspeeil variation becmes 

ar 
av = - pVW AP/p . 

(15) 

A devxe of this type can in fact be used to profiuce a considerably 
better standard of speed stability than is u?llcated by the liriutlng va>le of 
F equal to -2.0, an& a vake nearer -20 1s probably score appropriate. It 
has been found :n practxe that this bIgher thrust/airspeed vorxatlon is 
benefxxal in quclcl~ darplng out the transient variations in alrspeed 
resulting from correctiox to the flight path. 

It may be noted in passing that the variation of thrust (for level 
flight) with arrspeed given in equation 8 IS such as to produce only neutral 
speed stability. Equation 16 allows the stablllty to be in?provej. to any 
desired level. For example, the value of -20 for the parameter F, which is 
readily achievable, means that a sc;all speed tiisturbance would decay to half 
amplitude in 3CO yards, l.c. in about 4-5 sccods. 

- 12 - 



. 

One possibly slgnxt'lcant factor, not so far con:%%zred, is the txxst 
response to throttle .novsmeiit. on a normal a;>?each, the p11ot vrrll attempt 
to do What the autonlatlc throttle control sys<e;l is dcs5g,ned to do for him. 
I-11.5 S.lc!cess 1n thl.s dlrectlon nlst dep-id on thrust response, ad one would 
eqect him to be n.ort tolerant of speed ulstabllity xf, 13 fact, he could 
vary the thrus t quickly a:x?i accurately. For ample, the rat1.0 of tie 
thrust used on the approach to the m5i.x11mmi avall&ble thrust nd.&ht have an 
optinnn value. A low value of the ratio means t:?at the engine is operatug 
in a region where response my be poor, wmlz a value approachul~ mitji mans 
that there is little m hmd for correctlns for a loss in alrspoed. 

For the present, no data are available on the posslblo s~gnrf~.canoe 01‘ 
likely value of tins ratlo. 

The rinmum cor&ortable approach au-speed of an nxcraft is determined 
from consideration by the pilot 0 f the way in wC?n.ch a mmber of aspects of 
tho behaviour of the suxraft deterxorate as the speed 1s reduced. hong the 
more mportant of these aspects 1s the phenonenon of speed stability, and in 
about half of the 19 cases exmimd in tins papor, speed stabblllty (or lack of 
it) 1s stat-d by pilots to be the factor which prevents the use of a 1oWer 
approach speed. 

Tne parsmeters detcnnnung speed stability ?mve been exa?llncd and 
li.m&xg values have been suggested vrh~h define speeds below which It is 
eX'$ected that speed stablllty would have been inadequate. For these au- 
malt whose approach speeds were, in fact, lmc~ted by :nargiml speed s%.blllty, 
these proposed lmtlng speeda average 2-3 kmts lower than those actually 
used. Taklly all 19 arrcr~ft together, the avcrage dlffercnce is about 
5 knots, but the R.K.S. dlfferenoe is between 6 a.& 12 knots, dependmg on the 
type of approach. 

Automatx throttle 0on';rol 2s 1x3 tbcory an eff,ctive method of improving 
speed stability to an acceptable level, partxularly on mstnment approaches. 

To sumarise, It IS shown that speed stab-ilty can lilnlt approach speeds, 
and that the level of ntabllity ms t be taken mto account in estmating 
tlxzse speeds. Thus process can matermlly mprove the predxtion of approach 
speeds for the latest types o? aircraft. 

The study of the relation between .SpFrOsXh speed and lift-drag character- 
istlcn s'nouid contmue, as xore data become avaxlable. The mportance of 
t1rust rosponss to throttle novwmcnts should also be examined. 

a 11rt curve slope, CL/r&an 

c4s 
drag coef~~o~cnz equvalcnt of vanable t!lrust (equation 2) 

cD drag coefilc~ent 

cL lift cocfficlent 

%nax 
maxzrmm available l~f'", coefficient 
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speed stability parameter (equatmn 10) 

reduction m F produced by automatic throttle 

gravity constant, ft/sec2 

Mti.ch number 

pitch attltde change per unit change Ln steady glide angle, d0/2y 

adient pressure, lb/ft2 

dynamic pressure &p$, lb/R2 

wing area, sq ft 

distance along f%ght path, ft 

engme thrust, lb 

thrust required for level flight, lb 

time, set 

change III au-speed, ft/sec 

initial value of u, ft/sec 

airspeed, ft/sec or knots, as indicated 

approach airspeed, f't/sec or knots, as ind~oated 

auspeed in unaccelerated flight at CL , ft/sec or knots 
max 

mudmum drag speed, knots 

lading weight; lb 

wing lod~ng, lb/Ft2 

j7Jd.e angle, radians 

air density, slug&t3 

pitch attitude of aircraft datlm, radians 

time constant of dlvergencc or subs-idence, sets 
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Title, etc. 

IV0ldan.s of longltuc3iC! stability Selow minmnun 
drag speed, awLi tkory of stahllity under aon- 
s tramt. 
R.A.!:. wpore, x0. Iiero 2yx.. 
July, 1953. 

The carc'ler deck-landlx properties of fx.ve 
jet-propelled amcraft. 
P.A. 5:. Report No. Aero 2455. 
June, 1952. 
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ROYAL AIRCRAFT ESTABLISHMENT -I_- 

The i~erodynsmic Effects of ;ispcct Ratio on 
Control Surface Flutter 

H. Halill 
and 

E, W. Chapple 

The report describes a series of lo-~ s$cod flutter tests to obtain 

a direct rnonsurcmcnt of the aerodynamic cffocts of aspect ratio on vkng- 

ailcmxl flutter. Tho tests wzro made on rigid wings fit-&d with full 

span ailerons, the wings having root flcxibilitics in roll and pitch. 

Provision was made for massbalancirq; the ailerons. Some gcneroJ. con- 

clusions ZIZO dra~m concorning ths cffccts of aspect ratio ‘%d massbalance 

on control surface flutter. 
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1 Introduction 

The tests described in th,, i.2 paper are the last of a series 9 P 9 1234 
using a technique, described in reference I, whereby the aerodynamic effects 
of aspect ratio on flutter can be isolated. The procedure is to use wings 
that arc virtudi.ly rigid, but have root flexibilities. By suitable adjust- 
ment of the inertia Gand elastic chCWnctcristics of the families of wings 
considered, it is possible to make Cany chLange in fluttus speed between 
individuLal wings of theso families dependent only on the aerodynamic effect 
of aspect ratio. 

The technique was applied in this instance to a family of unswept, 
untapcrcd wings, each wing havihg a full span aileron whose chord was 0.3 
of that of the wing. The influ~-~co of massbalance on the control surface 
flutter characteristics was also investigated. 

2 r;l J> xporiment&L details 

2.1 Description of the wings and mounting ri. 

All v&ngs lvccre of solid homogeneou s construction, being made of 
spruce. Each wing was fitted with a full span aileron, whose chord was 
0.3 of that of the wing cand which operatsd on a plain bearing hinge. 
There was no stiffness between the wing and aileron. The wing section 
used throughout was X.A.E.101. 

The rig allowed wing freedoms in modes of linear flexure (roll) and 
uniform pitch, A further degree of freedom was allowed, that of aileron 
rotation about its hinge line. The wing root was 0.075 span above the roll 
axis, and the pitching axis was 0.35 chord aft of the leading edge. 
Torsicn bars of odjustablc length provided the required stiffnesses, and 
sliding weights enabled the roll and pitch inertias to be adjusted. 

The wing mounting was desi,gned 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 were required. The 
moments of inertia of the rig (wing and mounting) about the axis of roll 
and pitch were adjusted by means of the sliding weights to vary as ,513 
in roll and s in pitch, where s is the distance from roll axis to 
wing tip. _ Wrthermorc the wings were designed so that the products of 
inert$a betirzen roll ‘and pitch and between roll c.nd aileron rotation varied 
as s- and the product of inertia bctvreon pitch and aileron rotation and 
the moment of inertia of the aileron about its hinge line varied as s . 
The inertia values are given in the table accompanying Pig.1 together with 
the dimensions of the wings. 

2.2 Massbalance arrangement 

A massbalanco ridor was attached to a carrier arm at the outboard 
end of each aileron (Pig.2) and the mCassbalance contribution to the vari- 
ous inertias was such that the dependence of the inertiss on the above 
functions of s (Section 2.1) was preserved. This was achieved by 
making all spanwise dimensions of the massbalance system vc2y'y as s , 
other dimensions being constant for 611 the wings. The carriers were 
mode of steel and the riders of lead; the structural details of the 
massbalance system care given in the table accompanying Fig.2. 

The massbalance system was affective in balancing out the dynamic 
cross inertia between wing roll end aileron rotation. When the c.g. of 
the rider was located 1.06" forward of the aileron hinge line the aileron 
was dynamically bLalanced in roll. However, when the rider was situated 
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in its furthest forward position on the carrier, the rider c.g. then being 
1.72" forward of the aileron hinge line, the cross inertia between wing 
pitch and aileron rotation was only reduced by 21,: of its initial. value. 

-The variation of massbalance conditions 
80;: static balance of the aileron. 

covered a range from 4-5,; to 
Tho addition of mass balance had a 

pronounced effect on tho pitching moment of inertia of the aileron. Mhon 
the carrier only was added the inertia was incrcasod by 55,: of its basic 
vziLue and when the ridor was added at its furthest forward position it 
was incrcnsod by a further 73,;‘. 

2.3 Wind tunnel moaaurcr~nts 

The tests wore conducted in the 5 ft diameter open jet tunnel. 
All wings wore mounted vertically Sbovo a rofloctor plate, to simulate the 
symmetric flow condition. The wing aspect ratios rLanged from 2.0 to 6.0 
being defined as 2 s/c where c, the chord of the wing, was constant for 
the whole series, 

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 ssme. 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 slated on the carrier with its c.g. 0.82" 
forward of the aileron hjnge line. 

For a particular massbalance condition i.o. aileron c.g. position, 
the various wings arc so related that the flutter equations are identical 
apart from the aspect ratio effects on the aerodynamic coefficients. Tho 
fact that the natural froquoncies of the wing in roll and pitch wore 
moasurod at a particular mnssbalence condition dots not imply that the 
relation holds only for this condition. The relation holds for all mass- 
balance conditions but th2 equations for each massbalance condition will 
bo 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 fitted on the csrrisr at various positions along 
the arm. For oaoh of these conditions moasuroments were made of flutter 
oharactoristics for the binary types of flutter wing roll-aileron rotation 
and wing pitch aileron rotation and of tho ternary wing roll-wing pitch- 
ail.eron rotation. 

Flutter speeds and froqucnc ios wcro moasurod for each wing, tho 
spood being that at which the oscillation just died out as the tunnel. 
speed was reduced. As some of the flutter speods wore unusually low and 
below the accurate calibrated value for the tunnel, measurements of all 
spoods were made using a Chattock gauge. 

3 Results 

The results of the wind tunnel tests are plotted in Figs 3-8. In 
Figs 3-6 flutter speed and frequency are plotted against the reciprocal of 
aspect ratio and in Figs 7 and 8 flutter speed is plotted against massbalance 
position for each of the wings in turn. 

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

(I) Wing roll and aileron rotation 

(2) Wing pitch and aileron rotation 

(3) Wing roll and pitch and aileron rotation 
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3.1 Wing 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 and could be allowed to continue right through its speed range 
so that an upper bound to the flutter was obtained. Flutter frequencies 
arc only plotted for two mas;balancc conditions to avoid confusion in the 
figure . 

It was found that the upper critical speeds were sensitive to damping 
in the aileron degree of freedom. The aileron amplitude near the upper 
critical speed ic U extrcmoly smell and the aileron inertia at similer ampli- 
tudes in the wind off condition is insufficient to overcome even the smeJ.1 
amount of friction present in the aileron bearing. Too much significance 
should not therefore be attached to these uppor critical speeds; the upper 
bounds are indicated by a broken line to indicate the uncertainty about 
the absolute 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 massbalenco the limiting 
aspect ratio decreases. The limiting aspect ratio is slightly less than 
4 when the aileron is 59% statically balanced decreasing to just greater 
than 3 as the balance rises to 6&i. MO nose to the flutter speed CWVC: was 
found when the aileron static balance was less than 59,;, the trend of the 
results indicates that limiting finite aspect ratios should exist but no 
values can be assigned to them. 

It was considered that the extremely low Reynolds number at which the 
tests were aonducted (between 3.5 x I& and 24.5 x I&) could be producing 
some unwanted aerodynamic effeot. The roll-aileron rotation flutter tests 
were accoltiingly repeated with transition wires fitted to the wing, this had 
the effeot of increasing the width of the flutter band and making the flutter 
more violent. 
unaltered and in 

The general shape of the flutter speed curve is, however, 
particular for the higher values of mass .balanoe a limiting 

asl3eot ratio exists above which flutter does not oocur, 

3.2 biing pitch-aileron rotation -- 

The variation of flutter speed and frequency with aspect ratio for 
this type of flutter is shown in Fig..& Flutter speed increases lfrear7.y 
with decreasing aspect ratio; the frequency remains approximately constant 
as the aspect ratio increases from 2 to 4 but for larger values gradually 
decreases, In thz range- of aspect ratios exomincd the flutter speed can 
bo oxpressed by a relation of the form V = Vo f(A), where Vo is the 
extrapolated experimental. value for the two-dimonsional case* and f(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 rango of massbslance considered a 
reasonable average value of f(A) is f(A) = 1 + 425/A. 

ving pitch-aileron rotation type flutter occurs at higher speeds 
than the other typo for oil the wings tested, 

3.3 Wing roll-wing p itch-ailcron rotation I_ 

v/hen 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 extrapolation of the results beyond those 
for the wings of highest aspect ratio tested may not be justified. 
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types of binary flutter consider33 above. 
rotation type flutter was excited first, 

The mainly wing roll-aileron 

this type of oscillation persisted, 
and than at higher speeds whilst 

a furthor disturbance would excite the 
wing pitch-aileron rotation typ o fluttor, which then beczme dominant. The 
variations of flutter spoed and frequency of these types of flutter with 
aspect ratio are shown in Fig.5 and 6. 

Vhen the rider was fitted so that its c.g. was 1.12" forward of the 
aileron hinge line en instability of the roll-aileron rotation type was 
obtained involving large wing amplitudes. It was impossible to ascertain 
whether this was flutter or not as the rig immediately %ammered" against 
the amplitude limit stops, This phenomenon was not noticed for the binary 
system. Otherwise the fluttor speeds and frcquencios for the wing roll- 
aileron rotation type flutter are practically the same as the correspond- 
ingbinaryones, The same doubts exist about the accuracy of the upper 
critical speeds for this type of flutter as were mentioned in connection 
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 corresponding 
binaries. Flutter speeds for the ternary are greater then those for the 
binary having tho semo massbalance conditions. The slopes of the lines 
representing tho increase in flutter spocd with decrease of aspect ratio, 
decrease as the massbelance is reduced and they aro greater than those of 
the corresponding binary case. 

Tho regions in which the two types of fluttor are possible are over- 
lapping for certain massbolence conditions, and it is possible to have 
both types occurring at a particult\r Uspocd. For an aircraft, only the 
lower bound is, in general, significant end there will be 3 transition 
from one form of flutter to anothcr, 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 the aspect ratio of the wing in question, 

3.4- Comparison with theory 

The fact that a decrease of aspect ratio could increase the danger 
of a mild aileron flutter has been noticed previously by Jordz& in some 
flutter calculations on a similar system to this. To a certain extent this 
is confirmed by those tests i.s. for certain massbalance conditions a 
limiting aspect ratio exists above which fluttor will not occur. Flutter 
calculations for the roll-aileron rotation binary using two dimensional 
derivatives6 do not give agreemontwith the tronds indicctod by these 
measured results. These calculations show that a flutter speod exists for 
the infinite aspect ratio wing for ollmassba.l?nco conditions botweon that 
in which no rider is cerriod and that in which the rider is 0.82” forwzrd 
of the Gaileron hinge line. For more forward massbalance positions no 
flutter spoed oxists for the two dimension&l case. 

Attompts to predict the f'luttor chzractcristics for the finite aspect 
ratio wings using two dimensional dorivativos factorsd by the previously 
detorminod aspect ratio correction 2 for Vno m&in surface LvLd the full 
values for the control surface , gave gencr&Qly poor agreomont for the lower 
critical spcods and the upper critical spcods wcrc very much lower thnn 
the measured ones, (There is doubt about the accuracy of the measured 
upper critical speeds though), The uppar and lowor bounds of the flutter 
speed curve are roughly parallel with the aspect ratio axis. The 
theoretical results obkained for tho no rider case ore indicated in Fig.3. 

Speculation Lzrises as to w-h.& is the cause of the discruponcy between 
calculation &vLd practice. The introduction of structural damping into the 
flutter equations will cvontually oliminntc 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 agreement with the extrapolated experimental 
values for the infinite aspect ratio case and the theoretical work was 
not continued further than this. 

4 Conclusions 

Two types of ternary control surface flutter w-em characteristic of 
the system considered here, one in which the main motion was roll of the 
wing snd control surface rotation and a second in which the main surface 
motion was predominantly pitch, For a particular massbalance condition 
both types exhibit an increase of flutter speed with decreasing aspect 
ratio, the increase being slight for the first type. A linear increase 
was found for the second type of flutter, 
the form V = Vo f(A), 

which could be expressed in 
Vo being the extrapolated value for the two 

dimensional 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 earlier thaoret- 
ical. conclusion5 that a decrease of aspect ratio can increase the probc&il- 
ity of encountering a region in which a mild aileron flutter occurs. The 
limiting aspect ratio below which flutter occurs depends on the amount 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 
7g2 static balance whilst for that of aspect ratio 4 it occurs at 5%;. 
Tho effect on the second typo of flutter is a gradual increase in flutter 
speed with increasing massbalonce. 

It is reasonable to expect that the results obtained will be appli- 
cable quaJ.itatively to control surface flutter in general, where tho 
aileron will not be free as in this case. 
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