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FOREWORD 

This publication contains edited versions of the lecture notes and complementary 
discussions from the AGARD - VKI Lecture Series on “Assessment of Lift Augmentation 
Devices”, at the von Ka’rma’n Institute for Fluid Dynamics during the week 20-24 April 
1970. 

The lecture series was designed to  provide an up-to-date account of special aero- 
dynamic problems and applications of lift-augmentation devices; including appraisals of 
the present state of knowledge, novel aerodynamic advances, experimental and theoretical 
treatments, applications for transport and combat aircraft, important areas for research 
and development. I t  was primarily intended for aeronautical engineers with a need to 
acquire a more adequate background on lift-augmentation devices. But short discussions 
were held after most of the lectures, together with a final Discussion Seminar, to  take 
advantage of participants with specialised knowledge’ as appropriate. 

The Course was well supported as regards both the number of attendees (about 
100) and their technical quality. The organisation was carried out under the auspices 
and with the support of AGARD, in collaboration with the von Ka’rmln Institute who 
had the responsibility for the general administration and local organisation. 

A special tribute must be paid to  the lecture staff, for the quality of their presenta- 
tions, the valuable analysis contained in their lecture notes provided for distribution during 
the Course, and their cooperative participation in discussions. Our thanks also go to  the 
official and private organisations through whose courtesy it was possible to offer such 
technical experts as lecturers. 

Paul E.Colin John Williams 
Associate Director, Aerodynamics Department, 
von Ka’rmin Institute, Brussels. Royal Aircraft Establishment, UK. 

The Course Directors and Editors 

September, 1970 
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SUMMARY 

The empirical correlations used in the estimation of maximum lift of single aerofoils are a 
described and the use of pressure distribution calculations to  augment these correlations is dis- 
cussed. Examples are given of Reynolds Number and Mach Number on maximum lift at low 
Mach Number. 

The use of such correlations is extended to flapped aerofoils by use of a simple method 
involving plotting maximum lift against lift increment due to flap at zero incidence. This is 
shown to follow logically from a description of the flow field and its effect on the boundary 
layer. Empirical correlation for the estimation of the lift increment due to flap at constant 
incidence is shown. 

4-  J &- 
-=-- 1 

Comments are made on the effect of various leading-edge devices especially fixed leading- 
edge shape modifications and Handley Page slats. Examples are given of adverse interaction 
between leading-edge slats and trailing-edge flaps. 

. Mechanical details of flap support systems are described and the considerations involved in 
the best choice for various applications are discussed. 

Drag estimation at high lift is discussed and attention drawn to the increasing difficulty of 
this problem, as lift is increased. 

Finally the development of satisfactory stalling behaviour in three dimensions, including the 
use of fences and spoilers is described. 
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NOTATION 

lift coefficient 

increment in CL due to flap at constant (Y , usually (Y = 0 

lift coefficient at stall 

increment in CLmax due to  high-lift device 

pressure coefficient 

momentum coefficient of “blowing” air 

minimum C for attached flow 

aspect-ratio 

wing-lift curve slope in two-dimensional potential flow 

flap-lift curve slope in two-dimensional potential flow 

semi-span 

chord with devices retracted 

flap chord 

cc 

= Cf/C 

total head in boundary-layer 

free-stream total head 

distance from surface 

Mach number 

free-stream static pressure 

Reynolds number 

aerofoil maximum thickness 

aerofoil upper-surface ordinate at 5% chord 

angle af incidence measured to  datum chord of section with devices closed 

flap angle 

sweepback angle of Hinge Line 

sweepback angle of QuarterChord Line 

defined in text 

defined in text 

de f i ed  in text 

refers to  quantities defined using chord 
or area with devices extended (omitted when sense is obvious) 

’ 
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AERODYNAMICS OF MECHANICAL HIGH-LIFT DEVICES 

D.M.McRae 

1. INTRODUCTION 

The purpose of this lecture is to describe in fairly general terms the stalling of conventional aerofoils and the 
effects of mechanical high-lift devices thereon. The factors affecting maximum lift coefficient are discussed in the 
context of estimation methods. Drag is also discussed. 

2. SIMPLE AEROFOILS 

Various empirical correlations of maximum lift coefficient of aerofoils have been made in the past. The classic 
works of this nature centred on the era 1936 to 1946, a time when the calculation of potential flow pressure distribu- 
tions was not generally possible for “the average aerodynamicist”. At the end of this period the potential flow 
pressure distributions were however available for the NACA aerofoils, tests of which formed the main part of the 
empirical data. Nevertheless the most successful correlations were in terms of simple geometric parameters rather 
than in terms of pressure distributions. Some of the most significant of these empirical analyses are those of 
References 1 and 2. 

Dating from about 10 years later, Reference 3 by Gault gives a classification of the three main classes of stalling 
behaviour which, for conventional aerofoils, has not been improved upon. The omission of any mention of Mach 
number, even though all the data is probably for Mach number less than about 0.18, is a feature which may be 
regretted. 

These correlations were based almost entirely on data measured on the NACA digit, 5 digit and 6 series aerofoils, 
these aerofoils providing then the only large body of high Reynolds number data. Whilst computerised pressure dis- 
tribution methods, both “forward” and “inverse” have now enabled design aerodynamicists to  depart from these 
families of aerofoils, there has been no corresponding expansion in published high Reynolds number data. The coming 
of computerised boundary-layer calculations might be expected to improve the situation by releasing us from this 
straight jacket of geometric correlations: however, though attempts had undoubtedly been made I am unable to  
report any improved method of estimation based thereon. 

The general availability of the pressure distribution method has contributed, however, to  the improvement of 
maximum lift, particularly by the use of leading-edge modifications. It must be pointed out that this application 
has largely been to aerofoils basically designed to  a combination of structural and cruise considerations, that is to  
sections of somewhat limited overall camber such as are common on high subsonic aircraft. 

t 

Thus, the methods available to  us for determination of maximum lift of clean aerofoils can be summarised in 
Figure 1. This is presentation of the test results published by Abbott and Von Doenhoff4. Figure 1 in fact uses 
the data for a Reynolds number of 6 x I O 6 ,  in order to  be comparable with another Figure to  be presented later: 
a very similar diagram would be produced by using the 9 x lo6 Reynolds number data. 

The steeply sloping left-hand part of the diagram corresponds to rather sudden stalls, described in Reference 3 
as being associated with separation near the leading-edge. When dealing with some new aerofoil likely to  fall in this 
class, one could attempt to  ensure that it lay near the top of the scatter band by using the calculation of pressure 
distribution to  ensure that some lack of smoothness of other peculiarity of design did not cause an unnecessarily 
high peak of negative pressure. 

It should be noted that in some respects the USAF handbook’ on the one hand, and on the other hand the 
British Royal Aeronautical Society Data sheets* and Figure 1, can give conflicting results for some types of departure 
from the standard families of thickness distribution. For instance, blunting of the leadingedge causes a modest 
reduction of CLmax according to  the USAF handbook, based as it is on the increase in thickness between 6% and 
15% whereas the others would predict a fairly dramatic improvement, being based on the ordinate at 5% chord, one 
using thickness and the other upper surface. 

There is probably inadequate test data published to resolve which is correct. The present author can only 
recommend recourse to  calculated pressure distributions to  suggest which is the more likely effect in any particular 
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case under investigation. But this is still not proof. It is to be remarked that Reference 3 is based on yet another 
criterion, the upper surface ordinate at 1.25%. 

The apparently more scattered right-hand part of the diagram (Fig. 1) corresponds to cases with progressive 
separation from the trailingedge, a d  can be sorted out by labelling the points with thickness-chord ratio and some 
camber parameter such as “design” lift coefficient. The use of “design” lift coefficient is however likely to be mis- 
leading if the camber line of the aerofoil for which one is trying to produce an estimate is not of the same family 
as those of the test data. 

We must now come to the effect of Reynolds number. Figure 17 shows the results of varying tunnel speed in 
an atmospheric tunnel, on a number of swept wing half-models of 20 inches chord. The low slope region on the 
left corresponds to “thin aerofoil” stalls, the so called “long bubble” case. The steep rise corresponds to sudden 
leading-edge stalls, that is of bursting short bubbles. 

The low slope region on the right does not necessarily correspond, however, to progressive trailingedge stall; 
in some cases at least, the onset of Mach number effects is thought to be involved. Certainly Mach number effects 
can extend down to quite low Mach numbers. Figure 15 shows flight results on an aircraft in the clean configuration; 
these results show no sign of the variation of CLmax with Mach number stopping in the range covered. 

The value of 6CLmax/6M = -1.5 shown in Figure 15 is not untypical though rather higher values are some- 
times found, and of course, in cases where the stall is of the thin aerofoil type, the effect of Mach number is small. 

It will be seen from the preceding that the state of estimation methods for clean aerofoils is still somewhat 
unsatisfactory and not much better than 20 years ago. However, the work on pressure distribution methods and 
boundary-layer methods, where considerable progress has been made in the last 10 years, may be expected to lead to 
improvement ultimately, and can already be used to indicate whether relatively small changes are good or bad. 

3. TRAILINGEDGE DEVICES 

After the somewhat dismal situation on the estimation of CLmax on clean aerofoils, we will start this section 
with a rather startling assertion that trailingedge devices, at least at large angular settings such as those used for 
landing, make the estimation of CLmax easier than for the clean aerofoil. 

Figure 2 shows an analysis of all the 60’ split-flap data given in Reference 4. The choice of ordinate will be 
explained later, but the improvement in correlation with the single parameter y,,/c compared with Figure 1 is 
immediately apparent. It will also be noted that the majority of the aerofoils fall on the steeply sloping part of the 
diagram. This sensitivity to leading-edge geometry is, in the case of clean aerofoils, generally typical of stalls involving 
separation from close to the leading-edge. 

Examination of the shape of the lift-curve peak in the flapped cases fails to reveal any that are typical of 
trailing-edge stalls as categorised in Reference 3. In particular, the aerofoils in that band 3%% > y, ,/C< 5%% 
have much sharper peaks in the flapped cases than in the clean cases, and may be presumed to have changed from 
a trailing-edge type stall when clean, to a leading-edge type stall when flapped. It has to be admitted that the three 
aerofoils on the extreme right have moderately sharp peaks when flapped. This is slightly surprising in view of the 
lack of sensitivity of CLlnax to leading-edge geometry as between these three aerofoils which are NACA 4415, 
4418 and 4424. 

The fact that almost all the aerofoils in Figure 2 have stalls which are dominated by the leading-edge charac- 
teristics forms the justification of the choice of ordinate. This sensitivity suggests that the load carried near the 
leading-edge is an important feature. Thin aerofoil theory shows that, in two-dimensional flow, for vanishingly 
small values of E = cF/c , the load carried across the leading-edge is the same for an unflapped aerofoil at a value 
of C, and for a flapped aerofoil when (C, - SAC,) has the same value; where AC, is the increment of C, 
at constant incidence due to flap rotation. The factor of % decreases for increasing values of E , but not very 
much in the usual working range. Of course, as the flap is in all cases in Figure 2 a split flap of E = 0.2 at 60°, 
there is not much variation in AC, ; the values lie mostly between 1.2 and 1.5. The use of this ordinate is thus 
not fundamental to obtaining a reasonable correlation for one particular flap configuration. 

Figure 3 shows the envelope of Figures 1 and 2 superimposed. It will be seen that, for the regions where the 
stall is leading-edge dominated, i.e. where the slope against y, ,IC is high and positive, this concept of leading-edge 
loading has gone a long way towards forcing the flapped data to correlate with the unflapped data. The difference 
in (CLmax - SAC,) is only between zero and 0.3. We will see later, when we consider the pressure distributions and 
their effects on the boundary-layer, that it is not unreasonable that even in leadingedge dominated cases the flapped 
aerofoil should show a greater benefit than SAC, over the unflapped. This is because the flap has also reduced the 
subsequent adverse gradient. It might also be postulated that this effect would be expected to be reduced in cases 
where CLmax has become sensitive to Mach number; since in that case it is to be supposed that the value of Cp min, 
that is its relation to C 
gradient which is imporrant in determining boundary-layer separation. 

for M, = 1 , would be of significance; whereas in the other situation it is the pressure 
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When assessing the CLmax of clean wings it is fairly common practice to carry out spanwise load distribution 

demanded by the spanwise load distribution. The use of this procedure on wings with part-span flaps is not 
calculations and then to compare the sectional CLmax available at the various positions across the span with the 

C, 
very meaningful, as, at a section just beyond the end of the flap the C, demanded will commonly be greater than 
two-dimensional unflapped data would suggest is likely to be available. 

The author proposes to ignore this difficulty for the moment, and to show that quite often good correlation 
can thereby be obtained. If for y,,/c< 3%% , Figure 3 had shown a perfect collapse of the flapped data onto the 
unflapped, then in finite aspect-ratio cases, at any rate for full-span flaps, one might expect 6CLmax/SC, to equal 
%(A + 2)/A . This results directly from the independence of CLmax from variation of aspect-ratio and the depen- 
dence of lift curve slope, both a, = aC,/aa and a, = aC,/aS, on aspect-ratio, approximately as A/(A + 2) . 
The independence of CLmax from aspect-ratio is of course restricted to cases where aspect-ratio is greater than 
about 4 and leading-edge sweep is not excessive. That is, restricted to cases where neither leadingedge separation 
vortices, nor tipedge separation vortices, contribute any appreciable extra lift. 

We will now compare this proposition with a number of test results and it will be seen that it fits the test data 
no less well in the case of part-span flaps than for full-span flaps. Some data is shown for cases with leadingedge 
slats. Whether wings with slats stall in a leading-edge dominated fashion, or what the parameters are which determine 
this, we will not discuss at this stage. 

Figure 4 shows a collection of four finite aspect-ratio wings. Of these, the one clean leading-edge of y,,/c e 4% 
fits %(A + 2)/A very well, in spite of having only part-span flaps. The other clean leading-edge has a y,,/c of about 
5% and displays a slope of rather over unity (about 1.07). The correlation is all the more remarkable when it is 
realised that both of these cases include a point for which AC has collapsed owing to excessive flap angle. The 
Reynolds number in these two cases is between 1 and 1.4 x IO k . 

The curve at the top left is something of a rogue for which the author can offer no explanation. 

Figure 5 shows the corresponding plotting for a full-span blown flap. The example again includes cases of both 
separated flow on the flaps and of attached flow on the flaps. Correcting the lift for the direct jet momentum pro- 
duces only a very small improvement in the already good correlation. This shows that a blown flap is “just another 
flap”. The blow serves to improve AC, due to flap, but the effect on CLmax is practically no different from 
that due to any other flap that produces the same AC, . Of course, there may not be any other such flap; hence 
the advantage of the blown flap. 

Figure 7 shows another case, this time with a leading-edge slat. In this example the slope is rather lower than 
%(A + 2)/A . This has been observed on other occasions on slotted wings. It is suggested that this might be associ- 
ated with a growth in the slat wake between the C, at which AC, is determined and CLmax causing in effect 
a decrease in AC, as incidence is increased. It is also to be noted that the full-span flap case does slightly less 
well than the part-span cases. 

From the preceding description we can postulate the general shape of relation between CLmax and AC,(a = 0 )  
We can also postulate the steps which must be gone through in order to estimate CLmax of a flapped wing. See 
Table IV (Fig.19). Figure 20 shows this diagramatically. It should be noted that, whilst Figures 1 and 2 give some 
sort of correlation of CLmax and the notional leading-edge stall CLmax , it is not suggested by the author that 
these figures should be used if any other data on more closely related configurations is available. I t  is also desirable 
to use theoretical pressure distribution calculations to determine whether the section in question is likely to be near 
the top edge of the scatter band. 

The procedure outlined in Table IV (Fig.19) will seem to lead to the possibility of CLmax vs C, diagrams 
with a distinct bend partway through the flap angle range. The examples so far shown do  not obviously reveal such 
a case, but Figure 18 does show a case which seems might fall into this category. Having postulated from the 
observed behaviour of the CLmax vs C, plots that there are two distinct modes of operation, we will now see 
how this deduction is supported by considerations of boundary-layer behaviour and observed pressure distributions. 

Figure 6 shows a typical pressure distribution measured in a low-speed wind-tunnel at a lift coefficient a little 
below the maximum. It is in fact on a wing with a leadingedge slat. 

The upper-surface pressure distribution is typical, characterised by a high suction peak near the leadingedge 
followed by a rapid pressure rise. Without a slat these features would be even more marked. Without a flap and 
without an incipient trailingedge stall, this pressure rise would end at the trailingedge with a pressure coefficient 
of about +O.l to +0.2. The flap, in this case at 40% causes the trailing-edge pressure on the main element to be 
more negative by about ACp 1.0 . 

If pressure distributions with and without flap are compared, not at constant incidence but at constant leading- 
edge peak height then, and can also be shown by theoretical pressure distribution calculation there is not much 
effect on pressure gradient immediately behind the leadingedge peak, but the pressure gradient further back is con- 
siderably reduced thereby reducing the tendency to progressive boundary-layer separation from the trailingedge. 



1-4 

Thus in cases without trailing-edge stall, the effect of flap may be expected to follow roughly the "constant 
leading-edge load" criterion, but if the stall without flap was progressive from the trailingedge a larger improvement 
may be expected. 

Thus we can summarise the effect of the flap: 

(a) By producing an increment of lift at constant incidence compared with the unflapped case, an increment 
of lift of about half this amount is produced when the loading and tendency to separate near the leading- 
edge is the same in the two cases. 

(b) If without flap there is a separation associated with the pressure gradient on the rear part of the aerofoil, 
t h e r b y  producing a local suction at the rear of the main element, and hence less adverse pressure gradients, 
the flap may delay or eliminate the trailing-edge stall. 

The function under heading (a) is common to all types of trailing-edge flap, but the aerodynamic means of pro- 
ducing function (b) differs according to the type of flap and is tabulated in Figure 8. I have in this Table gone outside 
the terms of reference of this lecture and included blown and jet flaps. I have felt it desirable to do this since the 
overall programme for the week might at first sight, by separating them into separate lectures, give the impression 
that they have little in common with "mechanical" flaps. I think that the similarities in their effect of the main 
wing cannot be over emphasised. 

The various types of flap also differ in the way the main aerofoil boundary layer passes downstream from the 
flap knuckle. These differences are tabulated in Figure 9. These differences will of course lead to differing AC, 
vs flap angle relations. 

The estimation of AC, is a subject on which a fair amount of empirical analysis has been done over the 
years. One method used by the author is due to D.H.Wilkinson and takes the form: 

where the double prime signifies the use of chords and areas which include the extension due to leading and trailing-edge 
devices and ACL is the lift increment due to the extending and deflecting the trailing-edge device. K is part-span 
factor taken from Royal Aeronautical Society Data Sheets2. h is the potential flow value of aZoT/aOT for a thin 
aerofoil from the same source. A, , is the sweep angle of the flap hinge line. A is the Aspect-Ratio. (1 + t/c") 
is an approximation to the effect of thickness on the potential flow lift curve slope. 

Thus $" is the lift curve of a hypothetical full-chord flap on a thin aerofoil in two dimensions but with the 
boundary-layer effects of the actual case. In the absence of such effects, the slope of J/" against flap angle would 
be expected to be 2n . Figure 10 shows such a J/" flow obtained for a Fowler flap. No  doubt each worker in 
high lift has his favoured set of such curves, or their equivalent, for each type of flap with which he is concerned. 
One has more confidence in using such a method for scaling for small changes from a closely related case, so the 
author has not here attempted to produce a completely general correlation and has only shown one typical such 
curve. For those without data on "Closely Related" cases, there are curves in both USAF handbook and the RAeS 
data sheets which can be used for the same purpose though they are presented in slightly transformed fashions. 

The index of the cosine term is entirely empirical and would differ according to whether the flap angle used is 
a rotation of the flap about a swept axis or is the angle in a line-of-flight section. The value of unity is slightly 
surprising on theoretical grounds. 

All that is claimed is that it seems to work better than a value of 2 for flaps with attached flow. 

A word of warning must be inserted here on the subject of AC,,,, due to flaps. Firstly, for plain flaps 
with separated flow, some analyses show less benefit for large values of cF/c than the theoretical C, benefits 
would suggest. Figure 21 compares these. Secondly other analyses of the effect of sweep on ACLmax due to flap 
have given, for' various types of flap, losses worse than cos3 A 4 4  compared with cos A, , suggested above. The 
author's data does not extend over a sufficiently wide range of sweep to be conclusive, but have not so far suggested 
such severe losses. 

Returning to the $" plot of Figure 10 for an attached flow flap, the slope of $'f versus flap angle is markedly 
less than 2n . Contributions to the deficit are presumably: 

(a) Nonlinear effects in potential flow; whilst these may be appreciable on multi-slotted flaps achieving attached 
flow with about 90" deflection on the last element (as on the Breguet 941) and on blown flaps with angles 
of about 60" and over, such effects are not important at a = 0" and 6 = 40" . 

(b) The potential flow effects of the flow through the various slots. 

(c) Boundary layer and wake displacement thickness effects. 
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Figure 1 1  shows some total-head profiles measured on a wing with a slat and a Fowler flap. These are measured 
on the same models as Figure 6. The highest incidence shown is just before the stall and is the same as that for 
Figure 6. At mid flap chord the wake from the main element is still fairly separate from the flap boundary layer. 
However, the slat wake appears to be well mixed with the main aerofoil boundary layer before the shroud point is 
reached. Just before the stall there is a very large thickening of this combined slat wake and main aerofoil boundary 
layer, although as far as it was possible to judge the flow was still unseparated. 

The thinness of the flap boundary layer shown (or rather not shown as the experiment has failed to measure it) 
in Figure I 1  makes it seem unlikely that the displacement thickness of this boundary layer is the sole reason for the 
$" slope being less than 2n . The flow through the slots will cause some loss of this slope in a potential flow 
situation, but the thickening of the wake of the main element (and slat in the case illustrated) is likely to be the 
main cause. Hence, a method of calculating this wake flow is needed in any attempt to calculate flap characteristics 
from a combination of potential flow and boundary-layer calculations. 

3. LEADINGEDGE DEVICES 

Tabulated in Figure 23 are the principle types of leading-edge device. They have been separated into three 
groups. Group 1 functions by modifying the pressure distribution. Group 2 by improving the state of the boundary 
layer without much effect on the pressure distribution, and Group 3 by both means. 

We will now comment on each of these in turn. 

3.1 Leading-Edge Flaps 

A chart for the effect of leading-edge flaps is given in the USAF handbook' based on a premise that the incre- 
ment CLmax is determined by the pressure distribution close to the leading-edge: this of course is rather similar to 
the present author's suggestions for the effect of trailing-edge flaps on aerofoils which are not too thick. The chart 
is presented together with a suggestion that it should be used for nose flap angles not exceeding 25". At some.angle 
typically of this order, the suction near the knuckle and the subsequent pressure recovery will take over the produc- 
tion of the separation. Whilst the value quoted is in close agreement with the lecturer's experience, it is to be 
expected that the knuckle radius will be a factor in determining the maximum useful angle. Reynolds number is 
also a factor; whilst 25" is probably about the best angle at high Reynolds number, model tests at about IO6 Re , 
often indicate about 35" as being the best angle, therby giving a falsely optimistic increment in CLmax . It is also 
necessary to call attention to the mechanical difficulties of manufacturing a smooth knuckle, and the combination 
of such irregularities, gaps and leaks will often lead to a significant reduction in the increment in CLmax . It should 
also be noted that at thickness-chord ratio of about 13% and above, it becomes very difficult to produce a geometry 
which looks attractive, and presumably at these thicknesses there can be little gain in CLmax . 

3.2 Fixed Leading-Edge Droop 

The effect of fixed leading-edge droop can be assessed by a similar concept. This is by calculation of pressure 
distributions with and without the modification and then finding the increase in C, to give the same peak suction 
value near the leading-edge. It has been common practice in the UK to use a peak suction of Cp = -10 for such 
calculations, as suggested by the late Miss Bradfield of the Royal Aircraft Establishment, Farnborough. However, it 
seems to be necessary to scale down the calculated improvement in CLmax by a factor typically between 0.5 and 
1 .O. Such calculation requiring detailed knowledge of the sections is rather inconvenient for early project assessment. 
A cruder form of assessment would be to use the y,,/.c correlation presented at the beginning of the lecture, but 
this does not really help much, since the question immediately arises of how large a modification is acceptable and 
only detailed calculations will show up what the limit is. 

At this point, whilst we are discussing pressure distributions, it is appropriate to call attention to what may 
well be a limitation to most if not all the suggested methods of evaluating CLmax . This restriction is that they 
are arrived at from experience on aerofoils which in general have been designed with some degree of restriction in 
thickness and camber due to considerations of high-speed flight: if not from Mach number considerations, then at 
least due to structural considerations. I t  seems quite possible that, if an aerofoil was designed solely for maximum 
lift in the clean configuration, the subsequent effect of high-lift devices may not follow the description very closely. 
Put another way, the experience is based on aerofoils which have either leading-edge or trailing-edge stalls. Whilst 
Reference 3 has a further category termed "combined" stall of which the prime example is NACA 23012, a section 
of moderate thickness and rather low camber, it is reasonable to suppose such aerofoils are included. However, it 
seems possible there might be aerofoils perhaps of high camber and low thickness which might give very good values 
of CLmax for which, owing to a total lack of data, no such assurance can be given. 

Returning to the question of the factor typically of 0.5 for CLmax/(CL for C = -10) , it must be pointed 
out that tests at low Reynolds number may give wildly optimistic results for this faclbr. Figure 17 shows the vari- 
ation of CLmax with Reynolds Number for an aerofoil with a series of leading-edge modifications. The tests are 
in an atmospheric tunnel and wind speed is changed to obtain the variation of Reynolds Number: thus Mach Number 
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is also varying and may be starting to affect the results at the right-hand side of the diagram. It will be seen that, 
where the values of CLmax are rising very steeply there are very large differences between the various cases, but 
at the right-hand edge the differences appear to be settling down to much more modest values. This is presumably 
due to changes in the distance between the stagnation point and the laminar separation point differing; the larger 
values, resulting from the larger values of leading-edge radius, causing the steep part of the curve to lie at lower 
values of Re , based on chord. 

3.3 Krueger Flap 

Whilst very crude generalisations may be possible, there are many detailed variables, such as the leading-edge 
radius of the flap, the curvature between there and the basic nose, and the fit and leaks between the flap and the 
main aerofoil; these variables seem likely to have a profound effect on the CLmax . The lecturer would be generally 
unhappy to rely on anything other than model tests conducted, at adequate Reynolds Number, on an adequately 
detailed representation including the leaks. 

I 

3.4 Slat Without Slot 

Since, as with the leading-edge flap, the leading-edge geometry of the device is the same as the leading-edge 
geometry of the basic aerofoil, this device can be expected to correlate in the same way as the leading-edge flap. 
There will be a different set of irregularities at the knuckle, but some evidence exists to suggest that the limiting 
useful angles are similar. 

3.5 Tangential Blowing and Boundary-Layer Suction 

These topics will be left to the lecturer on Pneumatic Devices. 

3.6 “Letter Box” Slot I 

Only a very limited amount of data is thought to be available in NACA work from the early 1930 era. Reference 5 
is typical and shows a value of CLmax of about 0.47 at a rather low Reynolds Number (0.6 x I O 6 ) .  As mentioned 
in section 3.8, I would guess this may well reduce to about 0.3 at full scale. Different basic sections may well give 
different results. 

3.7 Vortex Generators 

The lecturer has included this item for completeness but is unaware of any data. 

3.8 Handley-Page Slat 

Figure 25 shows some typical results for the ACLmax due to slats. These results of course depend on spending 
a considerable effort on optimising the “cut line profile”, gap, overlap and rotation angle. The Reynolds Number of 
these results is low. There are some indications that at full scale the effect may well be rather less. Put another way, 
there are indications that there is rather less scale effect with slats than on plain aerofoils. It is not clear why this 
should be so. 

It is common practice to think of slats in terms of the slot rejuvenating the boundary layer. The author con- 
siders that this approach is not very helpful in understanding the features that are involved in optimising the configu- 
ration. Figure 1 1  shows some total-head surveys carried out on a wing with a slat; it shows that the slat wake has 
passed fairly far back before becoming mixed with the main element boundary layer. To that extent, keeping the 
slat (that is the leading-edge) boundary layer out of the main element boundary layer has helped the state of the 
latter. However, there are additional benefits and these may be seen in Figure 12 which tabulates the features that 
effect the pressure distribution. It will be realised that for optimum performance a balance must be struck between 
items 1 and 3 to get optimum rotation; also the correct balance between items 3 and 4 on the one hand and the 
need to keep the slat wake separate from the main element boundary layer until far enough downstream will deter- 
mine the correct gap. 

As will be explained in the section on interaction between leading and trailing-edge devices there is a reduction 
of ACLmax due to slat with flaps down; or rather, as Figure 25 is for flaps down cases, an improvement flaps up. 

Just as with leading-edge flaps attention must be paid to mechanical details, such as the step in the upper 
surface step where the slat trailing-edge stows, and also in this case the various supports between the slat and the 
main element. 

3.9 Krueger Slat 

As there arc more variables available to the designer, there is the possibility of producing a better performance 
than with the orthodox slat. For a given front spar position, a larger area extension can be obtained especially if a 



folding knuckle is used. The leading-edge radius may be made larger than that of the basic aerofoil. These features 
are perhaps offset by a too flat profile of the part forming the lower surface of the basic aerofoil. In the case of 
the flexible device used by Boeing on the 747, this area can also be optimised. 

3.10 Combined Leading-Edge Flap and Vortex Generators 

There is only one known example of this ad hoc combination (on the Hawker Siddeley Trident 1); the vortex 
generators retract for cruising flight. Obviously any such ad hoc combination would have to be the subject of a 
detailed model investigation before committing a project to using it. 

4. INTERACTION BETWEEN LEADING AND TRAILING-EDGE DEVICES 

The examples given of the CLmax vs C, relation in the presence of slats (two in Figure 4 and all of Figure 7)  
show a variety of slopes. Whilst the top-left curve in Figure 4 seems to be a complete rogue for which the author 
has no explanation, the other slotted case on that figure looks as though it may fall into the category of trailing-edge 
stall changing to leading-edge stall part-way up. The case in Figure 7 is clearly of the leading-edge limited type. 
With slats extended, this could just as well be a stall near the upper surface discontinuity as on the slat. The slope, 
only 80% of the %(A” + 2)/(A”) value, is about the lowest the lecturer has come across. 

It seems likely that this relatively poor performance is associated with the gross thickening of the combined slat 
and main element wake passing over the flap. Figure I 1  seems to give some indication of this, though a traverse 
further aft would have been more definitive. This thickening would reduce the ACI due to flap as when the stall 
is approached, whereas the AC: plotted is either that at zero incidence or sometimes that obtained by extrapolating 
the linear part of the C, vs cy curve back to cy = 0” . An alternative statement of exactly the same effect is that 
made in the section on slats, that the increment in CLmax due to adding a slat is commonly less with flaps extended 
than with flaps retracted. It seems likely that the use of larger gaps, especially the flap gap may well alleviate this 
loss, but would at the same time restrict the maximum usable flap angle by reducing the action listed number 3 in 
Figure 12 when applied to the main element and the flap, thereby worsening the state of the flap boundary layer. 

In making an estimate it is of course important not to include this effect twice. The estimator must make up 
his mind whether he is going to reduce the ACLmax due to flap in the presence of the slat, or to reduce the 
ACLmax due to the slat in the presence of the flap. In practice it is often convenient to follow the sequence of 
opening of the devices in deciding, which way to choose. It is rare to deploy the trailing-edge devices before the 
leading-edge devices: therefore it is recommended to regard the effect as one of the slat causing a loss of flap 
effectiveness. 

The construction of the CLmax vs C, for a slotted wing will pose the problem of whether, slat-open the 
stall is a leading-edge stall or a trailing-edge stall, and if the latter, what the hypothetical CLmax for a leading-edge 
stall would be. At this stage, one must have recourse to model tests and thus one can really only scale between 
closely related configurations. 

Figure 13 shows some data which at first sight contradicts the general trend of adverse interaction between slats 
and flaps; the ACLmax. due to slat is marginally greater flaps down than flaps up. The only obvious indication of 
any interaction is the slightly more rounded lift curve peak. However, when this data is replotted as in Figure 14 
with lift coefficients based on the appropriate extended area and with the incidences reduced by the appropriate 
57.3 CL/nA , to remove approximately the effect of varying finite aspect-ratio, it becomes more obvious that there 
is adverse interaction. First, the flap in the absence of the slat has caused a loss of lift slope, even though as is to 
be expected there is less rounding of the peak of the curve. Secondly, the rounding of the peak (caused by the 
slat) of 2%’ departure from the straight line is doubled in the case of slat and flap combined. 

5. MECHANICAL DETAILS 

The effect of mechanical imperfections on the effectiveness of leading-edge flaps and slats has been mentioned 
in the appropriate sections, as has the effect of slat tracks and jacks. 

Slotted flaps, including multi-slotted and Fowler types can be supported in a number of ways. Some of these 
methods interrupt the upper surface of the flap, some principally the leading-edge of the flap, and some the lower 
surface only. Broadly speaking, interruptions in the leading-edge or upper surface may be expected to cause local 
separations and hence loss of lift at any substantial flap angle. Associated with this loss of lift will be a drag penalty 
but, if take-off flap angles are small, this may not be very serious. The choice of support scheme must of course be 
a “trade-off” exercise between cruise drag, flap performance and weight. The principal schemes are listed: tracked 
schemes may of course give circular movement or non-circular according to choice. The comments are made in the 
context of conventional transport aircraft. 



Simple Hinge on Under Wing Brackets 

This is used on the DC9 and on the H.S.125. This is attractive because of its mechanical simplicity and is 
light in weight. If the flap travels are not large, the cruise drag is fairly small. However, it becomes much 
less attractive at Mach numbers of about 0.8 and over. The higher sweeps of the flap hinge line combine 
with difficulty the making the bracket t/c ratio sufficiently low, and made it difficult to avoid excessive 
drag due to local Mach number problems. 

Swinging Links 

These are used on the DC4, 6, 7 series. It may well be even lighter than the simple hinge so far as the 
mechanism is concerned, but it interrupts the flap upper surface and leading-edge, probably leading to 
aerodynamic losses and possibly some weight penalty in the flap structure. However, as the motion is 
normal to hinge line, large flap travels at high sweeps will cause difficulties with fairing alignment and 
hence cruise drag. 

Underwing Tracks 

These can leave the flap leading-edge and upper surface uninterrupted. At high sweep-back angles, line-of- 
flight tracks carry a considerable sideload and may become rather heavy or bulky as this must be carried 
as sideways bending in the track. As the aerodynamic benefits of the clean flap leading-edge and upper 
surface, together with large flap rearward travel, are most significant at landing, the use of underwing 
tracks is most appropriate on aircraft with a high ratio of landing weight to take-off weight, that is on 
short range aircraft. 

Tracks within the Wing Profile 

Though only capable of giving a limited rearward movement without protruding outside the profile, size 
for size they are probably only lighter than underwing tracks by saving the weight of the fairing and, by 
keeping them normal to flap leading-edge, the side load problem at large sweeps can be avoided. Because 
of their zero cruisedrag penalty combined with loss of landing flap performance their application would 
seem to be on long range aircraft with a low ratio of landing weight to take-off weight. 

Tracks with Overwing Fairings 

These avoid the lateral support problems at high sweep as support can be provided outside the fairing, but 
within the wing profile from the upper shroud skinning. There will of course be aerodynamic losses of 
landing flap performance. There may be a case for their use intermediate between underwing tracks and 
within the profile tracks. The fairings will usually be rather smaller than the corresponding underwing 
track scheme, since a considerable part of the track depth may be contained within the wing profile above 
the flap stowed leading-edge. 

, 
There is another feature, aimed at maintaining the quality of flow through the slot of the flap. This is the 

deflected lower shroud. Often, for a variety of reasons, there is a portion of wing profile between the rear spar and 
the stowed flap leading-edge. This piece of skin may be rotated trailing-edge up, in order to give a less tortuous 
path to the air that will later pass through the slot. In the case of slotted and multi-slotted flaps, with an upper 
shroud point at about 80% chord there may be benefits at both take-off and landing. The F.28 with a Fowler-type 
flap has a more elaborate arrangement. The author is of course unaware of Messrs.Fokkers reasons for this device, 
but would assume that the principal benefit is likely to be a drag reduction with take-off flap settings. I 
6.  DRAG AT HIGH LIFT 

Over the recent years, two considerations have seriously increased the aerodynamicist's problem in the estimation 
of the drag of transport aircraft with high-lift devices extended. The foremost of these is the increasingly competitive 
climate in which take-off performance guarantees have to be given in advance of flight test. The other is the increase 
in C, at which the drag estimate is required. This has shifted the emphasis from terms that are relatively easy to 
estimate, to terms which are less easy to estimate from first principles and at the same time are difficult to extract 
from empirical analysis of model tests. 

I 
Figure 26 shows, roughly to scale, a typical drag breakdown in a take-off case. This has been drawn up on the I 

assumption that CLmax in the take-off confirguration is of the order of 2, whereas 10 years ago fl was a more 
likely figure. It will be seen that the modulus of the terms stepped off within the circled area now predominate 
over those stepped off at C, = 0 , whereas in the case for an earlier era the reverse is the case. 
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The terms stepped off at the left-hand side are: 

(a) Clean aircraft low-lift profile drag. 

(b) Flap low-lift drag which will increase somewhat with flap size. 

(c) Slat low-lift drag if appropriate. 

(d) Vortex Drag term in (ACL)z in which the increase in ACL will be roughly offset by the effect of 
increased flap span. 

The terms that are indicated at the right-hand side of the diagram and which have increased markedly, include: 

(a) Vortex drag terms in C i  in excess of C;/lrA. 

(b) Vortex drag term in C,ACL . 

(c) Lift-dependent profile drag, slats and flaps extended. 

(d) Excess of wing lift over weight owing to download on tailplane. 

(e) C i T  terms in tailplane drag. 

(f) Wing to tailplane interaction. 

(g) Rudder drag in engine-out case. 

There are too many terms in this group to allow formal separation from flight tests. One therefore must rely 
considerably on model tests either of the aircraft in question, or generalised model tests, as a basis of estimation; 
however, several of the terms are likely to be Reynolds number dependent. Also, at  high lift the corrections that 
have to be applied to model results for constraint, support interference etc. are sufficiently important to make the 
general correlation of a wide range of model tests a rather dubious procedure; since, except for “in house” testing, 
sufficient confidence in the corrections used may be lacking. Tunnel to flight comparisons on existing aircraft are 
therefore extremely important in the assessment of new projects. 

7. STALL ‘‘FIXING‘’ AND LEADINGEDGE INTERRUPTIONS 

In the last part of this lecture we will describe typical patterns of flow breakdown in three dimensions. This 
is in the context of conventional transport aircraft for which the handling requirements are, in effect, that at the 
stall there shall be a nose-down pitch which is sufficiently strong as to be unmistakable, that any lateral disturbance 
shall be readily controllable to within about 30” of roll, and that there shall be warning to the pilot of the approach 
of the stall in the form of buffet. 

In fact, a considerable number of modern aircraft types do not have adequate pre-stall buffet from aerodynamic 
sources, and it is provided by means of an electrically-driven stick shaker. Historically, before the coming of the jet 
engine it was much more common for aircraft to have adequate pre-stall buffet, though even in the late 1930 era 
single-engined aircraft using NACA 23012 had started the trend. The buffet was commonly caused by flow separa- 
tion emanating from nacelle-to-wing junctions or from the rear of the wing-to-fuselage junction on thick wings. In 
either case, it seems likely that adequate development work in these areas could have increased CLmax and at the 
same time reduced or eliminated the pre-stall buffet. Thus it can be argued that absence of such buffet should now 
become almost a design aim, when striving for high values of CLmax . 

Similarly, the nose-down pitch on a small number of aircraft has been produced or augmented by artificial 
means, that is by “stick pushers”. However, recourse to “stick pushers” poses a much more serious problem from 
the point of view of safety and system reliability than does the shaker, and it seems to be worth considerable effort 
on the part of the aerodynamicist to provide the nose-down pitch by aerodynamic means. 

The lateral requirement is in effect a requirement for nothing to happen, and the author is unaware of any 
artificial aid capable of making up for aerodynamic short-comings in this respect. 

Figure 16 shows the wings of some Hawker Siddeley aircraft developed during the last 15 years. All four of 
these have stick shakers to avoid the necessity of providing pre-stall buffet. All four, if flown without fences (or 
in the case of the Comet 4C without the pinion tank) and without deliberate degradation of the inboard leading-edge, 
would have an outboard wing stall and unsatisfactory lateral and longitudinal characteristics. With the configurations 
illustrated, the flow separations during normal stall demonstrations for certification purposes are confined to the 
inboard wing; the wing in the region of the aileron does not suffer separated flow during these stalls. In all these 
cases a spoiler of some sort is provided to produce an inboard stall before the tip would otherwise have stalled, and 
a fence or other device is used to prevent the spread of this stall to the aileron and tip region. In the case of the 
Comet 4C the pinion tank serves instead of a fence, but it must be noted that considerable development effort was 
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required to suppress premature separations associated with the tank-to-wing junction. A large fillet is needed on the 
inboard side; this fillet has considerable nose-down camber and also a fixed “letter box” slot. The use of spoiler 
type devices that are adjustable during development flying, rather than relying on basic aerofoil section variation to 
promote the inboard wing stall, ensures that only a minimum loss of CLmax is suffered below the value defined 
by the outer wing stall. 

This minimised “stall fixing” loss can on occasion get hiddeli in the effect of Reynolds number when comparing 
wind-tunnel results with flight results. The chord near the tip is typically about one-third of the foot chord of the 
wing. At flight Re number, the resulting change of Reynolds number has but a small effect on CLmax available 
on the outboard wing relative to the inboard wing. At model Reynolds numbers, if these are sufficiently low, this 
ratio will cause a much more serious degradation of the tip. If then a model of the aircraft including the “stall fix” 
devices is being tested at a low Reynolds number, the model may well have an outboard wing stall. The model with 
the “stall fix” devices removed would show substantially the same value of CLmax , but the corresponding full-scale 
value, if it could be measured in such a configuration, would have increased; thus the “stall unfixed” configuration 
might have the scale effect suggested by section data for the outer wing section, whilst the “stall fixed” configuration 
would have rather less scale effect 

While suppression of the outboard wing stall is a necessary requirement for satisfactory lateral behaviour it is 
not sufficient; when CLmax is sufficiently high for there to be a substantial loss of lift after the stall, it is also 
necessary for the inboard wing stall to develop symmetrically. There are indications that this becomes more difficult 
to ensure as CLmax is increased. 

1. - 

2. - 

3. Gault, D.E. 
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von Doenhoff, A.E. 
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SUMMARY OF DISCUSSION 

relating to 

AERODYNAMICS OF MECHANICAL HIGH-LIFT DEVICES 

1. Basis and Extrapolation of Figure 19 of Paper 

The curves were not measured at constant Mach number, since the measurements were made in an unpressurised 
tunnel. If the curves were extended to even higher Reynolds number by further increasing tunnel velocity, then the 
Mach number effect would become predominant and the curves would turn down. If, however, they could be 
extended without increase in Mach number (either by chord increase or tunnel density increase), the lecturer was 
confident that CLmax would continue to increase, though possibly at a fairly modest rate. 

2. Effect of Surface Discontinuity on the Main Element Upper Surface of a Wing 
with Handley-Page Slat 

The lecturer had no data to quote on this, but noted that three different aircraft manufacturers have adopted 
three different solutions. The BAC VClO has no discontinuity when the slats are extended, accepting a penalty in 
cruise drag. A version of the Boeing 737 has a step of about 0.060 in., while the H.S. 12 1-2E has a sloping ramp at 
about 30" to the adjacent surface and about 0.20 in higher. This divergence of approach could probably be taken 
as indicating that the losses are neither negligible nor enormous. 

3. Application of Lifting-Surface Theory for Investigation of High-Lift Devices 

In the calculation of the lift in the unstalled case due to incidence and flap angle, improved lifting surface 
theory might result in some small increase in accuracy, especially at low aspect-ratio. However, in the estimation of 
CLmax. at moderate and high aspect-ratios, there are so many other items of doubt that a small improvement in 
the estimation of the unstalled potential flow does not seem to be of prime importance. 

4. Value of ACLmax due to Vortex Generators on the H.S.121-1 Aircraft 

The lecturer though the ACLmax was of the order 0.1. 
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High-lift devices have achieved a great signifance for take-off and landing of modern aircraft 
becauee of the steadily increasing wing-loadings and the limitations of the runway lengths. An 
introductory survey of pneumatic boundaxy-layer and circulation control schemes for increasing maximm 
lift is given. 
supercirculation and slipstream effects, is described; 
different devices is estimated by theoretical approaches. 
performance evluation of pneumatic devices are discussed. 

The physical background of boundary-layer control by suction and blowing, and of 
also the aerodynamic efficiency of the 

Finally, practical applications and 

4 
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1. INTRODUCTION 

As we learned in the preceding lecture from Mr. MoRae, meohanioal high-lif t  devioes have been 
developed very thoroughly, so that mechanical f laps  are in widespread uae on a l l  production a i r c r a f t  of 
t-. Often the meahanical flaps are arranged in a very sophistioated manner, with a system of f laps  
looated a t  the  l e w g e  aa well as a t  the t r a i l i n k e a g e  of the f i g ,  produc- remarkable gdM i n  
lift. 
meohaniud flaps is limited. The well-known reaaon is, tha t  steep adverse pressure gradients in the 
pressure dis t r ibut ion lead t o  boundary-leyer separation, if the angle of attack or the w e  of f l a p  
defleotion is increased too much.  
the ateadily inoreasiag wing loadings of modern air& on the one hand and the t a k e o f f  and landing 
requirements on the other. A l o w  mkd" speed during landing demands a high value o f  C-, when the 
wing looding io presoribed: 

Alth- lift oodf io i en t s  up t o  3.0 and more have been achieved, the effioiency of suoh 

But there exists a still greater nee& f o r  additional lift, beoause of 

(V = speed, p = pir density, W/S = wing l o w ,  cL = lift coefficient)  

The influence of the higher wlng 10- has t o  be compensated by higher 
t o  keep the len&hs of the numsya within reasonable limits. E s p e c i d v  for STOL (Short Tnke O f f  and w) airoraft, hi9 maximum lift v d u e s  are needed during the start- and huding phases. 

devlces; namely boundary-leyer oontrol (BLC), o i d a t i o n  oontrol and the jet-flap principle. 
methods have become of special interest beesuse eiroraft now commonly incorporate jet-engines f o r  
propulsion. 

patterno arouad three body shapes; namely (a) oiroulpr oylinder, (b) aerofoil, (a) dif'fwer. On the 
upper Figures the real separated flow is i l lus t ra ted  and on the lower ones the  artifioially attaahed 
flow is desdbed .  I n  a l l  three uaaes the steep adverse pressure gradient a t  the mar part  of the bodg 
oauaes the flan t o  separate from the  wall, *oh leads t o  a oonaiderable pressure drag f o r  the uylina~r, 
t o  a loss  of lift f o r  the  aerofoil  and t o  a loss  of pressure for the Uffuaer.  By suction through a 
s l o t  the separation is avoided. 

I n  Fig. 2 a review is given on some remarkable dates in the history of baundarJrlayer control. The 
idea of BLC is as old aa the ooncept of boundsrp.1-r i t s e l f ,  s h e  L. Praadtl  (1) ahowed alreo4p in 
his 5miamental work of 1% that on a oiroular oylinder the invisaid flow with correspnnding lift foroe 
oan be realized by boundarg-lww suotion. 
boundsrg-lwer oontrol, as for  instance m o v i n g  of the w a l l  and tangential  J e t  ejeotlon. A oomprshensive 
revier of the ear% German oontributions on t h i s  f l e l d  has been given by A. Bets in his article t o  the 
most important Handbook of "BormdPrg-Leyer and Flow Control" edited by G.V. L a o b "  (2). As a Shst 
aeronautioal application of BLC, the slat (affer  Bets, L a o h "  and H a n d l e y  Page) became known in 1922. 
Only a few years later the problems of lift augmentation on aerofoils by means of suction w$re 
investigated very suocessAiYp by J. &&eret, 0. Sohrenk and B. Begensoheit at tha AVA in Gottingen. 
the basis  of t h i s  msearoh work, two suotion aeroplanes AFI and AF2 were b u i l t  by the AVA Gattingen i n  
the year 1940. 
f l igh t  with m a t  suouess. 
the trailinpaw f lap w a s  investigated by W. Sohwier a t  the AVA, also. 

a t  the NPL and RAE, i n  Franoe by P. Legendre, Ph. Poisson-Quinton (2) and M. Boy from ONERA, and i n  USA 
where f o r  h t a n a e  oontinuoualy distributed suotion w a s  h e s t i g a t e d  by A. Baspet. 
w e l l  as in USA, more and more emphasis was put on BLC by blowing instead of suotion, beoause the J e t  
engine readily provided a supply of hi& pressure dr. 

lift values, in oriler 

So further methods have been developed f o r  inoreasing lift by 81.tipioial means, baaed on pneumath 
lhese 

A rough idea of the effect  of boundarg-layer oontrol inay be seen in Fig. 1, w h i o h  shown the fla 

Besides suction there are other effeotive methods f o r  

On 

we shall see l a te r ,  the alotted wings of these researoh airoraft -re tes ted in 
From about 1940, the h r e a a e  of Ut by m e a n 8  of bl0dZ.g a thin jet over 

After the war, BLC investigations were continued i n  England by J. Williams (2) and his collaborators 

But in Europe, as 

At the third ICAS-Congress i n  Stookholm i n  1962, H. Sohliohting (3) gave a survey of the researoh 
work which had been done so far in G e m ,  i n  the f l e l d  of inoreasing high-lif t  by a r t i f l o i a l  means. 
F. Thonas (b), (5) has also given another lecture  about the same subject here a t  the von Karman 
I n s t i t u t e  in 1967 and 1968. It should be mentioned tha t  most of the fl@s presented i n  this lecture 
are taken direot ly  from H. Schliohting and F. Thomas, t o  whom I wish t o  express my thanks .  

Detailed l is ts  of referenoes of the very extensive l i t e r a t u r e  i n  t h i s  wide f i e l d  of researoh may be 
found in Refs. 2, 3, 4, 5, and in the Proceedings of the NASA Conferenoe on V/STOL Aircraft (6); as well 
aa in "A Review of the Jet-Flap" oompiled by G.K. Korbaoher and K. Sridhar (7). 

2. PHYSICAL BACKGROUND OF BOUNDARY-LAYER CONTROL 

In order t o  adfust the wing seotion of an aeroplane t o  the ohan&g f l i g h t  oonditione, the angle of 
attaok oan be inoreaaed and the trailing-edge f lap  o m  be defleoted. 
aerofoil  where, at high angles of attack or f l a p  defleotion, flow separation booones i"Snent;  near the e nose (espedal ly  f o r  th in  prof5les) and d o s e  t o  the f lap  hinge (Fig. 3).  
losses, the kinet ic  energy of the boundary-1-r fluid is not suff ic ient  t o  weroome the strong adverse 
pressure gradients, so the f l o w  separates from the d n g  surfaoe. 
l i m i t  for the greatest  attainable l i f t  ooeffioients. 
p m e n t i n g  separation and augmenting m a x i m u m  lift by pneumatio means:- 

(a) 

There are two re&ons on an 

Beoause of f r ic t iona l  

The flow separation W a a t e s  an upper 
There are two basic methods available for  

Removing the loa  energp fluid from the boundary by suotion through s l o t s  or holes. 
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(b) Aooelerating the low energy fluid by blowing high energy flow in to  the boundary-layer. 

This is  d-omtrated in Fig. 4. 

3. BOUNDARY-LAYER COWPAOL BY SUCTION 

AS already mentioned, the earliest method t o  avoid flow separation oonsists of suoking the 
develerated fluid f rom the boutdwy-1-r throw s l o t s  in to  the Interior of the *. In this 
mdnatreem flow from outside the bouadary-lwer is drawn near t o  the w a l l  (Fig. W ) ,  and the lift 
ooeffloients predioted by potential  flow theoly oan thua be achieved. As the energV for the suction has 
t o  be supplle& by a separate power unit, we must find the most effeotive arrangement for  the suction 
aystem, so tha t  the requirsd power is as small  as possible. This meane, v8 are looking for the "ua 
suotion quantify of air whioh is J u t  mat enough t o  avoid separation oompletaly. The intensi ty  of the 
suotion is usually given by the volume parameter 

the 

where Q is the  t o t a l  suotion quanti* of air, U , i s  the re looi ty  of the mainstream and S the sins m a .  

Wind-tutmel tests have ah- that:- 

(a) Continuously distributed s w t l o n  wupU& the porous surface of an aerofoil  is more effeotive than 
suoking through s h g l e  slots (8). 

(b) The suotion sone should be situated tely olose t o  the noae of the ring o r  knee of the flap, where 
at large angles of ino5denoe o r  f l a p  deflection a steep pressure minimum oooura. 

3.1 Nose suotion 

In Fig. 5 and Fig. 6 the superiority of oontinuously distributed suotion is demonstrated on a swept. 

0.7 is achieved i n  the 0-8 of oonfirmously distributed suotion dth a volume ooeffioient of 
wing with a thin p r o m e ,  whioh WM tes ted i n  a dnd-tunnel by E.D. Poppleton ( I O ) .  A gain in lift of 
AC- 
CQ = 0.003, whereas in the 0-8 of suction throw a single s l o t  CO 
d e f l e o t b g  the trailing-edgo flap, the two effeots of nose suotion and f l a p  defleotion oan be added and 
a still higher maximum lift is produoed (Fig. 5b). In Fig. 6, the lift gains due t o  auotion are plotted 
againat the volume parameter Co. Here, it furar out again that  oontinuously distributad swtion is 
superior t o  the suction through single slots.  

In the region 
of 15% of the chord length 0,  the  wing surfaoe is perforated by a large number of olosely-spaoe8 holes 
of 0.5 mm diameter and of deasitg 13 holes per s q u m  oentimeter. For the wing d t h o u t  f l a p  defleotion, 
the maximum lift is increased from 0.8 t o  1.65 with a volume ooeffioient of only CQ = 0.006; w h i l e  with 
flap deflection % = Go, the  x- inoreases f r o m  1.7 t o  2.5 with the same Co. 

The pressure distributions,  presented in Fig. 8 for an angle of attack Q = 
influeme of BLC by suotion near the nose of the  profile. 
volume parameter 
illustrates how the position of the suction eone, on a very thin symmetrioal profi le  w i t h  oontianoudy 
distributed suotion, affects  the value of CQ r eqdred  t o  sohieve a oertain lift. 

suotion has been developed by W. Peohau 711). C e r t a i n  empirical pssumptiona in this method, partioularly 
the d e p d e n o e  of the aldn M o t i o n  of the turbulent boundarg-leyer with suotion on the nature of the 
porous w a l l  M well M on the  volume ooeffioient CQ, has been obtained from systematio measurements by 

3.2 h.oilinn-.edR e suction 

results of t h i s  very thick wing are shown i n  Fig. 11. The effeotive oamber of the 

aohieved w i t h  a volume parameter CQ = 0.035. 
demonstrated by Fig. 12. Separation oould be avoided f o r  f lap  angles up t o  75' and the t h e o r e t i d  lift 
predioted by Glauert's method was reached for f lap  angles up t o  400. 
ooaffioient C , which is required for oomplete bwndary-layer control, is plotted versus the f l a p  angle 
i n  Fig. 13. #e experimental o w e  is  oompared w i t h  a simple anolytioal method, following LO. Arnold 
(12). This method is based on the  sme oomept elaborated by F. Thomas f o r  blowing w e r  t h e  tcaillng. 
edge of a wing, whioh w i l l  be discussed in more d e t a i l  l a te r .  

0.012 is needed (Fig. 5r). By 

Morewer, a wide s l o t  seom t o  be be t te r  than a small one. 

bother =ample for nearly oontimoualy distributed nose-suotion is given in Fig. 7. 

show the strong 
Furthermore, it  is olearly seen tha t  the 

o ~ n  be the smaller the oloser the suotion eone lies t o  the pressure m i n l m u m .  Fig. 9 

An analytioal method for oaloulatin the turbulentbaundprg-lrqysr wlth oontinuously distributed 

w. wuest ( 9 ) .  

A n  axample of suotion through one disorete s l o t  a t  the hinge of a f l a p  is ahom in Fig. I O ;  typioal 
with deflected 

f l a p  is inoreased by suotion and a oonaiderable g a b  in the maximum lift ooeffioien?&,- = lob) is 
The effioienoy of the f lap  with and without suotion is 

The oritioal (minimum) volume 

4. BOUNDARY-LAYER OOWraOL BY BLOWING 

For J e t  propelled airoraft, bouzdnry-lger oontrol by blowing has obvious advantages wer BLC by 
suction, since the high pressure a i r  supply for suoh a blorlng device is direot ly  a v d l a b l e  f r o m  the  
Oompressor of the Je t  engine. A verg thin Je t  of high v e l o d t g  is blom out of a nnrrow s l o t  paral le l  
t o  the wall in to  the borudorg-lcqyer. The s l o t s  are situated either near the  wing nose o r  olose t o  the 

expressed by the momentum ooeffioient 
knee Of the trailing-edge flap, as is O h m  in Fig. 14. The intensi ty  Of the blorlng J e t  is hem 
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I 

rather than by volume ooeffioient Cq. 

5 mass flow er second, vJ = J e t  velooity, q,= mainstream dynamio head, s = width of blowing s lot ,  
chonl lengthy. 

Fig. 15 shows the effeot of blowing over the trailinkedge f l a p  and the velocity Bistribution, 
which oan be srpeoted i n  the boundary-layer dolm stream of the  blorring s lot .  
tangentially t o  the o w e d  w a l l  of the f lap  knee r e m a i n s  attaohed t o  the r i g i d  surfaoe acoording t o  the 
so oalled C o d - e f f e o t .  Turbulent miXing and entrainment problem are of great importanoe in this 
oonneotion. 
boundary-layer prof l le  is developed which is able t o  withstand the adverse pressure g a d l e n t  for a 
considerable distaaoe. 

The Jet  disohargd 

The high velocity Jet  aooelerates the f lu id  near the bounday and, by mixing processes, a 

4.1 TrailinRedm bloffing 

A typical example of the l i f t  increments obtained by blowing over the trailing-edge f l a p  of a thin 

= 0.13. The smaller the jet  
aerofoil  i s  shown i n  Fig. 16 (from Ref. 13). 
ooeffloient CL- of nearly 2.5 is aohieved with a momentum ooeffloient C 
momentum is made, the  smaller beoomes the effective oamber of the aerofod,  because the flow is no 
longer completely attaahed. 

Wen the f l a p  is defleoted by 45O,  a m a x i m u m  lift 

There are various poss ib i l i t i es  as t o  how the flow w i l l  behave &er the influence of the s t ren  h 
of the Jet momentum blown over the trailing-edge flap. This is i l lus t ra ted  in fig.  17 (from Ref. 1 6 r  
When the f l a p  is defleoted, we move f r o m  ourve (1) ( 

trailing-edge flap. 
(independent of the an& of attaok). 
lift is st i l l  increased, but the cormspondlng angle of attack is reduced. 
angles of f l a p  deflection the flow already separates a t  the ncae of the aerofoil  a t  low angles of attaok. 

= 0') t o  o w e  (2) (Vp = 60'). 

0.09 
Going from o w e  (1) to  curve (3) we observe tha t  the maximum 

But the lift 
o w e  predicted by potential  theorg is reached only 9 i we blosr with a cer ta in  momentum Cp over the 

H e r e  the required minimum momentum t o  avoid separation completely is $,A 

The reason is tha t  for high 

By increasing the Jet momentum beyond 
too (curve (5)). 

f o r  complete attachment the lift is inoreased, 
This s t a t e  is called o r  Jet-flap effect ,  because the Jet of hi& 

velocity is non projected beyond the trailing-edge of the f l a p  and thus operates l i k e  an extended flap. 
For small values of the momentum coefficient the lift increase is produoed through BLC and for large 
ones through supercirculation. 
aerofoil, it is fomed t o  reattach towards the rear by the influerme of the j e t ,  so that  a large 
separation bubble is established. As the o w e s  of the pitching moment show, the lif't inorease by means 
of  bloning a t  the trailing-edge is ooupled with large noae-down pitching moments. This di f f icu l ty  leads 
t o  a concept of oombined blowing a t  the nose as w e l l  a s  a t  the trailing-edge, which is discussed la te r .  

Though f o r  large values of C,, the flow separates a t  the nose of the  

I n  Fig. 18 the increase i n  lift by b l o w  is plotted against the momentum parameter Cp for the 
~ame aerofoil  as i n  Fie. 17. 
distinguished: a t  first a very steep ascent of ACL versus C unti l  the theoretically predicted lift 
(Glauert) is reached, and then a much s l ighter  increase of b beyond ACL~J,. In  the first par t  of the 
curves we have boundary-layer control, i n  the seoond part superciroulation. 

4.2 Analst i c  Assessment of the Cri t ical  Momentum Coefficient f o r  Complete Boundary-Lager Control 

Beoause of the large differences of lift slopes i n  these two parts, it is very important t o  know 
the o r i t i c a l  momentum coefficient CM f o r  oomplete boundary-lqer control giving the theoretically 
predicted lipt. 
the 'measurements of different  a b h o r s  indicate that,  besides the f l a p  angle, other parameters suob 88 
the  s l o t  width have obviously a strong influence on the quantitg C 
i.e. the smallest are achieved with small s l o t  widths and henoe wi&k large blowing velocit ies.  
t o  arrive a t  an analytical  prediotion of the monsntun coeffiaient required t o  avoid separation, F. Thomas 
(14) carried out detai led measurements i n  the boundary-layer behind a blowing s l o t  w i t h  the  a id  of a 
speoial experimental set-up. 
Uooas well as  the s l o t  width were varied. Fig. 19 shows typical boundary-layer p r o f "  measured a t  
various positions downstream of the blowing slot .  

I n  the plot t ing two different  ranges f o r  eaoh curve are t o  be 

F i rs t  of a l l  C depends on the f l a p  angle 9, as  shown in Fie. 18, The plot t ing of 

. The most favourable CpA - values, 
I n  order 

I n  these experiments, the r a t i o  of J e t  velocity v j  t o  external velocity 

I n  order t o  provide an analytioal treatment, the integral values of the boundaxplayer theoxy are 
formed for the memured velooity prof i les  in the usual wqy. 
thiokness e(x) as a function of the distanoe x along the w a l l :  

This means tha t  we obtain the momentum loss  

00 

Here, w (x) = velooitg outside the boundary-layer or oontour velocity predicted by potential  theom, 
respeotlfvely ; 

while, u(y;x) = velocity inside the boundary-lqyer. 

FornIag also the momentum loss  thickness for the Je t  a t  the s l o t  leads t o  the following negative 
Value: 
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(5) 

WkJ = WJX = x ) 
j 

W i t h  

Hence a t  the s lo t ,  the  momentum loss  thiokness jumps by the amount of %J. 
development of the measured funotion e(,) is given in Fig. 20. 
without separation is indioated by $(x). 
then at the s l o t  it falls abruptly by the amount 8j. 
strong increase i n  momentum loss  thickness due t o  very strong wall f r ic t ion.  
x = 150 8 behind the s lo t ,  the o w e  8(x) run6 again paral le l  t o  the non-separated curve 8 (x) without 
blowing. As a measure of the loss  in momentum immediately behind the slit, a “momentum efhoienqy” is 
dsflned by 

A typical axample of the 
The ourve f o r  the undisturbed flow 

The o w e  with blooPing follows the  undisturbed ourve at first, 
Immediately downstream of the s l o t  there follows a 

Beyond a distance of about 

Thus, the quantity (l-?@) oorresponds to the loss  in momentum caused by the  strongly Increased w a l l  !, 
f r lo t ion  shortly behind the s lot .  
bouadarg-lwer tending t o  separate. O n l y  the  following momentum quantlQ, 

This l o s t  momentum quantiQ does not oontribute I n  accelerating the 

oerves the  original a i m .  

empiriod l a w  *om these meeaurements (fig. 20):- 
The ratio $ is oloarly dependent on the velooltq r a t i o  v#l”. F. Thomas has found the following 

With Equations (5), (7), (8) we obtain for the momentum coefficient: 

2 8$0 

0.85(1 - wk/vjl2 ( 9 )  

Substi tuting f o r  the vdooity r a t i o  v p o o  i n  terms of the momentum ooefPioient 

and solving the qundratio Equation d t h  respect t o  C,,, we f ina l ly  find the  simple result: 

(1 0 )  

This Equation &owe olearly the importaxme of the s l o t d t h  r a t i o  40 and of the velooity r a t i o  w 
of the  potential  flow at the s lot .  In order t o  get as small values of C,, as possible, the f ~ l l o w i $ ! ~  
requirements should be observed:- 

(a) small d o t  width r a t i o  4 0  

(b) weak preswre miniplum at the nose or f l a p  knee t o  make the velooity r a t l o  
possible. 

M arpoll aa 

The prooedure of es th t ing  the o r i t i o a l  momentum ooeffloient o i. demonstrated in Fig. 21. 
First, one has t o  odoulate  the prossun, dist r ibut ion on the o o n t o d k  the flapped by a method, 
whioh  is able t o  reproduce the  pressum peaks near the f lap  hoe,  as f o r  lnetanoe the panel method of 
J.L. Hess pnd A.M.0. Smith (15). R’om this oalculation the velocity ratlo a t  the s l o t  qfl. is 
aohlevd. Then the separation point due t o  the oaloulated pressure dist r ibut ion is found by hom 
methods of boundary-leyer theory. 
suotion peak. 
new momentum by the jet, so that the separation point is shifted rearmwds. If the separation point is 
t o  be situated jus t  at the trailing-dge of the profile,  then a momentum eB is neoeasuy, whioh followa 
f r o m  the theozy of the turbulent boundarg-layer: 

The separation point usually is situated verg olose behind the 
The thiols boundary-lqyer arriw from ahead of the separation point I s  now supplied dth 
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(aep separation point, TE = edge) 

This momentpm loss  muat be oompemated by the not input of the  jet, if separation is to be avoided. 

results up to the flap -e 5 = Go (Fig. 21). 
The oolgparison of the results of this ealculation shows a fairly good agreement with eaperimental 

4.3 combined BlorirrJr over the Nose and the TrailinREdg e Flap 

An already mentioned, the lipf inorease by mean8 of blouing over the -edge of 8 w is 
ooupld  dth strow nosedown pitohing moments, d o h  are very objeetionable. Besides this, a oertedn 
redwt ion  in the range of usable an&es of attaak is oaused by an early separation of the nor near the 
nose, aepeoially if thin aerofoils are used. Attempts t o  overoome these d i f f i c u l t i e s  lead naturally t o  
the oonoept of oombined blorlng a t  the nose aa w e l l  as over the t r a i l i npedge  flap. Even in the range 
of superairoulation combined blorrlng is advantageous, because the same lift ooeffioient oan be aohieved 
with a smaller total j e t  momentum. 
additional BLC a t  the wing nose are demonatrated. 

result of the wid-tunnel  t e s t s  is given in Fig. 23. 
fixed t o  C 
the n i m p l e k w n  f l a p  (Fig. 17). Nan the momentum ooeificient at the nose has been varied. Thou& a 
o e r t a i n  gain in lift wan registered, the o w e s  do not follow the  theoretioel predioted o w e ,  beoause 
the flow now tends t o  separate a t  the knee of the t r a i l b g - d g e  flap. This means that the or i t i oa l  
momsntum ooeifieient C for the trailinkeage is not only dependent on the angle of f l ap  defleotion, 
bu t  here C 

(a) what amount of c 

(b) 

Before answering these questions we should have another ganoe at Fig. 23. For angles of attaak smaller 
than a = 0, bloning at the nose ia not required a t  all. However, if there is blowing a t  the nose a t  
suoh small a@es of attaok, one obtaina an increase in lift by nmans of superoimulation, whioh oan be 
interpreted M an sddition o d e r .  

deflection of g = 60°, on t he  assumption of h d a o i d  flow. The curves are plotted for three angles of 
attaok (a = -5 , 5 O ,  15'). It is surprising that the pressure distributions along the f l ap  surfaoe are 
almost independent of the angle of at-. This is the reason, e the or i t i oa l  momentum ooeffioient 
Cw of simple f l a p  blaring is also independent of a. Uainly, the m i n i m u m  pressure peak a t  the nose is 
inoreased by h r e s s i n g  the angle of attsok. Thus we muat e x p ~ o t  tha t  the oritioal value CFA a t  the 
nose also .ill inorease with Q. 

This is ahown in Fig. 22, where the different poss ib i l i t i es  of 

Combined bl- has been investigated for instance by R. Gersten and R. Lghr (16). A typioal 
The momentum ooeifioient at the f l ap  has been 

= 0.10, beoause this amount had turned out t o  be the  oritioal momentum ooeffloient Cp for 

is i n c r e e d  by inereasing the momentum ooeffioient Cm at the nose. This leads t o  the 
fo l la r lng  !is questions: 

is required for a given o&guratim, t o  avoid separation at the nose? w 
ahat amount ia the value C raised due t o  the bloning a t  the nose? crka 

I n  Fi6. 2l+ the pressure distributions shown have been odoulated for the given aarofofl with a f l ap  

N e ,  the method for p r e d i o w  the or i t i oa l  values of Cp (follosing F. Thomas) is applied t o  t h i s  
oase of combined blowing. The procedure is demonstrated again in Fig. 25 and q y  be explained oxme more 
for be t t e r  understadin& From the oomputed velocity distribution 
8(x) is oaloulated in the usual way. A t  the d o t  the o w e  Jumps by the amount of 8 due t o  the 
momentum of the Jet, see Equation (5 ) .  Immediately behind the s lo t ,  8 asoends steep& due t o  the strong 
M o t i o n  at the w a l l .  
that odly a aertain amount eG of the blom i n  momentum is left. 
ooef'fioient Cp, see Equation (10). 
'Ihougb there are only two me88tn-d points, we oan state the followiag: 

(a) the C~ ourve is in good agreement w i t h  the two manured points 

(b) the Cm values are obviously dependent on CPU and approsimately the follOning re la t ion  holds 

the  momentum loss  t h i b s s  

After a distanoo of about I50 sI 8 runs again para l le l  t o  the orle;inal o w e ,  SO 
eG corresponds t o  the wanted mommtum 

The r e su l t s  of theorg and experbent are compared i n  Fig. 26. 

(Note:- won = without nose blowing) 

This is astofishing Meed, beoause one would have expected a deorease of the C 
the additional blaring momentum at  the none. The explanation for this strange saviour is that an 
additional power is obviously requimd in order t o  pull  the nose Je t  eround the deflected trailing-odge 
flap. 

-value aocording t o  

In Fig. 27 the two momentum ooeffioients pc8 varied systematioally for the oonflguretion of 
% = 60°, 

The lift m e  for C 
instance CL = 2.2, &n we f3mi that with blowiq  at t h e  nose 

(a) 

(b) 

= loo, and a o e r t a i n  distanoe h of the w l q  above the ground. The typioal behaviour of the  
lift and pitohing moeent as a funotion of the momentum r a t i o  % ~ c , , G  is  ~ h ~ n n ,  where c = Cw + cpy  

= o w t  obviously hem a If e CA - value is preso&d, as for 

a ntuoh nmaller t o t e l  momentum is required, 

a muoh smaller pit- moment is produoed. 
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I n  the following Fig. 28 the O O I - X W S P O I I ~ ~ I ~  C O n d i t i O M  of flow are illustrated, as  obtained by t e s t s  with 
a t u f t  probe. 

(1) nose and trailing-eags sepaxntion 

(2) 

(3) oonpletely attaohed f l a n  

(4) 

with the thew i n  Fig. 26. 
b o w - l a y e r  control, and for t h g e  stronger than the optimal C -values we are i n  the range of 
superoiroulation. The broken o w e s  in Fig. 28 indioate the opti& blowing r a t i o  in the  range of 
superoiroulation and ahan olearly that,  d t h  inCreesing the t o t a l  momentum, the par t  which is b l o m  out 
a t  the nose must be increased likewise more and more. 
nose as muoh a s  possible, so that a separation at the trailing-edge jus t  is avoided. 

We must different ia te  between four ranges:- 

nose separation (bubble), attaohed flan a t  "E 

attached flow a t  the nose, separated flow at TE. 

The two optimal points obtained i n  these two graphs for a = 5' and 10' are used for the  oomparison 
For C -values less than these optimal ones we are in the range of 

Obviously, it is favourable t o  blow out at the 

Another possibil i ty,  t o  avoid the strong nose-dom pitohing moments assooiated w i t h  t r a i l w e  
blowing, is the  forward-facing f l a p  haw a single blowing s l o t  in i t s  leadinkedge, as  sug@sted by 
D.G. Hurley (2). Fig. 29 shows typioal results of this high-lift device, which is espeo id ly  sui table  
for a thin d g  having a sharp leadinkedge. 
and reattaches t o  the leading-edge of the f lap  establishing a flow of the f ree  stream-line type. As the 
curves of lift against momentum coeffloient show, there an, large lifts obtained f o r  noderate blOring 
quantities, w h i l e  the t o t a l  drag assooiated with this scheme is not rem large. But it would be verg 
dangerous if the pneumatic device were t o  fail after the spoiler f l a p  is raised. 

4.5 External Jet-Augmented Flaps and Slipstream Effeots 

Besides the possibi l i ty  t o  conduot the hi& pressure air from the compressor of the  j e t  engine 

Then, the flow separates from the leadinkedge of t h e  

inside the wing in spanwise direotion, in order t o  disoharge it f r o m  the  i n t e r i o r  of the  wing over the 
trailing-edge flaps, there errists an alternative method; the hot jet b u s t e d  by the J e t  en-es i s  
deflected by auxiliary f laps  onto the trail-edge flap s y s t e m ,  generating by that means boundary-lwer 
and ciroulation control effeots. This arrsngement, which mey be denoted as an external jet-augmented 
flap, is i l lus t ra ted  i n  Fig. 30, which shows some modifloations of Je t  defleotion -tens. Apart f r o m  
the pure j e t  f lap  and the  internal jet-augmented flap, two eaamples f o r  external jet-aueented f laps  are 
presented; firstly the wing with a pod-mounted jet engine, where the jet  exhaust is defleated U-; 
and seoondly a configuration, where the jet engine is mounted on the upper side of the w w .  
addition, the deflection of the propeller slipstream by meam of trailing-edge f laps  is ahom 
sohematioally. A oomparlson between the effioienay of an 'upwarda-defleoted' jet exhaust of a pod- 
nounted j e t  engine ( 7  = - 30') on the one hand and a straight+v"~s deflected jet of the same 
oonfiguration on the other is given i n  Fig. 31 (based on riad-tuunel measu"ents, which have been 
reported by Ph. PoissoP-guinton in (2)). I n  both cases, the double-slotted trail- f laps  of the  
swept wing were defleoted by an amount of 

lift inorement due t o  the reaotion foroe of the thntst (CL = C, sin 7) .  io less effeotive than duct- 
the exhausted jet through the f l a p  system, beoause in the l a t t e r  oaae the boundarg-layer and o b u l a t i o n  
oontrol effeots generate moh higher &na in lift. Moreover, in the f i r e t  oase, the super-velocities 
induoed by the jet  on the lower wing surfaoe destroy a oertain amount of lift. 
inoidenoe and with a defleotion @e 7 = goo, only 65 per oent of the th lus t  of C 
reowered in form of lift. Superoiroulation is superior not only in respoof of l&t but a lso  of drag, 
as is clear ly  t o  be seen from the  lift ooeffioients correspoding to CD = 0: 

(a) 

In 

= 45' and the momentum coeeioient waa c = 1 .I. It tunu 
out that the straight-foraard concept of de 3l eoting the engine exhaust downwards, in &der t o  obtain a 

For aremple, a t  sero 
= 1.1 oould be 

external-flan jet f lap  (7 = - 30') : CL = 2.7 

(b) defleoted jet  (7 = 600) : CL = 1.8 

Conoluding this subjeot the two arrsngements of blowing, e i ther  over a f lap  f r o m  the i n t e r i o r  of 
the wing or against a doublss lot ted f l a p  by d i r e o w  the efflux of a pod-mounted e- upwards, are 
oompared in Fig. 32. 
ooxrventional aeroplane equipped with the arternal one were tested, both models having the same swept 
wing. The effloienoy is equivalent for both configurations regarding t h e  lift w e r  momentum as w e l l  as 
the drag over momentum plots. - I n  t h i s  oonneotion two reoent investigations m&y be mentioned oarried 
out on a speoiflo STOL transport airoraf% model a t  the NASA Langley Besearoh Center (17), (18j. The 
externally-blown jet-augmented f l a p  is the most prodsing concept of boundaqplayer and d r o u l a t i o n  
control, there is no doubt. 

In t h i s  oaae, a oanard equipped with the internal  jet-augmented f l a p  and a 

The most advanced attempt i n  the f l e l d  of deflecting the propeller slipstream by means of powerful 
f laps  w a s  undertaken by Louis Breguet, who applied this idea in the STOL transport  a i roraf t  Breguet 940 
"Integral" and the oorresponding production a i roraf t  Breguet 941, w h i o h  has proved verJr suooessfU (see 
Fig. 33). 
four propellers, which are coupled with eaoh other beoause of safety requirements. 
portions are less deflected than the  inner ones nnd a lso  aot as ailerons. 

I n  t h i s  ome the wing of the aeroplane is immersed almost completely in the slipstream of 
The outer f l a p  
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4.6 Jet-Flap 

4.6.1 Two-dimensional jet-flap theow 

theoretioal value of the potential  flow theory, i f  the  momentum ooeffioient beoomes M&er than the 
o r i t i o a l  value C 
beoauee of the s & o h u l a t i o n  effeot. 
meohanioal f l a p  in the form of a "fluid flap". Of oourse, it is also possible t o  produoe a lift 
increment due t o  superoiroulation by blowing a thin jet sheet with hi& velooity m o t u  Out Of a s l o t  
i n  the trailing-edge of a wing section without using a inechaaioal f l a p  a t  all.  This prinoiple is shown 
in Fig. 34, together with a mioal pressure dist r ibut ion generated on the  wbg surfene and in the jet 
behind the t ra i l inkedge.  The Je t  reaotion force (J) be s p l i t  up in to  a lift oomponent (J sin qj), 
which is smaller than the lift produoed by s u p m i m u l a t i o n  (4). and a thrust  oompnmt (J 008 qj). 
prinoiple, it is possible t o  blow the whole t h t - e f f l u x  of the  engines through the tzdlhg-ed8e s l o t  
of a jet-flapped aircraft. 

It has already been mentioned tha t  the lift ooeff'ioient of an aerofoi l  oan be inoreased beyond the 

This additional lift inorease is much higher than the reaotion fome of the  J e t  
The surplus momentum i s  equivalent t o  an &MiOn Of the 

In 

The j e t  sheet, lrhioh is inclined downwards at a oertain angle 2 t o  the ohord of the  aerofoil ,  is 
bent parallel t o  the mainatream direotion by the external flan. Aooording t o  the resulting ourvature of 
the  j e t  sheet, there exists a preasure differen- betwaen the upper and the lower side of the J e t  lqyer. 
For the theoretioal oaloulation of the lift due t o  superoimulation, t h i s  pressure differenoe is assumed 
t o  be equivalent t o  a vor t ic i ty  distribution. Henoe, on the mean w b e r  l i n e  of the  dng section 
(0  6 x 6 0 )  and of the  Je t  dieet  (0  6 x eo), vortdoes are distributed. Ihe strength of these vor t ic i ty  
d i s t r ibu t iom oan be eolculated by atendins the aerofoil  theory due t o  W. Binrbam and B. Glawrt. But, 
o o n t m  t o  simple aerofoi l  theory, one has t o  choose for the jet-flapped ring a vortioity distribution, 
which does not sa t ing Kutta's oondition a t  the tr-edge. Aa the flow direotion ohanges 
disoontinuously by the  an& q at  the treiling-ed&e of the aerofoil, the vortioity beoomes sh@ar at  
this point - quite similar t o  Le s w a r i t y  which ooaura a t  the 

D.A. Spenoe (lg), who re lated the unknown ourvature~ of the jet sheet w i t h  the oorrespondine strsngfb of 
the vortex distribution. Spenae has made two aesumptions 

(1) 

(2) 

Besides th is ,  he showed that to a ad agpmdmation the thicknebs effeots of the J e t  aheet oould be 
neglected. As in the owe of the blown flap, the dominant parameters are the momenfunr ooeffloient 
and the @e 
the lift t o  be%nearly depedlerrt on the  angle of attaok Q pnd the jet  angle qj, whereae the depeanoe 
of the momentum ooeffioiant is a non-linear one. 
vort ioi ty  K(x) : 

of a flap. 

In th is  the j e p f l a p  theory f o r  t"nsi0nal aerofoils fiaally has been formulated by 

no d d n g  of the jet sheet with the external flow 

i r ro ta t iona l  flow within the jet  sheet. 

of the jet defleotion. Now the theorg supposes the vortioity dist r ibut ion Ond henoe 

This leads t o  the iollorlng statement f o r  the 

The flanotions f aad f2, w h i o h  have been determined ono8 f o r  dl by Speme, have different  OnelytiOd 
expressions on Le wing and in the je t .  The -tion f has a s-ty at  the leadinkedge and fl a t  
the  traillng-edge of the ring. In order t o  oaloulate dese tro Rmotions, the fltm oondition aust be 
eat isf led along the  ohord of the  e and the jet. 
oasoade flow reoentLy by U. S t d c  of Erauneahwek (not yet publidred). 

This oonoept has been extended t o  the oa8e of 

4.6.2 

A first approximation for the three-dlmensionel jet-flap theorg was given d u o  by D.A. Spenoe. But 
the f u l l  theorg to treat the general oase of j e t f L a p s  a t  wln@ with finite span was dewloped by A. Das 
(20). !&is theory allom the oaloulation of the lift distr ibut ion along ohord pad span for d q a  dth 
arbi t rarg plan f o m  and distributions of jet  momentum as w e l l  a8 jet an&es, by ertending B. Hilth~pp's 
or E. TruokenbroBt's lift- surface theorg. The o-pt of a oontimtovs vortdaity dist r ibut ion along 
the ohord and span of the w h g  in demonstrated in Fig. 35. 

In the thxwdhensional onno the vortiaity distribution d o n g  the ohord is taken Prom the two- 
diplensional theory of Spenoe, but the funotiolu - @U"lsed dth r e s p o t  t o  the s e s e  O-tO 
(Fig. 35): 

This v o r t i d t y  dis t r ibut ion m u s t  be determined by satisging the flow oaadi t ion  on the whole rin(l: 

Here Q(x,y) is the  l o d  tnoidenoe given by the geome- of the 
the vort ioi ty  distribution. 
the j e t  sheet e e s  w i t h  the  looal flow direotion, rhioh is given by the Iduoed angle of attaok in the 
jet  sheet: 

plld Qi is the  inoidenoCt indUOed by 
Far behidl the wing the  oodi t icm is t o  be aakisfled that  the direotion of 
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with ZJ aa vert ioal  
whereas f o r  a e 1 

OOP 
f 
ion of the  he twodimenaionr oaae the induotad anglecc = 0, 
nite span the jet sheet far behind the wing is no longsr paral le l  t o  drmean 

flow direotlon, but krcllned downwards by the @e aW The oonneotion between the vort ioi ty  
dis t r ibut ion and the induoed an& is &en by Biot-Savart’s law, uhi& le& t o  an infapal equation 
for the vortioily dist r ibut ion K(x,y) of the e surface. W i t h  these statements adapted t o  Multhopp‘a 
lipting surface theorg, the ablution is obtained. 

A. Das he+a oaloulated nI1py)rous ePcamples in 15 seotions along the w h g  span, by s o l v b g  a 
oorrespording system of 2(, equations with 2(, unlcnown~. In Fig. 36 the lift and p i t a  moment along 
the span of a reotan@ar w5.ng n i t h  Jet-flap is presented (aepeot-ratio 2.75). 
values of CL againat CM and in Fig. 36b the l o a d  values along span for different  values of C,, a m  given; 
in the l a t t e r  0-0 only the aontributions due t o  supercirouletion (Clr PnB Cplr) are plotted over the 
span. Furthermore in Fig. 37 some 
results f o r  de l ta  w i n @  are given. Fig. 37a again shows the we- values of lift aa a f ” t i o n  of C,, 
for two wings whioh differ o d y  slightly in their geometrg. The rlng number 1 has been oomputed by 
A. Daa and the other w i t h  the  aid of the eleotm-oal analogg methd of L. Malavaxd; the ogreenrent is 
good. Fig. 37b shows the dis t r ibut ion of the l o o d  lift ooepfioient d o n g  the span of the delta wing 
number 1. Here ,  two different  distributions of momentum along the span are oompared: 

(i) oonstant diotribution of the Jet  momentum J = pi vj2 s b 

In Fig. 360 the OrerOS1 

In a l l  oases, the theory is in good agreement dth the experiment. 

. -  

(ii) oonstant dis t r ibut ion of the l o a d  5- distribution, i.e. C,, E (pJ v ~ / ~ ( s / o )  a oomt with a(?) 
a d  VJ(?). 

For large values of C,, the tr0 different  distributions lead t o  almost the o w e  CL. 

5. PRACTICAL APPLICATIONS OF PNElWTIC HIGH-LIFT DEVICES 

The pneumatio high-lif t  6wioes desoribed in the previous ohapters are of different values if t h e i r  
Lap w d & t  and power requiremnts, high r e l i a b i l i t y  and simplioitg praotioal application is oomidered. 

in design and mdntenanoe, and last but not l e a s t  low oost, ere of greatLimportanoe. 
the meohanioal high-lif t  devioes have so many advantages that they are s t i l l  used ardluaively in all 
o i v i l  production airoraf’ts. 
number of researoh airor& and in mili tary airoraft; see Refs (21) t o  (25). 

praotioal applioatlon. 
late thirties. A typioal example is shown in Fig. 38. %se f l i g h t  tests were performed by F. Sohnara 
with the aeroplane RW 3a (gross weight 5 800 kp, aspeot-ratio = 7,6). 
of disturbance due t o  the propeller, a pusher airs ore^ waa mounted i n  thempennap. 
ranged from 0.04 o t o  0.22 o and uaa extended over the whole span. The t o t a l  perforated area w i t h  8600 
d r i l l e d  holes of 0.5 mm diameter covered only 1.d of the upper surface. 

Although oonsiderable reductions in take-off and landing distances were obtained, the suction 
aystem has never been applied t o  production airoraft, because there 
with the blowing system. A separate pump is required, the  pressures are low aad heme very thiok duots 
a re  needed, the proper dis t r ibut ion of suction intensity is d i f f i c u l t  t o  aohiwe, perforations BPB 
di f f iou l t  t o  be manufaotured and are sensi t ive t o  rough treatment. 

In t h i s  respeot, 

Todey one oan find pneumstio methods f o r  lift augmentation only in a large 

Boundary-lwer and oimulat ion oontrol by suction and blowing are quite W e r e n t  in t h e i r  
Several suction systems have been investigated in fli&t t e s t s  silredy since the 

I n  order t o  keep the e olear  
The auction xone 

several disadvantages compared 

However, blowhg devices do not ahan so many disadvantages, especially for jet  propelled aircrafts. 
There is no need of a speoial pump for the air supply, the highly oompressed blowing air needs only th in  
duots, the high temperatures of the a i r  oan be uaed f o r  de-icing and the  proper momentum dis t r ibut ion 
along the  span is easi ly  o b t h d  by applying choked s lots .  The simplicity and effectiveness of this 
rel iable  system have led t o  a progressiw use in the f i e l d  of military airoraft. 

total thrust t o  n e i a t  r a t i o  (S + SB)/G, i s  shown in Fig. 39 for an a i m r a f t  w i t h  oonventionel double- 
s lot ted f la  s compared dth an airoraf’t with blown plain f laps  (amount of blown momentum quantity 
SB = 0.05 Gf. The &I.atanoes have been oaloulated by G. S t r e i t  and F. Thomas (26) for a oonatant 
loading of 300 It turns out that a oertain required distanoe for take-off anci landing is 
aohieved with mwh l e s s  total thrust for  an airplane w i t h  blown f laps  than is possible for oonventional 
airplanes. Suggestions have men been made t o  a p p v  the Jet-flap principle t o  helioopters, which would 
require a oontinually 
Some poss ib i l i t i es  as  t o  how the jet  deflection angle 7 oan be ohanged are shown i n  Fig. 40. 

A praotioal example for the improvement in the  take-off and landing distanoe, depe- on the  

deflection angle dw t o  the ohangina flow oonditions during one oyole. 

Another serious problem oonneoted with eaoh high-lif t  system is a fluotuation or breakdown of the 
high lift due t o  a failure in the pneumatio devioe. Then oorresponding t o  the loss  in lift the induoed 
drag is reduoed in the same manner 80 t h a t  the thrust  usually is not able t o  follow. With a jet-flap 
oonfiguration blowing nearly the Ail1 thruat out of the trailing-edge of the  wing, then the  thrust, the 
l if t  inorement due t o  superoiroulation and the induoed drag a m  ooupled w i t h  one another. A fully- 
integrated Jet-flap design would even control a l l  manoeuvre aotione by means of ohangins e i ther  the Jet 
defleotion angle or the thrust  as sham in Fig. 41. 
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6. CONCLUDING REMARKS 

It was intended to &e an introduotion into the rather aide f i e l d  of pneumatic hIgh-Uft devioes 
within a single lecture. O f  course there are many problems which have not been nentioned at  a l l ,  f o r  
imtanoe noise problems. Only the following topios are briefly desaribed i n  th i s  paper: 

( I )  

(2) 

(3) 

(b) 

Boundary-layer oontrol by suction (nose suotion and trailing-edge suction) 

Boundary-leyer and ciraulation oontrol by blowing over the tralllng-edge flap 

Combined blowing over the t r f d w e d g e  flap and at the wing nose 

ho-dinmnslonal and three-dimensional Jet-flap theory. 
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Fig.l Flow pattern with and without boundary-layer control by suction 

Favre 7933 

Fig.2 

circular cylinder 
aerofoil 
diffuser 

4 4 
0 

n 
Th waites 794 7 Prandtl 7904 

Betz, 1 achmann, 
Handley Page 1921 

Schwier 7942, Williams 1947 Q2 \ 
Davidsnn , Spence, --- 
Lengendre, Ray 1956 

Bet4 Schrenk. 1935 
Raspet 7956 

Dates in the history of boundary-layer control (BLC) 
(a) BLC by moving wall 

(b) BLC by suction or blowing 
(c) circulation control (Thwaites-flap, jet-flap) 
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Fig.3 Velocity distribution of an aerofoil with trailing-edge flap 

A = distribution for attached flow 
B = distribution for separated flow 
C = deceleration region 
a = laminar separation point 
b = separation bubble 
c = turbulent reattachment point 
d = turbulent separation point 
e = reversed flow, wake 
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Fig.4 BLC-methods for prevention of flow separation 

(a) Boundary layer in the vicinity of a separation point 

SP = separation point, (du/dy), = 0 
SS = separation streamline 

(b) Prevention of separation by suction ( S )  
(c) Prevention of separation by blowing (B) 
(d) Aerofoil at high angle of attack; 

separation imminent at the nose. 
A = cLmax without high lift aids 
B = cLmax with high lift aids 
Methods: 1) slat, 2) nose flap, 

3) BLC by suction, 4) BLC by blowing 

6 = boundary-layer thickness 

R = reversed flow 

- 

(e) Aerofoil at high angle of trailing-edge 
flap; separation imminent at the flap knee. 
A = without flap, without BLC 
B = with flap, without BLC 
C = with flap, with BLC 
Methods: 1) slotted flap, 2) BLC by suction, 

3) BLC by blowing 
AP = adverse pressure gradient. 
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Fig.5 Effect of nose suction on the lift coefficient of a 40 deg swept-back wing 
Wind-tunnel tests after E.D.Poppleton [ 101 

a = without flap, b = with flap deflected (7)k = 40°), 

(3) suction through porous leading-edge 
(1) without suction, (2) suction through leading-edge slot, 

I 

A- n - a0044 
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Fig.6 "Increment in CLma due to nose suction for a 40 deg swept-back wing" 
Wind-tunnel tests after E.D.Poppleton [ 101 

(a) porous leading-edge, (b) leading-edge slot (full span), 
(c) leading-edge slot (half span) 
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Fig.7 Effect of nose suction on the lift coefficient of an aerofoil with trailing-edge flap 
Wind-tunnel tests after W.Wuest [ 91 
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cP 

-2 

-4 

-6 

-8 

Fig.8 Effect of position of suction area on the pressure distribution 
Wind-tunnel tests on wing section of experimental 

aeroplane RW3 after W.Wuest 191 
(a) without suction, (b) suction in zone I 
(c) suction in zone I1 

I 
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Fig.9 Increment in cLmn due to various positions of suction area 
Suction through porous surface at the nose of the aerofoil 

Ref.: ARC-R+M 2666 

b Fig. 10 Wing section of NACA 664 A421 
with suction device at the trailing-edge flap 
Wind-tunnel model after K.O.Amold [ 121 
(a) interchangeable trailing edge, 
(b) spacer, 

(d) transition wire, 
(e) sealing 

Ttf (c) suction chamber 

(dimensions in mm) 

Fig. 1 1 Three-component measurements 
on a wing with suction BLC at the 

trailing-edge flap 
Wind-tunnel tests after K.O.Amold [ 121 

(a) CQ = 0 (d) CQ = 0.0262 
(b) CQ = 0.0144 (e) CQ = 0.0292 
(c) CQ = 0.0180 (f) CQ = 0.0351 
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' Fig. 13 Comparison of theoretical and experimental 
results for the minimum suction coefficient 

K.O.Arnold [ 121 
Wind-tunnel tests at Re = 3.3.105 after 

Fig. 12 Lift coefficient versus trailing-edge flap 
angle with and without suction BLC 

Wind-tunnel tests after K.O.Arnold [ 121 
cQA = minimum volume parameter, required 

for attached flow 

3u0 60° goo 7!4 

TOo 20' 30° 40' SDo 62)" 

?Iff 
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Fig. 14 Typical installation of blowing slots 

AF = attached flow, SF = separated flow 
AP = adverse pressure gradient 
cQ = volume parameter s = slot width, S = wing area 
m, = mass flow of blowing jet 

cP = momentum coefficient 
q,= pressure head 

0 

Fig.15 Flapped wing with blowing jet attached to the 

(a) separated flow (SF) 
(b) attached flow (AF) 

(c) velocity distribution for wall jet configuration 

flap by Coanda effect 
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Fig. 16 Effect of blowing over the trailing-edge flap 
on the lift coefficient 

Wind-tunnel tests after J.Williams [ 131 

0 '+- %\ 
Fig. 17 Lift and pitching moment of a profile with 

blowing over the trailing-edge flap 
Wind-tunnel tests after R.Lohr [ 161 
(1) without flap deflection, attached flow 
(2) without blowing, separated flow at the flap 
(3) minimum momentum coefficient cPA for complete BLC 
(4) supercirculation 
(5) separation bubble at the wing 
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Fig. 18 Lift increment due to blowing over the trailing-edge flap 
Wind-tunnel tests after F.Thomas [ 141 
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Yelocity, ’ ~ [ m / s J  

Fig. 19 Velocity profiles in the boundary-layer behind 
a blowing slit 

Wind-tunnel tests at a jet velocity ratio of 
vj/U, = 8 by F.Thomas [ 141 
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A 

/ without Blow@ 

Fig.20 Momentum efficiency q,j of the blowing jet as a 
function of the velocity ratio vj/U, 

Empirical formula after F.Thomas [ 141 
9 = momentum loss thickness (MLT) 

9j = input of MLT by blowing Jet 

Fig.2 1 Estimation of minimum momentum coefficient cpA 
for avoiding separation on the flap after F.Thomas [ 141 

SP = separation point in case without blowing 
9 = momentum loss thickness (MLT) with blowing 
9, = MLT without blowing 

a,= 9, - 9 = net input of MLT 
8, = total input of MLT by blowing jet 
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Fig.22 Various possibilities of BLC at the wing nose 
(a) slat, Ref.: NASA TND 333 
(b) blowing at the nose, Ref.: R.Lohr [ 161 
(c) leading-edge flap, Ref.: NASA TND 16 
(d) blowing at leading-edge flap, Ref.: NACA RMA 58A09 

Fig.23 Effect of blowing at nose and trailing-edge flap 
on lift and pitching moment [ 161 
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Fig.24 Velocity distributions over profile surface for 
inviscid potential flow 

Fig.25 Estimation of minimum momentum coefficients at the 

SP = separation point, BS = blowing slit 
ST= stagnation point 
19 = momentum loss thickness (MLT) with blowing 
a,,= MLT without blowing 
QH= 6,- 6 = net input of MLT 
6, = total input of MLT by blowing jet 

nose c ~ N A  and at  the flap knee cpKA 
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Fig.26 Minimum momentum coefficients preventing flow separation [ 161 
(a) momentum coefficient blown at the nose 
(b) momentum coefficient blown over the flap 
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Fig.27 Effect of momentum ratio on lift and pitching moment [ 161 
cpG = cpN + cpK = total momentum coefficient 

blown at the nose and over the flap 
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(1) separated 
(2) bubble 
(3) attached 

Fig.28 Flow condition on a flapped wing under the influence 
of different momentum ratios of blowing [ 161 

wing I flan 

separated 
attached 
attached 

Supersonic Speed 
t/c=7X, t = D o ,  a = O o  

CL 
6 

$ 5  

4 

3 
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7 

Y 

0.1 0.2 0.3 0.4 a5 0.6 
C 
(U 

t/c= l+ %,r = N o ,  U = Z O O  

I I I I I I I 

a1 Q2 0.3 0.4 0.5 0.6 
C .P 

Fig.29 Forward facing flap after D.G.Hurley [2]  
Free stream-line flow established by forward 

facing flap with blowing device 
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Fig.30 Various configurations of jet deflection 
(a) Internal jet arrangement 

(1) internal jet augmented flap 
(2 )  pure jet-flap 

(1) external jet augmented flap with jet engine 

(2 )  external jet augmented flap with pod-mounted 

(3) deflection of propeller slipstream by means 

(b) External jet arrangement 

mounted on top of the wing 

jet engine 

of double-slotted trailing-edge flap 

Fig.31 Effect of jet deflection on lift and drag 
Comparison between two arrangements 

(a) Upwards deflected jet exhaust (7 = -30") 
impinging on double-slotted flaps 

(b) downwards deflected jet exhaust (7 = 30", 60", 90") 
Wind tunnel results of 45 deg swept-back aircraft model 
with pod-mounted jet engine after Ph.Poisson-Quinton [ 2 ]  
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S = Supercirculation 

Fig.32 Comparison between external and internal jet 

(a) external jet for conventional aircraft model 
with swept-back wing and pod-mounted engines 

(b) internal jet for canard aircraft model with 
the same swept-back wing 

augmented flaps 

'b 

R $,'y Night path 

... ,:;: 
I.. 

Fig.33 Vectored deflection of propeller slipstream. 
Application at Breguet 941 

L = lift, T = thrust, R = resultant force 
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Fig.34 Pressure distribution of a jet-flapped aerofoil 
L = lift due to circulation 
D = lift induced drag due to circulation 
J = jet reaction force 

Fig.35 Vortex system of three-dimensional jet-flap 
theory after A.Das [201 

Adaptation of Multhopp’s lifting surface theory 
to jet-flapped wings of finite span 
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Fig.36 Lift and pitching moment for rectangular wing 

(a) overall forces of lift versus pitching moment . 
(b) local forces of lift and pitching moment versus 

semispan (aspect ratio of the wing = 2.75) 

with jet-flap 'after A.Das [ 201 

@A 
A = Z88 

& 
R = 2.32 

Fig.37 Lift distribution of a jet-flapped delta wing 
overall lift as a function of the momentum 
coefficient I constant distribution of jet momentum 
(1) calculated by A.Das [201 over span 
(2) electrolytical analogy by L.Malavard 11 constant distribution of momentum 

(b) distribution of lift over semispan 

coefficient over span 
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Fig.38 Polar curve of the experimental aircraft RW3A 
with nose. suction 

Flight tests by F.Schwarz 

I I 

627 
total thrust T+ 

I 

4Ll 

Weight 

Fg.39 Take-off and landing distance as a function of total tbrust 
Calculated for an aircraft of 300 kpjm' wing loading, 
aspect-ratio 8 and 10.5 m obstacle by F.Thomas I261 
(A) doubleslotted flaps without blowing 
(B) plain flaps with blowing 

(a) with flare out T = 0 
(b) no flare out T # 0 



Without Movable Parts - With Uovable Parts 

Fig40 Design features of jet augmented flaps 
( I )  pure jet-flap with fixed jet angle 
(2) jet-ilap with chargeable jet angle: control jets 
(3) jet-flap with changeable jet angle: Coanda effect 
(4) jet-flap with changeable jet angle: rotary nozzle 
( 5 )  jet augmented flap with changeable flap angle 

High Speed Low Speed Maneuver 
Rrtiun 

Stm’ght Jet Sheet Jet- Flap Down 

a+ ---___--- . ----------- 
Elevator -----e’ 

h n h  Descent) Khanje Rngle Change Thrust 

-4L &=---/ ---->--/--- 

+&==-.-&L - -r r:/- 

Rileron Le-#/ 

U m r p  Rngle Changelkust Rngle 

Rirbrake L----d 

Change Rngle Change Rnjh 

Fig.41 Control forces and moments produced by jet-flaps 
after 1.M.Davidson 121 
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SUMMARY OF DISCUSSION 

r e l a t i n g  t o  

AERODYNAMICS OF PNEUMATIC HIGH-LIFT DEVICES 

1 .  T h e o r e t i c a l  Methods f o r  P r e d i c t i n g  t h e  C r i t i c a l  Momentum Coef f i c i en t  

A t h e o r e t i c a l  method f o r  p r e d i c t i n g  t h e  c r i t i c a l  momentum c o e f f i c i e n t  C y A  

However, an exact  method of c a l c u l a t i n g  
f o r  complete boundary-layer c o n t r o l  i n  t h e  case of a two-dimensional a e r o f o i l  
has  of course been given i n  the  paper.  
t h e  minimum blowing momentum needed t o  prevent  flow s e p a r a t i o n  i n  t h e  three-  
dimensional case  i s  s t i l l  beyond t h e  scope of boundary-layer theory.  Nevertheless ,  
t h e  two-dimensional method put forward by F. Thomas, which i s  based on t h e  i n t e g r a l  
r e l a t i o n s h i p s  of boundary-layer theory ,  g i v e s  a first e s t i m a t e  f o r   cy^ . 
f o r  example i n  t h e  case  of a swept-back wing of f i n i t e  span,  one has  t o  chose some 
a r b i t r a r y  h i g h e r  value.  

Then, 

2. Use of Supersonic Blowing Speeds 

It h a s  been pointed out  t h a t  t h e  most favourable  condi t ion ,  g i v i n g  t h e  sma l l e s t  
f o r  avoiding s e p a r a t i o n  of t h e  boundary-layer, i s  achieved momentum c o e f f i c i e n t  C 

w i th  very small s l o t  w&hs and hence wi th  high blowing v e l o c i t i e s .  
i t  would not  be advantageous t o  blow with supersonic  speeds.  
complicat ion t o  ensure a good j e t  s h e e t  of supersonic  speed would be cons ide rab le ,  
and i t  i s  a l r eady  d i f f i c u l t  t o  manufacture a simple convergent s l o t  with cons t an t  
s l o t  width and uniform momentum d i s t r i b u t i o n  i n  the  spanwise d i r e c t i o n .  Moreover, 
t h e  maximum blowing v e l o c i t y  can be l i m i t e d  by t h e  p re s su re  r a t i o  a v a i l a b l e  from t h e  
compressor of t h e  j e t  engine.  I n  f a c t ,  t h e  l e c t u r e r ' s  opinion i s  that t h e  h i g h e s t  
blowing v e l o c i t y  which seems reasonable  f o r  p r a c t i c a l  a p p l i c a t i o n  is  t h e  speed of 
sound. 

However, o v e r a l l ,  
The s t r u c t u r a l  

3 .  Noise Produced by BLC o r  Jet-flap 

Turbulent mixing and entrainment processes  a r e  t h e  main reason f o r  t h e  
gene ra t ion  of n o i s e ,  and t h e  noise  energy grows p r o p o r t i o n a l l y  t o  t h e  e i g h t h  power 
of t h e  j e t  v e l o c i t y .  However, t h e  shape of t h e  j e t  has  a l s o  some i n f l u e n c e ;  t h e  
noise  generated dec reases  with i n c r e a s e  of t h e  r a t i o  of a c t u a l  j e t  circumference t o  
t h e  circumference of t h e  equ iva len t  c i r c u l a r  j e t  of t h e  same c r o s s - s e c t i o n a l  a rea .  
I n  t h i s  sense ,  t h e  t h i n  j e t  s h e e t  blown out  f o r  boundary-lager c o n t r o l  o r  i n  t h e  
form of a j e t - f l a p  has  a favourable  circumference r a t i o  ( i . e .  very l a r g e ) .  
with BLC and j e t - f l a p s  t h e  noise  gene ra t ion  is low i n  comparison with t h e  noise  
produced by a convent ional  j e t  nozzle ,  which u s u a l l y  has a circumference r a t i o  near  
u n i t y .  

Thus, 

4. V a r i a t i o n  of Optimum Momentum Rat io  w i t h  C y G  i n  F ig .  27 of t h e  Paper and 
P o s s i b l e  Dependence on Reynolds Number 

For combined blowing a t  t h e  nose and a t  t h e  t r a i l i ng -edge  f l a p  of a NACA 0010 

i s  t h e  t o t a l  
a e r o f o i l ,  F ig .  27 shows t h e  l i f t  p l o t t e d  a g a i n s t  t h e  momentum r a t i o  C p N / C  pG, 
where C y  i s  t h e  momentum c o e f f i c i e n t  blown out a t  t h e  nose and C k  
blow mome#tum c o e f f i c i e n t  a t  t h e  nose and t h e  f l a p  knee. 
( f o r  C = c o n s t a n t )  shows a maximum a t  a c e r t a i n  momentum r a t i o ,  s o  t h a t  t h e  
optimum!kowing r a t i o  can be i d e n t i f i e d  ( s e e  d o t t e d  l i n e ) .  
small C 
momentwf$!a&os ( C  pN/C pc = 0.4). i . e .  more momentum is  blown out  a t  t h e  r e a r  t han  
a t  t h e  nose of t h e  a e r o f n l l ;  whereas, f o r  h igh  C 
t h e  optimum i s  obtained a t  high r a t i o s  ( C r $ C  p G  = 0 . 8 ) .  
optimum momentum r a t i o  on C can be i n t e r p r e t e d  with t h e  h e l p  of F ig .  28. I n  
F ig .  27, a conf igu ra t ion  i s c g p r e s e n t e d  having a high angle  of Ancidence (a = 10') 
i n  a d d i t i o n  t o  t h e  very h igh  ang le  of f l a p  d e f l e c t i o n  ( 2  
t h e  danger of a flow s e p a r a t i o n  a t  t h e  nose i n  t h e  form OF a l o c a l  bubble is  
imminent, a p a r t  from t h e  s e p a r a t i o n  a t  t heo t r a i l i ng -edge  f l a p .  
achieve completely a t t a c h e d  flow a t  d =  10 , i t  i s  necessary t o  blow gut  50 p e r  cent  
of the  t o t a l  j e t  momentum ( C  
per  cent  of C 
marked i n  F ig r98 :  

Each l i f t  %rve  

For example, with 
c o e f f i c i e n t s  ( C r G  = 0.15) ,  t h e  b e s t  e f f i c i e n c y  is  obtained a t  low 

- c o e f f i c i e n t s  ( C  pG = 1 . 5 ) ,  
PG 

This  dependence of t h e  

- 60 ).  I n  t h i s  case ,  

Thus, i n  o rde r  t o  

- 0.24) a t  t h e  nose,  whereas a t  td = 5 only 30 

When i n c r e a s i n g  t h e  t o t a l  momentum beyond t h e  BLC i n t o  t h e  
- 0.12 needg to -be  blown a t  t h e  nose. These two p o i n t s  a r e  
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the supercirculation regime, it iB more effective with respect to the lift to 
increase the percentage of the nose momentum too, blowing at the flap knee only as 
much as necessary to avoid separation at the trailing-edge. 
the dotted lines in Fig. 28. The influence of the blowing at the nose in the 
supercirculation regime may be interpreted as an increase in the effective camber 
of the aerofoil. Attention should be paid to the fact that here, as in the whole 
lecture, mainly very severe momentum coefficients are considered and the range of 
weak blowing (say C 4 0.1) is not treated very thoroughly. Nakurally, Reynolds 
number has some infKence on the whole mechanism, but this influence again is more 
important in the case of weak blowing. 

This is illustrated by 
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1. IE"F(ODUC!l'IOM 

As you know, variable geometry has been applied to aircraft design in various forms for over 30 
years. 
intakes and nozzles for engines. 
where the wing o r  tailplane geometry is changed, as follons. 

(A) 

Typical examples are the undercarriage, flaps, airbrakes, variable-pitch propellers, and variable 
From an airframe point of view, we show in Fig. 1 some other examples 

The first configuration is a telescopic winq tested in Gance before tho war by LIakhonine; 
idea was not profitable because of the very small performance gain for the very complicated 
mechanism to translate the telescopic wing. 

The second example concerns the well-known extension of the wing surface by means of the rearward 
and downward movements of a slotted flae (Fowler-flap type); this sy&m has become more and more 
sophisticated with recent transport aircraft, the most impressive being the tri-slotted flap used 
on the Boeing 727. 

The next two examples of variable geometry were proposed to improve some supersonic characteristics 
of high-speed aircraft, mainly their yawing stability (auxiliary fins) and their longitudinal 
manoeuvrability (by static margin reduction); 
used on the American B70, an experimental Mach 3 bomber; 
in a wind-tunnel some years ago by ONEBA, the unfolded tailplane being also me6 to trim some high- 
lift devices at a low speed. 

Lastly, the most interesting variable-geometry scheme is the variable-sweep wing, which is the 
subject of this paper, 

It is perhaps worth recalling that the original concept for a variable-sweep wing is generally 
attributed to the well-known British engineer of the Vickers Company-, Dr. Barnes Wallis, as early as 1 9 4 .  
By 1951, in the United States, B e l l  Aircraft had built and IJACA had flown the X-5 subsonic experimental 
aircraft, while in 1952 the G~"a.n XF-IO-F aircraft was completed for the US Navy. 
Er. Barnes Wallis produced designs of variable-sweep aircraft where only the outer portion of the wing 
was moved, the presence of the fixed delta-shaped inner w h g  alleviating the changes of both centre of 
gravity and centre of pressure with sweep; 
earlier designs in which the whole wing moved. 

but this 

(B) 

(C 
Dj 

the first one is the well-known wh-folding-tiE as 
the other is a foldinpr tailplane tested 

(E) 

By 1958, 

the aerodynamic centre variation was much less than with 

This new concept was discussed with NASA, who then began extensive wind-tunnel and analytical 
investigations. 
optimum performance at both high-speed and low-speed. 
military "x programe culminating in the Ml1 multi-mission combat aircraft, and also to Boeing 
supersonic transport projects. 

experimental! on the variable-sweep prinoiple, and asked the =DUET Company to begin a feasibility study 
of a multi-mission fighter; in the mean time, DASSAULT Company undertook a project, with preliminary 
testa in various O.N.E.R.A. facilities. 
the F'rench Defense Department to build a prototype of a variable-sweep aircraft, namely the M i r a g e  a; 
the first flight took place only two years afterwards, in November 1967, and a large part ofthe flight 
envelope was explored two months later0 

and in Germany to the MPB Neuen Kampfflugzeug (NKF). 
British/Geman/Italian multi-role combat aircraft project (Panavia MRCA) . 

Their primary aim was to develop stable and controllable configurations, with near- 
As you know, these American researches led to the 

In 1963 the fienoh Air Ministry asked O.N.E.R.A. to make a general study (both theoretical and 

Finally, in October 1965, the DASSAULT Company was asked by 

Contemporary project studies led in Britain to the BAC advanced combat aircraft concepts (P45/ACA), 
These have of course now developed into the 

Before beginning with my subject proper, namely high-lift performance for a variable-sweep aircraft, 
I must stress that it was quite difficult to prepare this paper, because a large part of the results on 
variable-sweep aircraft development is still classified in most countries. 
explain some specific aerodynamic problems encountered in variable-sweep applications for:- 

(a) Multi-mission military aircraft. 

(b) Supersonic transport aircraft. 

(c) Lifting bodies for re-entry from space. 

However, I shall try to 

2. AERODYNAMIC GOALS OF !PEi  VARIABLE-SWEEP WING 

2.1 

Our goal some seven years ago, was to define an aircraft having, at the same time:- 

The low-speed characteristics of a transport aircraft, with its very high aerodynamic efficiency at 
sub-critical blach numbers; 

the high-speed manoeuvrability of a modern fighter in transonic flight; 

the good aerodynamic efficiency of a slender wing in supersonic flight. 

Today, we shall speak mainly about this first requirement; but it is  important to recall that, for 
a multi-mission aircraft, the fully-swept wing configuration with 70-75O sweepback angle is also very 
favorable for transonic low-level attack, because of the low gust sensitivity associated with the small 
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lift gradient of this slender wing. 
leading-edge sweepback of 15-25O, offers a favorable condition for good aerodynamic efficiency in 
subsonic missions (surveillance, loiter, ferry missions, etc) , together with high-lift capability for 
short take-off and landing. 

2.2 

On the other hand, the highaspect-ratio of the unswept wing, with a 

First, we must discuss the choice of the ivot location, which plays a very important role as 
regards the aerodynamic and the flying qua1iti;s of a project, As shown on Fig. 2(a), with an inboard 
pivot location at the edge of the fuselage, the aerodynamic centre moves rearward as the weep angle 
is increased. 
centre for the swept configuration may be at the same location as that for the unswept configuration. 
From Fig. 2(b), it is evident that the static margin becomes very significant with the wing swept ahen 
the pivot is inboasd. However, we shall see that a compromise must be adopted for the outboard location, 
to preclude the risk of a longitudinal instability (pitch-u& at large incidence arising from the up-load 
on a large fixed apex. 

men the pivot is located at a selected outboard position, however, the aerodynamic 

2.3 

At the beginning of our work in ONERA, we treated this pivot problem theoretically (Fig. 3), making 
a systematic study of a family of wings having the same unswept planform (trapezoidal wing of aspect- 
ratio 7.5 taken as reference area, with leading-edge sweepback l5', taper-ratio 1/3) and a fully-swept 
position mith 70° sweepback. We have analysed various locations of the pivot along the span and also 
along the local chord, six locations being tested in detail for three or four sweep anglee by the 
rheo-electric analogy method in a three-dimensional tank. 
approach, now well confirmed by wind-tunnel tests, is summarised in Fig. 4. - shift between the two extreme sweep angles ( l 5 O  and 70°) varies almost linearly with the spanwise 
location of the pivot. With an outboard pivot located at about 30 per cent of the span of the 
trapezoidal wing, the centre of pressure is exactly at the same position for these two extreme sweep 
angles. On the same Figure, the lift gradient of the slender configurations is seen to be about 
half the value obtained in the unswept wing position. 
apex surface, on the front of the trapezoidal wing, grows when the pivot is more outboard along the 
span. 

The main conclusion of this theoretid 
The centre of pressure 

It is also.important to notice that the fixed- 

These same trends on the influence of the pivot location have been found in a British study (Fig. 5 ) ,  
where the aerodynamic centre position is plotted against the sweep angle with the Mach number increasing 
to give always a subsonic leading-edge. 

Next, it is interesting to examine the shift of the aerodynamic centre with sweep angle in the case 
of two complete configurations, the tailplane being located just at the rear of the trailing-edge of the 
70° wing (Fig. 6 ) .  Again, there is a very large difference of aerodynamic centre shift between an 
inboard and an outboard pivot. Also the amount of stability provided by the tailplane remains almost 
constant when the meep angle increases from 1 5 O  to TO0, as shown at the bottom of this Figure. 

3. HIGH-LIFT DEVICES 

As in the pivot location analysis, we have made our  theoretical study of trailing-edge flap 
effectiveness using the electric analogy method, on a typical extended wing configuration (A.25, # = 15') 
with a 30 
(Y P r/Uobf along the span, both for angle-of-attack effect and for unit flap deflection; also, the 
integration of the l o c a l  centres of pressure due to the flap effect giving the mean value on the 
reference chord. 

er cent chord flap over 75 per cent of the span. Fig. 7 gives the 'reduced circulation' 

For the combination of 11' angle-of-attaak and 45' flap deflection, (+, 3 is theoretically obtained; 

Fig. 8 shows that, on a wind-tunnel model of 
in fact, suoh a value can be realised only with boundary-layer control, both on the wing leading-edge and 
on the flap, or with a sophisticated slotted-flap system. 
this configuration equipped with a single-slotted flap, only 65 per cent of the theoretical flap 
effectiveness is obtained, while a simple Y&er flap at the leading-edge of this 10 per cent symnetrical 
profile appreciably increases stalling incidence and delays the pitch-up problem, as we shall see later. 

The flap efficiency is.keduced progressively when the wing sweep increases (Fig. 9 ) ,  as predicted 
theoretically; but, between 15' and 25O sweepbaok the loss of lift is very small, so it is feasible t o  
make w e  of this sweep flexibility to adjust the static margin of the aircraft at its best value during 
talse-off and landing. 

control (Fig. 10). 
is not efficient enough for roll control at low speeds, where a spoiler system is probably the best 
solution permitting the flaps to be retained over the whole wing span. On Fi . 10, it is also shown that 
the spoilers (65' deflection, between 35 per cent and 95 per cent of the span7 lose a large part of their 
effectiveness when the wing sweep is increased. 
flaps are deflected, because a large part of the lift increment 
destroyed by rear separation, giving a strong rolling moment. Finally, the spoiler effectiveness remains 
quite large near the stalling incidence, as evident from the right-haad diagram of Fig. 10. 

Another very interesting aspect of this variable-sweep aircraft is shown on Fig. 11, where the lower 

For this low-speed configuration, it is also interesting to exmine the important problem of 
A differential tailplane deflection, as used during high-speed flight ($ = 45O to TO0) 

Their efficiency is much improved at (# = 1 5 O )  when the 
from the relevant flap is then 

diagram gives the yawing stability curves and the induced roll in side-slip for the two extreme 
configurations with 150 and 70° sweep angles. 
almost the same r o l l  effectiveness in both cases; 
about the same for these two extreme configurations, even at this large angle-of-attack of loo. 

The BBme tailplane differential deflection (A% 0 l4O) gives 
the upper curves show also that the yawing stability is 
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Leading-edge camber all along the span of a wing is well known to improve both the stall conditions 
at low speeds and the cruise efficiency (L/D); 
aircraft. For the configuration already mentioned (A.25), we have calculated a conical camber 
distribution by slender wing theory (M 
very narrow camber (on 10 per cent span only) i s  quite pronounced when the wing is unswept to l 5 O  sweep. 
In this case, such a camber allows a very high local CL with the theoretical stagnation point located 
at the nose leading-edge, as shown in Fig. 13 by the streamlines obtained from electric analogy studies 
on a two-dimensional section at 90 per cent of the wing span. 
distribution along the span with flaps deflected at 450 and with 60 angle-of-attack (mean CL 
The efficiency of this cambered leading-edge was then proved by wind-tunnel tests; 
separation on the extended wing is removed up to high angles-of-attack, and also the leading-edge vortex 
on the fired apex is greatly reduced (pitch-up problems delayed). 

Another advantage of this camber, both on the apex and on the moveable wing, is the induced d 

plotted to show the large gain in L/D given by this camber for all the sweep vdues. 
camber improves the L/D of the YO0 sweep configuration ~ the whole Mach number spectrum, up to M E 2.5. 
Moreover, the tuft flow visualisation patterns (Fig. 15) on the two extreme configurations, at the 8O 
angle-of-attack giving the best L/D, indicate that the vortex lift on the leading-edge of the arrow wing 
begins only above this incidence and that the flow is still very smooth in both cases. 

such application is very interesting for a variable-sweep 

1) on quasi-delta shaped wing with 70° sweep (Fig. 12); this 

Fig. 13 also gives the theoretical lift 
2.46). 

the leading-edge 

reduction as shown on Fig. 14. Here, for various sweep angles, the experimental values of + CL vs % are 
Note that this 

5. 'FIB PITCH-UP PFOBLEM 

The main problem encountered on variable-sweep configuration8 with a large fixed apex is a 
lon&ddinal instability near the stall, due to the increasing load on the apex while the movable wing 
is already stalled. 
tendency, as illustrated on Fig. 16, where the longitudinal stability curves for two horizontal tailplane 
locations are plotted (on the left). With a tailplane just in the same plane as the wing, there is a 
quite sharp nose-up pitching moment at the stall whereas, with a low-tailplane location, the aircraft 
stalls with a good nose-down pitching moment. 
right of Fig. 16, the longitudinal instability zone i s  very narrow and followed by a nose-down tendency 
after the stall. This behaviour is well explained on Fig. 17, where the mean downwaeh at the tailplane 
is plotted against angle-of-attack; 
the nose-up pitching moment given by the tailplane, and so balances the pitch-up tendency due to the 
wing apex. 

full-scale 40 x 80 ft wind-tunnel at the NASA Ames Research Center. 
laboratories, it should be noted that the swept wing (hi&-speed configuration) is usually taken as 
reference area. On the model shown in Fig. 18, NABA have studied the influence of the hvrizontal- 
tailplane location on longitudinal stability. Without horizontal tail, there is a strong pitch-up 
tendency well before the C m  and a high tailplane location does not improve this instability very mch; 
but a low tailplane is much more favorable and, in this case, the pitch-up appears only at the stall. 
On this configuration, the fixed apex of 70° meep has a sharp leading-edge, which therefore exhibits a 
strong vortex flow at high angle-of-attack giving a nose-up trend at the stall. 

One solution is to find a tailplane location which can compensate this nose-up 

For an intermediate tailplane position, shown on the 

the sudden loss of dowwash due to the wing flow sepaxation reduces 

Nany large models of supersonic transport projects have been tested at high Reynolds numbers in the 
In analysing the results from US 

Various flap configurations have also been tested by NASA on the same model, as sunrmarised on 
Fig. 19. 
that the gain in C w  is quite small. 
efficient than a simple one, but here again there is no gain in b. The third diagram, on the right, 
confirms that it is possible to increase the sweep of the movable wing from 13.5O to 25' without loss of 
flap dectiveness, 

The diagram on the left shons that the outboard flap deflection gives some extra lift, but 
The second diagram shows that a double-slotted flap is more 

Another configuration, very similar to the first Boeing SST project, has also been tested by the 
here, the main aim was to control the flow on the fixed apex NASA in the same wind-tunnel (Fig. 20); 

(or stnike) to delay the vortex formation and hence the pitch-up. 
the original sharp strakes (R , )  improves the longitudinal stability, but it is necessary to incorprate 
also some vortex generators on the strake, and the wing fence, to remove completely the pitch-up tendency. 
O f  course, such devices are not easily stored during high-speed flight. Again on the same model, NASA 
made some tests with a blown flap having the same span as a conventional double-slotted flap. Fig. 21 
shows that, for 500 flap deflection, flow attachment over the blown flap is obtained with a Cp value of 
about 0.05, but a very strong pitch-up appears at the stall, despite the incorporation of a Krii&er flap 
on the fixed apex to delay the vortex formation. 
than a conventional double-slotted flap, because of the premature separation on the movable wing and the 
vortex interaction on the apex. 

In fact, a round leading-edge (R3) on 

In fact, the blown flap does not give a better & 

In the case of the first Boeing SST project (Fig. 22), it was impossible to choose a low position 
for the horixontal-tailplane, because of the proximity of the engine jets. 
stability was not satisfactory at high angles-of-attack. 
by Boeings on a small model of this first project. 
was very good, but the behaviour of the pitching-moment was judged unsatisfactory, in spite of the very 
lerge slot on the apex leading-edge. 

Hence, the longitudinal 
Fig, 22 shors some typical results obtained 

The lifting effectiveness of the trailing-edge flaps 

In the second €being SST project (Fig. 23), the four turbo-jets wese put under a very large 
horizontal-tailplane, but in this case the tail arm mas eeatly reduced; 
from the very efficient flap system vias lost by the longituclinal trim. 
configuration, Boeing tried to improve the longitudinal trim by using a canard surface, but the aerodynamic 
gains were not sufficient to compensate for the increase of structure1 weight. 

thus a large part of the lift 
In the last version of this 
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Clearly, i t  i s  niuch more d i f f i c u l t  t o  design a civi l ian variable-meep aircraft than a mil i tary one, 
because it i s  not acceptzble t o  put j e t  engines inside the fuselage instead of the passengers. Already, 
i n  various countries, many variable-nveep applications t o  mil i tary d r c r a f t  a r e  i n  a production phase 
American M l l ) ,  i n  a f l ight  evaluation phase (French Urage G, Russian Kikoyan), or i n  the design phase t French Mirage G4, AngbCemsn-Italian MRCA, American f ighter  Fl4, American bomber Bl); currently,  t h i s  

variable-wreep concept appears t o  be the only acceptable solution f o r  multi-mission purposes. 

6. VARIAflLE-SWEEF APPLICATION TO REUSABLE SPACECRAFP 

To conclude, it is  interest ing t o  look at  some applications f o r  the space shut t le  programme (NASA). 
Variable-meep concepts can be applied both f o r  the first-etage booster (return a f t e r  the f i rs t -s tage 
separation at  Mach 10, t o  a conventional a i rpor t ) ,  and fox the orb i te r  stage (return f r o m  a low orb i t  
mission t o  a chosen d r p o r t ) .  
optimisation study, summarised i n  Fig. 24, where three different  configurations a re  shown differ ing f r o m  
one another i n  t h e i r  hypersonic efficiency (L/D = 1, 2 and 3) during the f i r s t  part of the re-entry from 
space. 

A l l  of them have (L/D)- greaCer than 5 at low speed, with t h e i r  wings extended, but the best  
configuration seems t o  be the second, shown i n  d e t a i l  on Fig. 25. During ascent, o rb i ta l  f l i g h t  and 
hypersonic re-entry, the wings a re  folded at the top of the l i f t i n g  body, t o  preclude any kine t ic  heating 
problems with them i n  the Newtonian shadow of  the body during the re-entT; 
maxi" value of the subsonic trend L/D is about 3. With the wings at 45 sweep, the L/D increases t o  
about 5. (Better than most of our 
fighters).  A plain f lap  a t  30° deflection is easi ly  trimmed by the ta i lplane surface t o  give a usable 
cl, of about 0.9 at the end of the flare, with a l i f t /drag r a t i o  greater than 4.5. The main problem i n  
choosing t h i s  concept for  an orbi ter  spacecraft, is t o  balance the low-speed performance gains and the 
penalty of added wing weight which has to be put i n  orbit .  

For the latter, NASA and General Dynamics have made an interest ing 

i n  this configuration, the 

With the extended wing at l5O sweep, the trinuned L/D i s  about 8. 
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THEORETICAL LOW-5PE:ED CHARACTERISTIC5 
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THEORETICAL LIFT DISTRIBUTIOII 
on Am25 configuration, by ulactr;cal 
analogy method, with cambered L.E. 
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NOTATION 

boundary-layer shape parameter 

external Mach number 

static pressure 

velocity components in the boundary layer in the x,y directions 

velocity at outer edge of boundary layer 

orthogonal coordinates on surface 

ordinate normal to surface 

inclination of a streamline to the x direction 

inclination of limiting streamline to the x direction 

ratio of specific heats of gas 

boundary-layer thickness 

boundary-layer displacement thickness 

boundary-layer momentum thickness 

viscosity of gas 

kinematic viscosity of gas 

pressure gradient parameter 

surface shear stress 

angle between dividing streamline and surface at separation 
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FUNDAMENTAL ASPECTS OF FLOW SEPARATION 
UNDER HIGH-LIFT CONDITIONS 

H.P.Horton 

1. INTRODUCTION 

The aim of any lift augmentation device, whether it be mechanical or pneumatic, is to enable a larger propor- 
tion of the hypothetical inviscid lift of a wing to be achieved than would otherwise be possible. The loss of lift due 
to viscosity is comparatively small when the viscous effects are confined to thin boundary layers on the body surfaces, 
but when a boundary layer becomes detached from the surface, other than at the trailing-edge, very large losses of 
lift usually occur. Lift augmentation devices are, therefore, means by which body shapes and boundary conditions 
may be achieved which prevent undesirable boundary-layer separations from occurring. It is accordingly appropriate 
to discuss here the basic types of separation which may occur in high-lift conditions, to try to gain an idea of what 
we are attempting to control. 

We commence with a brief description of the processes by which laminar and turbulent boundary layers are 
caused to separate. 

2. BASIC CONCEPTS OF TWO-DIMENSIONAL LAMINAR AND TURBULENT SEPARATION 

Boundary-layer separation from a smooth two-dimensional surface always occurs as a result of a rise in the 
static pressure of the external stream, which is transmitted through the boundary layer to the surface because the 
pressure gradient normal to the surface, ap/az , is zero according to the boundary-layer approximations. 

However, the magnitude of the pressure rise which may be sustained by a boundary layer before separation 
takes place, as well as the details of the separation process, depend upon whether the boundary layer is laminar or 
turbulent. We shall, therefore, discuss laminar and turbulent separation separately, noting that in practice turbulent 
separation is the case of greater interest in subsonic high Reynolds-number flow. 

2.1 Laminar Separation 

The mechanism of laminar separation is shown in Figure 1. The boundary layer, through which the velocity 
“U” rises from zero at the surface z = 0 to the external stream velocity ue at the outer boundary-layer edge , 

z = 6 , enters the region of rising pressure at the streamwise position x = x, . Because the same pressure gradient 
acts on the slowly-moving inner region as on the outer region, the fluid near the wall is retarded more than that at 
the edge (viscous forces maintaining the velocity at the wall to be zero). The value of au/az at the wall, and hence 
the wall shear stress rw = (pau/az), , therefore falls as the boundary layer progresses until it finally changes sign 
at the separation point xs . A flow in the reverse direction then occurs near the wall, and from the separation 
point a single streamline is emanated dividing the fluid in the original boundary layer from that flowing upstream. 
According to Oswatitsch’ , this dividing streamline leaves the surface at an angle @ given by 

Although &,/ax is continuous through the separation point, it falls off rapidly after separation and the skin 
friction, as well as the reverse flow velocities, appear to be generally very small in the separated region. According 
to the ideas of Maskel12, the dividing streamline may be thought of as consisting of the merging of two “limiting 
streamlines” infinitesimally close to the surface, one coming from upstream of S and the other from downstream. 
This is indicated in Figure 1. 

The strongly inflected nature of the velocity profiles in the vicinity of separation and thereafter results in. 
hydrodynamic instabilities except at very low Reynolds numbers, and transition therefore usually occurs a short 
distance behind separation. The consequences of this are discussed in Section 4. 

There are many methods available for’ calculating the position of laminar separation, given the inviscid pressure 
distribution. Probably the most popular method is that of Thwaites3, which was extended to compressible flow by 
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I Rott and Crabtree4. In terms of the external Mach number, Me , the method gives the separation point to be 
determined by: 

1 dMe 1 Ax Mes 
I...,. 

Me dx N ’ J o  
L L J 

and x = 0 corresponds to the stagnation point. This formula is valid for the case of zero heat transfer only. It 
should, however, be remarked that some recent papers28~29130 cast doubt on’the validity of the assumption implicit 
in this formula that the pressure gradient parameter h = (0’ /v)(due/dx) at separation is constant. For greater 
accuracy, the method of Reference 28 (a simplification of Reference 31) is to be recommended. 

Accurate numerical procedures for solving the compressible laminar boundary-layer equations, which will 
accurately predict the separation point for a given pressure distribution, have been developed by Sellss and Smith 
and Clutter6. However, because there is always in practice a slight interaction between the boundary layer and the 
external flow upstream of separation, it is doubtful whether the use of these more sophisticated methods is justifiable 
unless this interaction is taken into account. 

For rough estimates, laminar separation may be taken to occur when the external velocity has dropped to 94% 
of its peak value. 

2.2 Turbulent Separation 

Separation of a turbulent boundary layer occurs as a result of the same basic mec,hanism as laminar separation; 
that is, slowly moving fluid close to the surface is retarded by a positive pressure gradient and finally reversed. 
However, as shown in Figure 2, the shape of the turbulent velocity profile is such that only very close to the’wall 
is the velocity in the layer greatly different from that of the external stream; furthermore, the process of turbulent 
mixing provides a powerful mechanism for exchanging energy from the outer region to the inner. As a result, a 
turbulent boundary layer is able to withstand a much larger rise in pressure than is a laminar layer. 

The balance between the kinetic energy of the mean motion and that of the turbulence is extremely complicated 
in the inner region, and is only imperfectly understood. Since this effectively determines under what conditions the 
layer separates, our ability to predict turbulent separation is severely limited. The main difficulty lies in the observed 
fact’ that, before complete detachment of the boundary layer occurs, a region exists in which intermittent streaks 
of back-flow are formed near the surface as shown in Figure 2. In this region, the temporal-spatial mean of the 
skin friction is very small but positive; locally and intermittently it changes sign, however. It is, therefore, evident 
that any two-dimensional, steady model of turbulent separation must be in general inadequate. (Of course turbulence 
itself is unsteady and three-dimensional - but the unsteadiness and three-dimensionality near separation are outside 
the spectrum of turbulence.) For instance, the usual representation of mixing length and eddy viscosity obtained 
from “healthy” boundary-layer data predict unrealistic behaviour when the mean skin friction vanishes (mixing 
length gives a zero skin-friction profile with an infinite value of au/az at the wall); probably these concepts should 
be applied separately to the forward and intermittently reversed flows. An interesting discussion of these problems 
is given by Sandbord and Liu8 . 

Amongst the most important conclusions of this work is the observation that the region of intermittent separa- 
tion is that region previously identified as turbulent separation by most experimenters. This explains the discrepancy 
between the value of the shape parameter H = 6*/8 at separation of about 2.3 (or even as low as 1.8) quoted in 
many works, and the value of H = 3.5 found by Stratford9 in a flow which had not yet reversed. It appears that 
the real separation criterion should be the attainment of a value of H between 3.5-and 4 unless the pressure gradient 
is very severe, when separation will occur at much lower values of H . Sandbord and Liu define complete separation 
as the point at which the flow near the surface is forward and reversed for equal periods of time. 

We must observe, however, that no existing methods are capable of predicting the flow development in the 
intermittent separation region. So, for the present, we must content ourselves with the prediction of the start of 
the region - the “separation point” given by most theories. Methods of predicting the development of turbulent 
boundary layers in adverse pressure gradients are too numerous to discuss here - but we might perhaps mention the 
“finite difference” method of Bradshaw et al.l0, as being probably the most reliable; a compressible version of this 
programme also exists. 

3. TYPES OF SEPARATED FLOW ON SINGLE TWO-DIMENSIONAL AEROFOILS 

When the incidence of a single two-dimensional aerofoil with no high-lift devices is increased towards that of 
maximum lift, regions of separated flow are formed whose position and mode of development determine both the 
maximum lift which may be achieved and the way in which the lift subsequently falls. These separated regions are 
usually situated near the leading or trailing-edge; a useful classification of stalling behaviour into three basic 
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types by McCullough and Gault’’ sheds some light on the relative roles of leading and trailing-edge separation. This 
classification is: - 

3.1 Trailing-Edge Stall: (preceded by movement of the turbulent separation point forward from the trailing-edge 
with increasing incidence). 

This is characteristic of most thick sections; the peak of the lift curve is usually rounded, and the loss of lift 
after stall is gradual (Fig.3). The extent of the separated flow region at maximum lift may be as large as 50% of 
the aerofoil chord; prediction of the maximum lift would require a solution of the separated flow problem and is 
therefore difficult. 

Some qualitative estimate of the stalling behaviour may, however, be made by examining the shape of the 
pressure distribution on the suction surface at the incidence at which turbulent separation is predicted at the trailing- 
edge, as suggested by Young” in his useful review of the stalling problem. Referring to Figure 4, in case (a), the 
concave, near-equilibrium type of upper-surface pressure distribution leads to values of the boundary-layer shape 
parameter H which are large over much of the rear of the aerofoil; turbulent separation will, therefore, spread very 
rapidly forward from the trailing-edge with increase of incidence, leading to a sudden stall. In case (b), the convex 
shape of the pressure distribution results in low values of H except near the trailing-edge; the point of separation 
will move only slowly forward from the trailing-edge and the stall is gradual. 

3.2 Leading-Edge Stall: (caused by abrupt flow separation near the leading-edge, usually without subsequent 
re-at tachment). 

This type of stall is often exhibited by moderately thin sections, and is a sudden stall in which there is little 
or no rounding of the lift curve before the stall (Fig.5). 

The abrupt separation near the leading-edge may occur in two ways, both associated with the existence of a 
very small region of separated flow near the leading-edge prior to the stall, usually called a “short separation bubble” 
Such a bubble is characterised by a laminar separation, followed by transition in the separated boundary layer and 
subsequent turbulent re-attachment. In the first mechanism of leading-edge stall, this bubble suddenly “bursts” into 
a large separated region occupying most of the aerofoil chord, due to a very small increase of incidence. In the 
second, the turbulent boundary layer a short distance behind the bubble separates (because Of  its weakened state) 
and again a large separated region occurs. These two mechanisms appear to be characteristic of the low and high 
Reynold number regimes respectively, with a smooth transition between the two; however, the evidence for the 
second mechanism is rather indirectI4 $ I 5  

Separation bubbles will be discussed in more detail in the following section. 

3.3 Thin Aerofoil Stall: (preceded by flow separation at or near the leading-edge with re-attachment at a point 
which moves progressively rearward with increasing incidence). 

This stall occurs on all sharp-edge aerofoils, and on thin aerofoils with rounded leading-edges. In the case of 
sharp-edge aerofoils, the flow separates at the leading-edge (except at very small incidence), and re-attaches some 
distance aft, the re-attachment point moving progressively rearward with increase of incidence until, at approximately 
maximum lift, it reaches the trailing-edge. As shown in Figure 6a, the stall is not so abrupt as the leading-edge type. 

On thin rounded aerofoils, a short bubble usually forms at low incidence which bursts into a long bubble at an 
incidence well below that of stall, resulting in the characteristic kink in the lift curve shown in Figure 6b. This long 
bubble is, however, much smaller than the aerofoil chord, but grows until the maximum lift incidence is reached, in 
the same way that the bubble on a sharp-edge aerofoil grows. 

It should be remarked that the distinction between leading-edge and thin aerofoil stall is not clear-cut, and that 
different stalling behaviour may be exhibited by an aerofoil at different Reynolds numbers. Also combinations of 
stalling behaviour may occur with separations arising both at the trailing and leading-edge. 

Increase of camber can radically effect the stalling behaviour of an aerofoil; leading-edge camber will generally 
have the effect of suppressing a leading-edge stall, whilst trailing-edge camber (for instance, the deflection of a flap) 
increases the leading-edge suction peak and thereby increases the tendency to leading-edge stall. 

4. SEPARATION BUBBLES 

When a boundary layer separates from the surface of an aerofoil, and subsequently either re-attaches to the 
surface or merges with another shed boundary layer, a closed “bubble” containing fluid circulating with low velocity 
is formed; examples of such bubble flows are shown in Figure 7. Because the re-circulation velocity is low, the 
static pressure is generally nearly constant in such bubbles except in the region of re-attachment, where a pressure 
rise occurs. 
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Since such bubbles have a large influence on all types of stall, as we saw in the preceding section, we now discuss 
bubble flows in more detail. 

Figure 7a shows a leading-edge bubble of limited extent; as previously stated, the separation is usually laminar 
followed by transition and a turbulent re-attachment. However, two basic types of bubble have been observed, 
usually called “short” and “long”. The short type is extremely small compared with the aerofoil chord, contracts 
in length with increase of incidence and only disturbs the surface pressure distribution significantly in its immediate 
vicinity. Long bubbles on the other hand have lengths comparable with the chord length, grow with increase of 
incidence and strongly perturb the overall pressure distribution. 

The bursting phenomenon previously mentioned is a sudden change-over from the short t o  the long bubble mode, and 
may occur either as a result of an increase of incidence or a decrease of Reynolds number. It was until recently believed 
that bursting occurs as a result of a sudden change in the mechanism and position of transition, but careful experi- 
ments shows this to be unfounded16. By considering the problem as one of viscous-inviscid interaction, it has since 
been shown17 that bursting occurs when the boundary layer and inviscid external flows become incompatible, when 
the re-attachment process fails and the whole flow field has to  adjust itself until re-attachment is possible. Reference 17 
provides a method for estimating the conditions under which a bubble will burst, whilst the prediction of the pressure 
distribution on an aerofoil with the resulting long bubble has been treated by Norbury and Crabtree” and  wood^'^. 
The latter considers only the potential flow part of the problem, and requires in supplement information about the 
separated turbulent shear layer development, which could be obtained by using an adaption of the K o r ~ t ~ ~  model 
used in supersonic flows. 

Figure 7b shows a long bubble which has grown to the stage where the point of re-attachment is no longer on 
the aerofoil but has become a point of confluence of the dividing streamlines from the upper and lower surfaces, 
whilst Figure 7c shows a rather similar type of bubble arising from a rear separation. 

5. FLOW SEPARATION ON MULTI-AEROFOIL SYSTEMS; 
WAKE-BOUNDARY LAYER MIXING 

In its most general sense, separation may be thought of as occurring when a boundary layer leaves a surface 
at any point, and hence the smooth flowing-off of the boundary layers from a trailing-edge is a form of separa- 
tion. Thus any multiple system of aerofoils (for instance a main aerofoil with slat and slotted flap), in which 
the components are sufficiently close together for the shed wake from one component to  be able t o  impinge on 
another component, represents essentially a separated flow system . 

Additionally, of course, each component may have regions of separated flow on it in the same way as a 
single isolated aerofoil, and the resulting flow fields can be exceedingly complex and not amenable to any existing 
type of analysis. 

As an example, consider the flow around an aerofoil with a slat, shown schematically in Figure 8. Boundary 
layers are formed on the upper and lower surfaces of the slat which are shed at its trailing-edge as a wake; the 
momentum thickness of this wake is governed by the drag of the slat, whilst its width increases with downstream 
distance. Depending on the relative positions of the slat and aerofoil, this wake may or may not mix with the 
boundary-layer aerofoil upper surface. If no mixing occurs, the effect of this wake upon the pressure distribution 
and the boundary-layer development on the main aerofoil will be small; but if mixing does occur, the boundary 
layer of the main aerofoil will be thickened and the tendency to  separate at the trailing-edge will increase. 

Although little work has been done on the wake-boundary-layer mixing problem (some recent work of 
interest is in Reference 27), we may tentatively identify the various stages which may be expected to occur in 
such a mixing process. Referring to Figure 8a we have:- 

1. 

2. 

A pre-mixing region, where the boundary layer and wake develop separately; 

A blending region, where the inner edge of the wake diffuses towards the surface through the boundary 
layer and the outer edge of the boundary layer diffuses through the wake. Since the behaviour of the 
turbulence is basically hyperboliclo, the inner boundary layer and outer wake will be unaffected until 
the edge of the diffusion region reaches the point in question; 

A relaxation region, in which the high level of turbulence introduced into the boundary layer by the 
wake, and the distortion of the velocity profiles, die down, until finally a normal turbulent boundary layer 
is reached, increased in momentum thickness by an amount approximately equal to  the momentum thick- 
ness of the wake, as compared with the momentum thickness which the boundary layer alone would possess. 

3. 

In order to  be able to  predict the separation of such a thickened boundary layer in the general case, we need 
to be able to  predict these stages of development; no suitable method exists, but Bradshaw’s methodlo might con- 
ceivably be extended to  this situation once the necessary empirical functions used in the method have been 
established. 
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In practice, a slat is usually used in conjunction with a trailing-edge flap, probably slotted, which lead to addi- 
tional difficulties, as shown in Figure 9. If the full free-stream dynamic pressure is to be utilized in the slot, the 
whole main aerofoil lower-surface boundary layer must pass through the slot, join with the upper-surface boundary 
layer and finally may mix with the new boundary layer developing on the flap. Prediction of the separation point 
on the flap then becomes a formidable problem. 

6. THREE-DIMENSIONAL SEPARATED FLOWS 

The subject of three-dimensional separation and separated flows is a difficult one and we can give here only an 
outline. More detailed information is to be found in References 1, 2 and 20 to 25.  Most of this work is concerned 
with laminar layers, but since turbulent boundary layers contain an essentially laminar region near the wall, all con- 
clusions concerning surface flow patterns are valid for turbulent flows also, whilst the qualitative descriptions of 
post-separation flow behaviour are not dependent upon the state of the boundary-layer. 

As we saw in Section 2 ,  two-dimensional separation occurs when the skin friction (which in this case has only 
one component) changes sign; i.e. when p(au/az), = 0 . In a three-dimensional boundary layer, on the other hand, 
there are two components of the skin friction p(au/az), and p(av/az), , where u,v are velocities measured in 
the x,y direction and x,y are orthogonal coordinates in the surface. Only at special “singular points” will these 
components vanish simultaneously, but to restrict a definition of separation to such points would be too restrictive 
since it is a matter of observation that three-dimensional separation can occur along lines on which the parallel skin- 
friction is non-zero. For example, on a yawed wing of infinite span the flow separates along a line parallel to the 
leadingedge at which the spanwise skin friction is non-zero. Hence, a more general criterion for three-dimensional 
separation than the vanishing of skin friction must be sought. 

The concept of limiting streamlinesZ is useful here; these we define as the limit of streamlines as the surface is 
approached, and we may easily show that such streamlines are coincident with lines tangential to the skin-friction 
direction (skin-friction lines). For if a streamline near the surface makes an angle 0 with the x direction, we have 

Hence the limiting streamline angle ow is given by 

the differentiation being necessary because both v and U are zero when z = 0 . 
Hence, 

which is the inclination of skin-friction lines to the x direction. The limiting streamline direction can be entirely 
different from the external streamline direction, particularly in strong pressure gradients, because of cross-flow in 
the boundary-layer induced by curvature of the external streamlines. 

We now see that in the infinite yawed wing case, if x,y are respectively perpendicular and parallel to the 
leading-edge, tan pw becomes infinite if the x component of skin friction vanishes. Hence the skin-friction lines 
become tangential to the Separation line, as shown in Figure loa. The pattern of the separation streamlines is shown 
in Figure lob; the limiting streamlines upstream and downstream of separation merge at the separation line as two- 
dimensional separation. 

The streamline pattern at a line of re-attachment is like that at separation with all the arrows reversed in direc- 
tion. Again considering an infinite yawed wing, a closed bubble may be formed between lines of separation and 
re-attachment as shown in Figure 11. A vortex with a spanwise velocity component is formed within the bubble26. 

Closed bubbles are one of two basic types of flow which result from three-dimensional separation, the other 
type being free vortex sheets, the two being distinguished, by whether the particle paths are closed or open. A well- 
known example of a free vortex sheet is that arising from the leading-edges of a slender delta wing, Figure 12; part- 
span vortex sheets may also be formed on finite swept wings at, for example, the junction between attached flow 
on the inboard part of a wing and separated flow on the outboard part, as shown in Figure 13. Mixed flows often 
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occur when two surfaces of separation meet, as for example in the case of separation from a body of revolution at 
incidence, shown in Figure. 14. 

7. THEORETICAL POSSIBILITIES 

In the preceding discussion, we have of necessity been limited to a qualitative description of separation prob- 
lems because of the lack of analytic techniques except in certain specialized cases. We briefly discuss now the 
possibility of applying theoretical techniques to the simplest problem of interest here - that of the prediction of 
the maximum lift and the drag of an aerofoil. 

To  accomplish this, we must be able to:- 

1. predict the onset of flow separation; 

2. predict the subsequent developmeht of the separated flow region(s) up to the maximum lift incidence. 

The first problem is by far the easier, and by using any modern method of laminar and turbulent boundary- 
layer prediction together with a short separation bubble analysis (if necessary), a reasonable degree of accuracy may 
be achieved. When the stage is reached that either a trailing-edge separation, a short bubble burst or a turbulent 
re-separation is predicted, we are faced with the second problem. 

The analysis of separated flow problems in subsonic flow by free-streamline theory is a very old branch of 
fluid mechanics; the usefulness of the results is, however, extremely limited because the inviscid nature of the 
analysis necessitates the use of empirical data to close the solution. Thus, for example, the flow about a bluff body 
with an extensive region of separated flow may be predicted with reasonable accuracy (e.g., Reference 19, p.452) - 
but only if the pressure in the wake is known. This pressure can only be predicted by means of separated boundary- 
layer theory, and until recent years such a theory was non-existent. However, considerable progress has been made 
in the analysis of separated turbulent boundary layers in supersonic flows; the resulting ideas have, however, been 
applied in only one or two simple sub-sonic cases. Two of the most important contributions to the study of super- 
sonic separated flows are the mixing theory of Crocco and Leesj4, which is basically an entrainment method, and 
the theory of K o r ~ t ~ ~  which considers separated regions of essentially quiescent fluid bounded by mixing layers; 
the conservation of total pressure on the dividing 'streamline is a basic premise of the theory. The basic theory is 
applicable only to cases in which the boundary layer at separation is infinitesimally thin, but later developments 
such as that of N a ~ h ~ ~  include the effect of an initial boundary layer. Green3' has used an entrainment method to 
calculate the development of a subsonic base flow. 

The main difficulty in calculating subsonic separated flows is the need for iteration between calculations of the 
inviscid and viscous flows until convergence is achieved; it is not a simple matter to choose an initial pressure dis- 
tribution or displacement surface which will lead to convergence. 
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Fig. 1 Laminar separation 
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Fig.5 Leading-edge stall 
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Fig.7 Examples of two-dimensional bubbles 
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Fig.8(a) Regions of wake-boundary layer mixing 
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Fig.11 Leading-edge bubble on a swept wing, containing a trapped vortex with outflow 

, Fig. 1 1 (a) Corresponding limiting streamlines 
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Fig. 13 Formation of a part-span vortex sheet on a swept wing 



OR 

4-17 

OF  FREE VORTEX LAYER U;” 

LINES 

Fig.14 Mixed bubble and vortex layer flow on a body of revolution at incidence 





5 

SOME NOTES ON 

TWO-DIMENSIONAL HIGH-LIFT TESTS I N  WIND-TUNNELS 

B. van den BERG 

Nationaal Lucht-en Ruimtevaart Laboratorium (NLR); 
Amsterdam, Netherlands. 



5 



5-1 

SOME NOTES ON 
TWO-DIMENSIONAL HIGH-LIFT TESTS IN WIND-TUNNELS 

B. van den Berg 

1. INTRODUCTION 

Though two-dimensional flows never really exist on aircraft wings, two-dimensional wind-tunnel tests on aero- 
foils with high-lift devices may be very instructive, since the essential features of the three-dimensional wing usually 
are well represented by the two-dimensional flow. Two-dimensional wind-tunnel tests have several advantages as 
compared with three-dimensional tests. The most obvious advantage is that the models are cylindrical and therefore 
comparatively easy to make. This is of particular importance, since high-lift models usually are very complicated 
due to the flaps and slats, which should all be movable and rotatable relative to each other. With two-dimensional 
models the width of the flap and slat slots is constant across the span, which simplifies the adjustment of the slot 
widths considerably. For aerofoils with boundary-layer control by blowing or suction and for aerofoils equipped 
with a jet-flap, the transport of air to or from a two-dimensional model is easy to realize. Apart from the advantage 
of a simple model construction, another important advantage of the use of two-dimensional models is that in a 
wind-tunnel of given size a model with a substantially larger chord can be installed than when a three-dimensional 
model is used. This means that a higher Reynolds number can be achieved in the same test facility with a two- 
dimensional model. 

The main disadvantage of two-dimensional tests is of course that the results must be translated into three- 
dimensional circumstances. The conversion of the measured two-dimensional data to the corresponding data for a 
three-c!imensional wing is never very reliable. This is in particular true for the maximum lift, since no simple relations 
exist between the two- and three-dimensional values for this case. Uncertainties in the conversion of the data exist 
even more with swept wings. This manifests itself in the difficult question which aerofoil section of a swept wing 
should be chosen for the two-dimensional model, the streamwise section or the section perpendicular to the wing 
quarter-chord line? When the section perpendicular to the quarter-chord line is chosen, the flow around the two- 
dimensional aerofoil is similar to that around an infinite sheared wing according to potential theory. The boundary- 
layer flow on a swept wing, however, suggests that a streamwise section might be a better choice for the two- 
dimensional model. The importance of a correct conversion of the two-dimensional data to three-dimensions is not 
so great as one might think, since it is common that the two-dimensional tests are followed by three-dimensional 
tests with a complete aircraft model. The main goal of two-dimensional tests is usually to compare the effectiveness 
of various high-lift devices, so that a device can be chosen for application on the complete model. 

When the wing sweep angle is very large or the aspect-ratio is very small, two-dimensional tests are senseless. 
This is clearly true for instance for swept wings which exhibit a vortex flow along the wing leading-edge at high 
incidences. It is difficult to state generally above which sweep angle, or below which aspect-ratio, twodimensional 
tests become of little value. The important thing to keep in mind is that the essential features of the three- 
dimensional flow should be represented reasonably well by the two-dimensional flow. 

In the following, some problems associated with two-dimensional high-lift tests will be discussed. First, some- 
thing will be said about the test set-up in the wind-tunnel, the design of the models and the methods to determine 
the forces on the model. Then the tunnel wall interference effects will be discussed. These include the effect of 
the constraint which the tunnel walls impose on the flow as well as the danger of boundary-layer separations on the 
tunnel walls. The necessity of boundary-layer control at the model tunnel wall junctions will be demonstrated. 

2. TESTING TECHNIQUES 

2.1 Test Set-Up and Model Construction 

A two-dimensional test set-up is obtained by placing a finite span of the aerofoil between reflection planes. 
When the aerofoil model spans the tunnel, the tunnel walls will form the reflection planes. Two-dimensional tests 
are performed often in general-purpose wind-tunnels, but wind-tunnels also exist that are specially designed for two- 
dimensional work. The height/breadth ratio of the test section of these special tunnels usually is relatively large. 
In this test section the model is mounted horizontally. Due to the large height of the tunnel, large chord models 
can be applied without an inadmissible large constraint of the flow around the aerofoil by the horizontal tunnel 
walls. The geometrical aspect-ratio of these models is small, however, so that there is a great risk that the boundary 
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layer on the tunnel side walls will affect the test results appreciably. The influence of the presence of the tunnel 
side walls on the nominally two-dimensional flow will be discussed extensively in Section 3 .2 .  It may be remarked 
in advance, that the effects should not be underestimated. For that reason very large test-section height/breadth 
ratios are not advisable for two-dimensional high-lift tests generally. 

In Figure 1 some possible test set-ups in a wind-tunnel with a normal test-section height/breadth ratio are 
shown. The most simple possibility is a model that spans the tunnel completely from wall to wall. In Figure 1 a 
horizontal model is shown spanning the larger dimensions of the test section; but the model may be mounted also 
vertically, of course. In fact, with a vertical model that spans the smaller dimension of the test section, generally 
a better compromise is obtained between the magnitude of the interference effects of the tunnel walls parallel to the 
model and those perpendicular to the model. Moreover, from model strength considerations, a smaller model span 
is an advantage. The principle drawback of a model spanning the tunnel is that the boundary layer on the tunnel 
walls is usually thick, so that the wall boundary-layer interference effects may be quite severe. To avoid this, large 
false walls from tunnel roof to floor may be installed with the model mounted horizontally inbetween (see Figure I). 
The boundary layers on the false walls will be much thinner than on the tunnel walls. An important drawback of 
this test set-up, however, is that the false walls divide the test section into three separate channels. The distribution 
of the mainstream flow between the three channels depends on the resistance in the three channels. The velocity 
in the centre section is therefore not necessarily equal to the mean velocity in the test section. As a matter of fact, 
the velocity in the centre section has been found to differ considerably from the mean velocity. The difference 
varies when the model drag alters. It will be evident that in these circumstances the calibration of the velocity in 
the centre section will give rise to large troubles. In practice, it appears often impossible to avoid important uncer- 
tainties in the determination of the free-stream velocity for the model. An improvement is achieved when dummy 
models are mounted between the false walls and the tunnel walls, since the resistance in the three channels will be 
approximately equal in that case. At large incidences the dummies will stall earlier than the centre section, however, 
so that again the determination of the free-stream velocity presents difficulties. 

Another possible test set-up consists of a model between end-plates that do not span the tunnel (Fig.1). To  
preclude the test section being divided effectively into three channels, the height of the end-plates should not exceed 
half the tunnel height’. With end-plates a chordwise loading independent of the spanwise position is soon obtained, 
but very large end-plates are necessary to obtain a lift-incidence curve slope near the two-dimensional value. This is 
predicted also by the theory of Mangler*. For instance, with a geometrical aspect-ratio A = 3 and end-plates of 
a height three times the model chord, the effective aspect-ratio is only A = 8.3 according to Mangler’s calculations, 
which means that the lift-incidence curve slope is still 20% below that in really two-dimensional conditions. 

From the three test set-ups that have been discussed, the most simple one, with the model spanning the tunnel, 
appears to be the most advisable. A primary reason is that a reduction of the boundary-layer thickness on the walls 
connected to the model, which is the main advantage of the other test set-ups, does not seem to lead to substantial 
reductions of the wall boundary-layer interference effects. It appears that the mere presence of a wall at the model 
ends is more important than the thickness of the boundary layer on that wall. The f x t  that the velocity diminishes 
to zero at the wall is apparently most essential, while the way the velocity diminishes to zero seems to be a second 
order effect. 

Figure 2 gives a photograph of a two-dimensional aerofoil model mounted vertically between the upper and 
lower turntable of the wind-tunnel. The incidence of the model can be adjusted by rotating the turntables. The 
forces on this model were deduced from static pressure measurements on the surface at the mid-span section. If 
the forces are measured with a balance, the test arrangement is not so simple. The model forces may be measured 
with the external balance of the tunnel or with an internal strain-gauge balance. In both cases it is advisable to 
divide the model into a centre section and two outboard sections and to measure only the forces on the centre 
section, so that a direct influence of the wall boundary layer on the test results is avoided. Figure 3 shows a typical 
test arrangement, which employs an external balance to measure the model forces3. The centre section is connected 
to ‘the tunnel floor balance with struts. The main difficulty with such test arrangement is to keep the displacement 
of the centre section relative to the dummy sections within acceptable limits. The small gaps between the centre 
section and the dummies should be sealed, since any appreciable leakage of air from the lower to the upper surface 
may result in local lift losses. This can be done with little balance constraint by fitting an inflatable rubber seal or 
by filling the gap with soft felt. When the model forces have to be measured with an internal balance, a simple 
solution for a two-dimensional test set-up might be to use two strain-gauge balances, one between each dummy and 
the .centre section. Such an arrangement is less advisable, however, because of the large effects that deformations 
of the tunnel structure (e.g. by temperature changes) have on the balance readings. One is forced therefore to use 
one internal balance, preferably in the middle of the centre section. This balance must be connected to “earth” 
via a supporting beam inside the model centre section, but nowhere touching it. Figure 4 shows an example of a 
test arrangement with an internal strain-gauge balance6. 

The models are usually made out of metal or out of a metal frame with a covering of synthetic resin such as 
araldite. The construction of two-dimensional models gives no great trouble generally. Some difficulties may occur 
with the construction of leading-edge slats, since these slats are thin and the loads on the slats are high. The lift 
on a slat may well be as large as a quarter of the total lift on the airfoil. A construction with an acceptable stiff- 
ness can usually be attained by applying a sufficient number of slat brackets. The design of a good flap or slat 
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bracket is not so easy, since it is a normal requirement that the flaps and slats will be rotatable and movable in 
horizontal and vertical direction, while the brackets should also disturb the flow as little as possible. Figure 5 gives 
a sketch of a flap bracket, which is kept very thin to minimise flow disturbances. If the size of the brackets is very 
small, which will often be the case with flap vane brackets for instance, the only solution may be to use a set of 
alternative brackets for every position to be investigated. When boundary-layer control by blowing or suction is 
applied or when a jet-flap is employed, attention should be paid to the uniformity with which the air is blown or 
sucked over the span. A satisfactory spanwise distribution is not easily achieved sometimes with jet-flaps, because 
of the large amounts of air that have to be supplied. It is profitable in such cases to utilise excess pressure air, so 
that the required duct areas in the model may be reduced by increasing the airfeed pressure. When the forces on 
the model are determined by balance measurements, the air must be fed into the model without significant balance 
constraints. An extensive discussion of the possible methods of minimising constraints from airfeeds to models, is 
given in References 1, 3, 4 and 5. 

2.2 Measuring Methods 

The forces on the model may be measured directly with a balance or may be deduced from pressure measure- 
ments. The use of a balance has the advantage that the reduction of the test data is straightforward and quick, but 
the model construction is complicated, as discussed earlier. When the forces are measured by pressure-plotting of . 
the model, the model is much easier to make, notwithstanding the numerous pressure tubes that have to be installed. 
An important advantage of pressure-plotting measurements is that a partition of the model in a centre section and 
two outboard dummy sections is not necessary. This means that there are no gaps between the sections, and thus 
there is no risk of air leakage through the gaps and of discontinuities in the model surface. Pressure-plotting should 
not be regarded simply as an alternative to the use of a balance, as pressure measurements give a great deal of 
fundamental information, besides the overall forces. This information might be very useful if a new flap or slat 
shape has to be designed, when the investigated flap or slat proves to be unsatisfactory. The loads on the flap and 
slat, which are needed for the structural design of the actual aircraft, can also be deduced from the pressure 
measurements. A practica1,drawback is that each model modification has consequences also, for some pressure 
tubing, and that pressure tubes have to be installed in each new model part. 

The number of pressure holes required for an accurate integration of the pressure varies generally between 60 
and 130, depending on the complexity of the high-lift devices. Relatively many pressure holes should be placed in 
regions with large pressure variations, i.e. near the leading-edges of the wing, the flap and the slat. The pressures 
can be recorded quickly with automatic scanning devices and pressure transducers. With a modern data processing 
equipment and an electronic computer, the integration of the pressures to the overall forces should not cause much 
trouble. 

The scanning speed may be severely limited by the large resistance of the pressure tubes between the holes in 
the model surface and the transducer. This can be avoided by putting a buffer volume near the scanning device at 
the end of each tube. In this volume, the pressure will adjust itself to the pressure on the model surface before the. 
pressures are scanned. The buffer volume must be very much larger than the pressure transducer volume, since 
otherwise the measured pressure will depend on the previous pressure applied to the transducer. A multi-manometer 
may be helpful to indicate leaks in the pressure tubes during the tests and gives an immediate impression of the 
pressure distribution over the aerofoil. If the multi-manometer is placed near the scanning device, its volume may 
serve as the buffer volume mentioned earlier. For an aerofoil near stall, it is possible that the flow over the aerofoil 
is intermittently attached and separated. Such a change of flow condition should not occur during the time needed 
to scan the pressures, since otherwise the recorded pressures belong partly to a separated and partly to an attached 
flow, and consequently unrealistic results are obtained. In these circumstances it is necessary to shut off the pressure 
tubes just before scanning the pressures. 

The forces on a two-dimensional model can not only be determined by pressure-plotting of the model, but also 
by pressure-plotting of the tunnel walls facing the model. The resultant force on these walls should be equal to the 
total lift of the aerofoil. A kind of mean lift over the full model span is obtained in this way, even when the pres- 
sures on the tunnel walls are measured only along the centre-line. An accurate value for the pitching moment of 
the aerofoil is difficult to achieve from the tunnel wall pressures, so that for the determination of the pitching 
moment a balance is still needed. Also no drag data are obtained. 

From pressure measurements on the model surface, only the pressure drag of the aerofoil is obtained, not the 
friction drag which may constitute a large part of the total drag. When performing pressure-plotting measurements, 
the total profile drag must be obtained in another way, usually from measurements of the total-head and static 
pressure in the wake behind the model. In principle, the fact that the drag must.’be determined from wake traverses 
should be considered as one of the drawbacks of pressure-plotting measurements. In practice, however, it proves to 
be nearly impossible to obtain reasonably accurate drag data from balance measurements as well. This can be shown 
plausible as follows. 

Suppose that the effective aspect-ratio of the model has a finite value A . The induced drag-coefficient Cdi 
at a lift coefficient CI may be written in the form c d i  = Ci /nA . The order of magnitude of the profile drag to 
be measured is c d  = 0.03 . If an accuracy of 10% is demanded for the profile drag measurements, the induced 
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drag coefficient must be less than Cdi < 0.003 . To meet this requirement at a lift coefficient C, = 3 , the effective 
asgect-ratio of the model must be larger than A > 1000 . It will be evident that this is a very high effective aspect- 
ratio for a practical two-dimensional test set-up in a tunnel. Even when there are no flow separations near the model 
tunnel wall junctions, the circulation will decrease in the boundary layer on the tunnel wall connected to the aero- 
foil. This will be discussed more extensively in Section 3.2. Since deviations from the two-dimensional condition 
are inevitable near the tunnel walls, it is unlikely that really high effective aspect-ratios can ever be realized in 
practical cases. 

From the foregoing it must be concluded that there is little hope of a reasonably accurate determination of the 
profile drag by balance measurements. Wake traverses appear t o  be the only way to  obtain accurate values for the 
drag. Essentially the cause of the problem is that the drag is so small compared with the lift. In the case considered 
earlier, the lift is hundred times the drag, so that a difference in the model incidence Aa = 0.001 rad = 0.06" already 
leads to  an error of 10% in the drag, if measured with a balance. 

Wake measurements can be carried out most conveniently at a distance of a half to  one chord behind the trailing- 
edge of  the aerofoil. The rake used for the wake traverses should be suitable for small wakes as well as for large 
wakes, since the drag may differ considerably at  various incidences and for various model configurations. This means 
that numerous total-head tubes will be necessary in general. The wake pressures can be measured also by a pressure 
transducer with a scanning device and the data can be integrated t o  the.drag by a computer. In that case it is 
important to  chose an intelligent criterion for the wake boundaries, where the integration must start and finish. 

Also with the wake traverse method, problems may arise in connection with the two-dimensionality of the 
flow. Usually wake traverses are made only at one spanwise station, assuming that the wake behind the model will 
be precisely two-dimensional. It appears that this is not always true. Substantial spanwise variations in the size of 
the wake have been found in certain cases. Figure 6 gives an example of the magnitude of the variations that have 
been measured. The drag deduced from wake traverses has been plotted there against the spanwise position at which 
the wake traverse was made. All wake traverses were made here at approximately one chord distance behind the 
aerofoil trailing-edge. It is apparent that the measured drag varies considerably over relatively small spanwise dis- 
tances. There is no clear correspondence between the drag variations and the position of the flap and vane brackets. 
Behind the vane bracket the wake drag is smaller and not larger than the mean wake drag, which can be  explained 
by secondary flows, however. Between the vane bracket and the model centre the wake drag increases twice without 
apparent cause. The drag variation seems to  be almost periodic with a wave length in the'order of 10% to 15% 
chord. The results suggest that wakes may be inherently unstable in certain circumstances. It should be realized 
that a row of rather weak streamwise vortices is sufficient to  obtain the observed variations in wake size. It is not 
clear under which circumstances spanwise variations are likely t o  occur. The available evidence up t o  now suggests 
that non-uniform wakes become more probable at high lift coefficients, but in any case the particular flap configura- 
tion that is investigated plays an important part too. 

It is evident from the foregoing that it is always necessary to  check the two-dimensionality of the wake if reliable 
drag data are demanded. This may be done by employing two or three rakes at different spanwise positions. When 
the wake drag does vary appreciably, still more wake traverses are needed to  obtain a good mean value for the drag. 

3. TUNNEL WALL INTERFERENCE EFFECTS 

3.1 The Effect of the Walls Parallel to the Model 

Due to  the presence of the tunnel walls the flow around the model will be distorted to  some extent, so that 
the forces on the model in the tunnel will not be precisely equal to  the forces in an unlimited stream. Therefore, 
corrections must be applied t o  the test data for tunnel interference effects. One distinguishes between the inter- 
ference effects due to  blockage of the flow by the model (and the wake of the model) and the effects associated 
with the lift on the model. The latter is the most important for high-lift tests and therefore the discussion will be 
limited here to  the tunnel wall interference effects due to  lift. 

The magnitude of the tunnel wall corrections is normally obtained by calculating the difference between the 
inviscid flow around the model in the tunnel and that in an unlimited stream. The flow around a two-dimensional 
model in the presence.of the two tunnel walls below and above the model may be determined by considering the 
flow around an infinite series of alternately inverted and erect images of the model. The interference effect is then 
given by the influence of the infinite series of images on the flow at the model. In practice, it is customary to  
introduce a simplified representation of the actual model. When the model is represented by one single lifting 
vortex on the centre-line of the tunnel, the contributions of the infinite series of vortices of alternating sign cancel 
each other at the position of the vortex, so that there is no tunnel wall interference effect to  a first order approxima- 
tion. However, the images do  induce a curvature of the flow, which also affects the model forces, if the model 
chord is not vanishingly small. The influence of the flow curvature can be translated into a change of aerofoil 
camber and incidence and in this way a tunnel wall correction t o  the lift and pitching moment can be determined, 
as discussed for instance in Reference 7. The corrections may be written in the form:- 
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where C, and C, are lift and pitching moment coefficient and c/h is the aerofoil-chord/tunneI-height ratio. 
These formulae are correct to  the order (c/h)2 and are valid only at small model incidences and small flap angles, 
since the model is assumed to lie entirely on the tunnel centre-line. 

From the given formulae, it might be concluded that fairly large chords can be applied for two-dimensional 
models in wind-tunnels without an unacceptable tunnel wall constraint. The state of things is less favourable than 
it seems to  be, however. The main reason is that the presence of the tunnel walls does not lead simply t o  an overall 
change in the stream direction, but to  an induced flow curvature, so that the pressure distribution over the aerofoil 
will be essentially different from that in an unlimited stream. It is evident that the influence of the tunnel wall 
constraint on the maximum lift is not really predictable in these circumstances. Besides this, the assumption that 
the incidence and the flap angle are small appears to  be rather restrictive in practice. In Figure 7, the approximate 
tunnel wall correction t o  the lift is compared with the correction for a flat plate with a plain flap according to  exact 
inviscid theory. Exact solutions are given at  zero flap deflection and varying incidence (Ref.8) and at  zero incidence 
and varying flap angle9. In the first case the differences between the approximate and exact tunnel wall corrections 
are small, but it is apparent that large discrepancies occur when the flap is deflected. For flap angles exceeding 30" 
the approximate tunnel wall correction formulae given earlier appear to  be not valid anymore. The approximate 
formulae overestimate the corrections substantially at larger flap angles. At very large flap angles, the correction 
even changes sign according to  the exact theory for a hinged flat plate. 

The large discrepancy between the results of the exact and the approximate theory is somewhat surprising. It 
should be realized, however, that the approximate theory is based on the induced flow curvature, leading to  correc- 
tions of the order (c/h)' , because for a model placed centrally in the tunnel there are no corrections of the order 
c/h . When the model does not coincide exactly with the tunnel centre-line, as happens when a flap is deflected, 
corrections of the order c/h will be introduced, which may well cause large differences in the corrections to  be 
applied. This does not yet explain why the deviations from the approximate corrections for the flat plate without 
flap are so small compared with the deviations with deflected flap. It is important t o  note that it is assumed that 
when an incidence is applied, part of the plate moves upwards and part of it downwards, so that the effects of the 
off-centre position of both parts will cancel each other to  some extent. Since the larger portion of the load is on 
the forward part of the plate, which moves in a direction contrary to  that of a deflected flap, the deviations from 
the approximate corrections must be opposite to  those due t o  flap deflection. This is in accordance with Figure 7.  
Another reason for the comparatively small deviations due to  incidence is that only incidences up to  roughly 20" 
are considered. For flap angles of this magnitude the deviations from the approximate corrections are also not large. 

It will be clear from the foregoing that the use of relatively large two-dimensional models is not recommended 
for high-lift tests. The model-chord/tunnel-height ratio should never be chosen larger than c/h = 0.30 . If large 
flap angles are applied, a model chord/tunnel height ratio c/h = 0.25 is more advisable. When very high lift coef- 
ficients are achieved, it is possible that the boundary layers on the tunnel walls below and above the model will 
separate due to  the presence of the model. This may also set a limit t o  the model size, as will be discussed next. 

Though the pressure gradients on the tunnel walls parallel to  the model are much smaller than the pressure 
gradients on the model, it is still possible that flow separation occurs first at the tunnel walls, because the boundary 
layer on the tunnel walls is very much thicker than the model boundary layer. At high lift coefficients the model 
may induce quite substantial pressure gradients on the tunnel walls, even with moderate model-chord/tunnel-height 
ratios. In Figure 8, the variation with streamwise distance of the pressure coefficient C on the tunnel walls is P 
given for a lift coefficient C, = 4 and a model-chord/tunnel-height ratio c/h = 0.30 . The pressures on the 
tunnel walls have been calculated theoretically, assuming that the high-lift model may be replaced by one vortex of 
the correct strength. It is apparent from Figure 8 that there is a risk of flow separation on both tunnel walls. On 
the tunnel wall a t  the pressure side of the model the flow may separate upstream of the model, while on the wall 
at the suction side the flow is in danger of separation downstream of the model. Of course, such flow separations 
will affect the model test results substantially. Flow separations on these tunnel walls must be avoided therefore. 

The magnitude of the pressure gradients on the tunnel walls parallel t o  the model is determined to  a first order 
approximation by the parameter r/U,.h , for a model with a circulation r at a tunnel speed U, and a tunnel 
height h . This parameter may also be written in the more convenient form Cl.c/h . Tunnel wall boundary-layer 
calculations that have been carried out for one case, gave separation at Cl.c/h = 2 according t o  D.N.Foster, RAE 
(private communication). In practice, he found that separation occurred at a somewhat higher value of Cl.c/h . 
To meet the requirement C,.c/h < 2 for a model with a chord/tunnel-height ratio c/h = 0.25 , the lift coefficient 
should not exceed CI  = 8 . This means that large risks of separation on the tunnel walls parallel to  the model only 
exist if extremely high lift coefficients are achieved, a t  least for models with a normal chord/tunnel-height ratio. It 
should be realized, however, that the admissible value of the parameter C,.c/h will depend on the relative thickness 
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of the boundary layer on the tunnel walls, 6 / h .  In tunnels with comparatively thick wall boundary layers, separa- 
tions will occur much earlier. Therefore the possibility of flow separations on the tunnel walls parallel to the model 
should always be kept in mind. 

3.2 Effect of the Walls Perpendicular to the Model 

The interference effects of the tunnel walls perpendicular to the model are due completely to the boundary 
layer on these walls. The boundary-layer interference effects may be very severe, however, in particular at large 
incidences near the stall of the aerofoil. Also, at small incidences the effects of the boundary layer are not negligible. 
A simple example is the effect on the position of the transition from laminar to turbulent flow near the walls. On 
a flat plate the turbulence has been found to spread from the tunnel walls with an angle of roughly IO". When 
pressure gradients are present, the flow mechanism near the wall junctions becomes very complicated due to the 
strong secondary flows that are generated. If there is a lift on the model, the related circulation must decrease in 
the tunnel wall boundary layer. At the wall, circulation (not the lift) is zero, so that vortices with a total strength 
equal to the circulation around the aerofoil must extend to infinity. It is  difficult to establish along which paths 
the vortices actually leave the model and go to infinity, since this depends on the secondary flows that are generated 
at the model tunnel wall junction. The vortices that leave the model will in general affect the two-dimensionality of 
the flow. Since the vortices are situated very near the tunnel wall, the reflected vortices will partly compensate the 
effects. The results of early theoretical calculations on the effect of the vortices on the two-dimensionality of the 

did not at all agree with the experimental results'2. The main reason for this probably is the much too 
simple assumption that was made in the theories about the position of the vortices leaving the model. It was assumed 
that the vortices are concentrated behind the model tunnel wall junctions, while in fact they will be distributed in 
all directions over the tunnel walls. It will not be easy to solve this interference problem theoretically, because 
viscous effects play an essential r61e. As long as now flow separations occur, the interference effects are not very 
large generally. In that case they will seldom lead to great errors in the test data, provided that only the forces on 
a centre section of the model are measured and the drag is determined by wake traverses. This is not true anymore, 
however, if premature flow separations occur at the model tunnel wall junctions, as will be discussed next. 

The boundary layer at the model tunnel wall junction will separate with a smaller adverse pressure gradient than 
the boundary layer on the model itself. If no measures are taken, separated regions are usually found near the walls 
at incidences well below the stalling incidence of the model centre section. These separated regions spread spanwise 
in triangular wedges with an angle of the order of 45". This means that for a model with a geometrical aspect-ratio 
A < 2 , flow separations may exist at the centre section, which originate from the tunnel walls. At larger geometrical 
aspect-ratios, there is a very considerable indirect influence of the flow separations near the walls on the measured 
forces at the mid-span section. This indirect influence is due to the large local lift losses that are associated with the 
flow separations. The local lift losses near the walls lead to a reduction of the effective aspect-ratio of the model, 
so that the geometrical incidence of the model in the tunnel will increase faster than the effective incidence at mid- 
span. It is possible that the effective incidence even decreases with increasing geometrical incidence. This has been 
made plausible by De Vries in an analysis of the results of a two-dimensional in~estigation'~.  It seems worthwhile 
to summarise the analysis here. 

For this investigation a 12% thick aerofoil model was used wit\h a geometrical aspect-ratio A = 3.5 , and mounted 
between the tunnel walls. Drag data of this model were obtained from pressure measurements on the model surface 
and from wake traverse measurements. An estimate of the induced incidence at mid-span can be made by considering 
the difference between the results of both methods of drag measurement, since the drag determined by pressure- 
plotting of the model includes an "induced drag" term, while the drag deduced from wake measurements does not. 
In general the drag may be written in the form:- 

It is the last term in the equation, which is of interest here. One may divide the term K.C; into three parts; a 
part due to the induced drag, Ki.C; , a part associated with the profile pressure drag, Kp.Cf , and a part associated 
with the profile friction drag, Kf.Cf . The last two parts, (K + Kf).Cf , constitute together the profile drag, which 
is measured when wake traverses are carried out. The sum of &e first two parts, (Ki + Kp).Cf , is obtained by 
pressure plotting measurements. In order to calculate the induced incidence, two different assumptions are possible. 
It is possible to assume that the increase of the drag determined by pressure plotting with lift is completely due to 
the induced drag. This means that it is supposed that K = 0 . The induced incidence thus found will overestimate 
the real value. It may also be assumed that only the difzrence between the drag determined by pressure-plotting 
and by wake traverses is due to the induced drag. In that case, it is supposed in fact that Kf = 0 . The obtained 
induced incidence will now be an underestimate of the real value. 

In Figure 9, the maximum and minimum value thus estimated of the induced incidence ai at mid-span is 
plotted against the geometrical incidence cyg for a typical case. The difference between the maximum and minimum 
value appears to be sufficiently small to draw conclusions from the results. The induced incidence is seen to be 
rather small at small and moderate geometrical incidences, but the induced incidence increases fast at large geometrical 
incidences, when severe flow separations occur near the tunnel walls. It is particularly important to note that the 
rate of increase of the induced incidence then soon exceeds the rate of increase of the geometrical incidence, which 
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means that the effective incidence of the model decreases with increasing incidence. .The geometrical incidence, at 
which the rate of increase of the induced and the geometrical incidence are equal, dcyi/dcyg = 1 , coincides practically 
with the incidence at which the maximum lift was measured at mid-span. Consequently, the conclusion must be 
drawn that the stalling incidence never was attained at mid-span. What actually happens is shown clearly in Figure 10, 
where the measured lift coefficient CI at mid-span is plotted against the geometrical incidence cyg and also against 
the effective incidence cye (the maximum value, obtained by subtracting the minimum value of cyi from cyg). 

Though the plot against the geometrical incidence shows a normal lift curve with a more or less rounded peak, the 
plot against the effective incidence demonstrates that actually the lift increases first nearly linearly with increasing 
incidence and then decreases because the incidence decreases. The pressure distributions on the model at geometrical 
incidences before and beyond maximum lift were also found to be almost identical at the same lift. 

The results given in Figures 9 and 10 were deduced from tests with an aerofoil with retracted flap. Similar 
results were obtained at a flap deflection of 25" and 45". In all these cases the measured maximum lift at mid-span 
was determined completely by the features of the flow at the model tunnel wall junctions, together with the geo- 
metrical aspect-ratio of the model. There is not necessarily any relation with the maximum lift in a truly two- 
dimensional flow. It is evident that two-dimensional tests in such circumstances must be regarded as very unsatisfactory. 

It is not so easy to avoid premature flow separations at the model tunnel wall junctions. Simple modifications, 
like fairings at the model ends or fences on the model near the walls, do not lead to significant improvements generally. 
The only effective way to cure the wall separations seems to be the application of boundary-layer control by suction 
or blowing. The first successful attempt to avoid the wall separations by boundary-layer control was probably made 
by Boeing14. Both blowing and suction at the tunnel walls were applied with good results. At the RAE, tests have 
been carried out with suction of the tunnel wall boundary layer adjacent to the modellS. At the NLR, a blowing 
boundary-layer control system has been developed to prevent flow separations near the walls. In the following, 
mainly the NLR investigations in this field will be discussed, because the author is most familiar with them. 

At the NLR, a cylindrical aerofoil model was available with blowing slots for boundary-layer control at the 
aerofoil nose and at  the knee of a trailing-edge flap. These slots were divided into several separate spanwise sections, 
so that in a two-dimensional test set-up blowing could be applied only over the parts adjacent to the walls. Though 
blowing slots in the tunnel walls near the model are to be preferred, of course, to slots in the model near the tunnel 
walls, it was believed that experiments with this model could be instructive. In Figure 11 some results are given of 
these experimentsI6. In the example given, uniform blowing was applied over the flap deflected 30°, but blowing 
at the nose was applied exclusively through the two slots adjacent to the walls. The variation of the lift measured 
at mid-span with incidence is given for various blowing momentum coefficients Cp at the nose. The momentum 
coefficient is defined as C,, = mVj/q,c ; where m equals the mass flow of blown air per unit length of the slot, 
Vj equals the blowing jet velocity, q, equals the free-stream dynamic head, and c equals the model chord. It 
is evident that nose blowing only near the walls leads to considerable increments of the maximum lift at mid-span. 
Visualization of the flow over the model with tufts demonstrated that the lower blowing momentum coefficient at 
the nose was already sufficient to ensure that the flow separated first near the model centre. A doubling of the nose 
blowing momentum coefficient near the walls does not lead to appreciable further increments of the maximum lift 
at mid-span. Apparently the effect of nose blowing near the walls becomes small as soon as the blowing quantity 
exceeds the amount needed to avoid the onset of flow separation at the model tunnel wall junctions. This is not 
an unreasonable result since, once separations are avoided by blowing, further blowing will lead only to small local 
lift increases and consequently will alter the lift at mid-span very little. Substantial discrepancies due to excess 
blowing near the walls should be expected only after stall, since then the flow is kept artificially in an attached 
condition, while it ought to be separated. Discrepancies beyond stall are regarded as less important usually, however. 
It is a very encouraging result that the test data at mid-span are relatively insensitive to excess blowing near the 
walls, since this means that it is not necessary to adjust in each case the blowing quantities carefully to get the best 
possible two-dimensional stall pattern. It should be realized further that, with blowing slots in the tunnel walls, the 
sensitivity to excess blowing very probably will be even much less than in the case considered here with slots in the 
model. 

After this preliminary investigation, tests were carried out on a two-dimensional aerofoil model with a double- 
slotted flap mounted between the tunnel walls with boundary-layer control at these wallsI7. Blowing slots were 
installed flush in both tunnel walls near the model nose and just ahead of the flap. The width of the blowing slots 
is 2 mm and the length is 300 mm for the slots near the nose and 500 mm for the rear slots, which extend above 
and below the shroud of the model (chord 600 mm). The local forces on the model were determined by pressure- 
plotting at a mid-span section and at a section very near a tunnel wall. In Figure 12, the measured lift at mid-span 
and near the wall without and with blowing along the walls are compared for a typical case. The flap was deflected 
40" and the same amount of blowing was applied through all slots (Cp = 0.14). Without blowing, the lift near the 
wall is seen to be much smaller than the lift at mid-span. When blowing is applied, the lift at mid-span and near 
the wall increase both and become nearly equal. It  may be assumed therefore that, with blowing along the walls, 
the two-dimensionality was maintained over the whole incidence range. In Figure 13, some more results of this 
investigation are given. The measured maximum lift at mid-span has been plotted there against the blowing momen- 
tum coefficient C, , defined earlier. It is apparent that first the maximum lift increases fast with increasing amount 
of blowing along the walls, but that above a certain blowing momentum coefficient the maximum lift remains con- 
stant within the experimental scatter. On account of the results of the preliminary investigation, it was already 
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expected that the effect of blowing would become small as soon as .the blowing quantity exceeds the amount needed 
to avoid premature flow separations near the model tunnel wall junctions. The maximum lift remains constant here 
for blowing momentum coefficients above C,, = 0.03 to 0.06 , but these values will depend on the particular model 
configuration and test set-up. In view of the small influence of excess blowing, one will apply generally blowing 
momentum coefficients that well exceed the minimum value, in order to ensure that early flow separations near the 
walls will not occur in any condition. 

In Figure 13, results are given for two different positions of the tunnel wall blowing slots relative to the model. 
With blowing configuration A the slots are placed approximately in their optimum position, that is very near the 
regions with large adverse pressure gradients. With blowing configuration B the slots are situated at some distance 
ahead of the model nose and the flap. No difference is seen to exist between the results obtained with the two 
blowing configurations. In some cases during the investigation it was found that with a less favourable blowing con- 
figuration a somewhat larger amount of blowing was needed to obtain the constant maximum lift region, but for the 
rest the measured maximum lift at mid-span seems to be very insensitive to the position of the blowing slots. In 
practice it is very profitable to situate the blowing slots at some distance ahead of the flap, since in that case the 
flap position and flap angle may be altered without changing also the position of the slots in the tunnel walls. A 
fundamental advantage of boundary-layer control by blowing is that flow separations are prevented over a large area 
behind the slot, so that the position of the slot is not very critical. Suction must be applied usually rather close to 
the areas with large adverse pressure gradients, so that the suction arrangements at the tunnel walls must be adapted 
frequently to the particular model configuration tested. For that reason blowing might be more practical than 
suction for routine measurements. 

4. CONCLUSIONS 

The following recommendations may be made with regard to two-dimensional high-lift tests: 

1. 

2. 

3. 

4. 

The model chord/tunnel height ratio should not exceed c/h = 0.3 . 
Boundary-layer control should be applied at the model tunnel wall junctions. 

Only the forces on a centre section of the model should be measured. 

The drag should be determined by wake traverses; however, the two-dimensionality of the wake must be 
checked. 
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1 
MODEL SPANNING THE TUNNEL MODEL BETWEEN FALSE WALLS 

MODEL BETWEEN END PLATES 

Fig.1 Possible test set-ups 

F k 2  Two-dimensional pressure-plotting model in a wind tunnel 
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Fig.7 Tunnel wall corrections according to the usual approximation and to an exact theory for a hinged flat plate 
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Fig.8 The pressure distribution on the tunnel walls above and below an aerofoil at Cl = 4 and c/h = 0.3 
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SUMMARY OF DISCUSSION 

relating to  

TWO-DIMENSIONAL MODEL-TESTING TECHNIQUES 

1. Spanwise Variation of Wake Drag 

Spanwise variations of wake drag had also been measured by Boeing, but had been attributed to  spanwise vari- 
ations of the position of transition. The variations had been much reduced after transition had been fixed. At RAE 
a current practice was also t o  fix transition. This decision had been made in order to  remove from the drag-lift 
curves some features which were considered to  be associated with rapid chordwise movements of the transition 
position. 

2. Control of the Wall Boundary layer a t  the Wing-Wall Junction 

A number of contributors to  the discussion had had experience of controlling the separations of a wall boundary 
layer by both blowing and suction. Boeing’s had originally used suction but, due t o  limited plant capacity, had now 
adopted a blowing system. RAE had found that, for their model with a blown flap, blowing on the wall had resulted 
in interference with the wing boundary-layer control system; so they had developed a suction system instead. In 
general, it appeared that either boundary-layer control system could be effective in suppressing the separation of the 
wall boundary layer; while further reasonable increases in the flow of the boundary-layer control system, above the 
minimum level, seemed likely to  have little effect on the measured forces. However, a warning was given from the 
Canadair representative that, for short span models, the forces on the wing which would be measured by a balance 
could vary continuously with changes in the boundary-layer control quantities. Reference was made to  Figure 3 of 
McGill University Report 69-1 by T.Selbohm on “Boundary-layer transition and wake measurements at low Mach 
number for an aerofoil with single-slotted flap”. 
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1. INTRODUCTION 

The subjeot of three-dimensional 'High-Lif t '  model testing is dea l t  w i t h  from the poiat  of view of 
Various topios and problems are deal t  with, in the development of a specific fWl-size project. 

approximately the order in which they would normally ar ise ,  from i n i t i a l  conaept t o  data presentation. 
The number and diversi ty  of possible High-Lift sohemes and t e s t  procedures is too great t o  be desoribed 
fully, but an attempt has been made t o  examine the most important. Historically,  it may be said tha t  
the f i e l d  is still expanding, and that  the extension of each end of the speed-range of fixed- 
a i roraf t  is introdwing n e w  problems t o  be solved. 

2. THE NEED FOR THRE3-DIMENSIONAL TESTS ON HIGH-LIFP SYSTENS 

The optimised flow conditions which may be determined by twoillmensionsl tes t ing w i l l  be modified 
when three-dimensions are pully represented. 

High-speed f l i g h t  requirements w i l l  d ic ta te  that the basic 'olean' Wing should have a combination 
of twist and taper, with spanwise variations in section and leading-edge sweepback. 
System w i l l  thus emerge from a complex three-dimensional shape, and then be subjected to  non-uniformities 
across the span from such causes as  (Fig. 1):- 

(i) 

( i i )  

( i i i )  support-braokets, and t h e i r  fairings,  f o r  the above 

(iv) 

(v) 

(vi)  

The High-Lift 

wing root and t i p  effects  

end effeots and gaps i n  flaps, s la t s ,  ailerons, spoilers etc. 

looal induced f l o w f i e l d s  caused by engine intakes and exhausts, and propeller slipstreams 

features along the wing such as  tanks, nacelles, pylons etc.  

devices such as  Boundary-Layer Fences, Leading-edge notches and Vortex Generators. 

In  order t o  approach the bo-dimensional 
t o  make the whole span reach the stall simultaneously, and th is  is d i f f i o u l t  t o  aohieve due t o  the 
variation of effective incidenoe aoross the span; nor i s  it desirable, since conditions would then 
change very suddenly. 
axe l ike ly  t o  be generated if the t i p  stalls first. 

with a three-dimensional wing, it would be neoessary 

The development pattern of the stall must be examined, as large rolling-moments 

Even a t  low incidence there w i l l  be small areas of separated flow, di f f iou l t  t o  predict without 
tes t s ,  and as the wing approaohes the stall these w i l l  increase and there mey also be powerful vortioes 
arising from separation a t  the leading-edge. 
dimensional and three-dimensional t e s t  results.  

pattern of stall development, hysteresis a t  the stall, and sensi t ivi ty  t o  side-slip. As wel!!% these 
Wing characterist ics,  the three-dimensional flow f i e l d  behind the H i g h - L i f t  wing can produce large 
effects  on the tail-unit, and t e s t s  on 'complete' models are required t o  establish the overall 
longitudinal and l a t e r a l  s tab i l i ty ,  and control effeotiveness. 

Fig. 2 i l l u s t r a t e s  typical differences between two- 

Three-dimensional t e s t s  are needed t o  establish the variation of CL with incidence, CL the 

An addit ional  bonus a r i ses  when an aocurate threeaimensional model is drawn and constructed early, 
as it provides a valuable check on the preoise def ini t ion of the a i rc raf t  geometry and lqy-out. 

3. THE CHOICE OF TYPE AND SIZE OF MODEL. AND THE TEST CONDITIONS 

These questions are often decided by convenience, cost and the avai labi l i ty  of t e s t  f a c i l i t i e s ,  but 
a most important faotor should be the relationship of the proposed t e s t s  t o  the airoraft timescale and 
budget. 

During the ear ly  stages it is vital t o  be able t o  qui- compare the effectiveness of a l ternat ive 
High-Lift sohemes, a s t  the desipp is 'fluid'. 
oonfiipration results against estimates, using the l a t e s t  def'initions of geometry; then t o  examine the 
effects of modifications and additions. 
(including manufacture and resu l t  analysis), are required t o  vary during the l i f e  of a project. The 
Paotors considered are (a) speed of execution, (b) accuracy of the resu l t s  and (c) t o t a l  cost. S h e  
there are maqy al ternat ive ways of examkhg 'High-LWt' performance, these factors oan vary widely. A t  
the onset:- speed is needed t o  prevent costly mistakes; the tests should be relat ively oheap, sinoe 
there  will be greatest  likelihood of changes i n  requirements; and aoouraoy may be sacrifloed in order t o  
sohieve the first two, so long as the  purposes.of the tests are  sat isf ied.  
speed is no longer so important; there will be more point in spending money; and the geometry w i l l  be 
be t te r  defined, enabling accuracy t o  be worth aohiedng. Towards the very end of the projeot:- speed 
and oheapness are again appropriate, as there w i l l  be l i t t l e  time or  money available. 

Later on it w i l l  be required t o  check the preferred 

Fig. 3 shows how three important a t t r ibu tes  of a t e s t  pro@w"m 

As the project progresses:- 

Bearing the  above oonsiderations in "3, the  main faotors affeoting the choioe of model and t e s t  
Deciding upon the conditions are shown in Fig. 4, the lines between them indioating interdependenoe. 

best  model and t e s t  conditions involves the examination of q possibi l i t ies .  

3.1 

oorrespond t o  the a i r o r a f t  values, i.e. 'take-off', or 'combat' conditions if  required, and adjust the 

Resn olds and Maoh Numbers 

Ideally, i n  pl- a t e s t  ser ies  we should start by ensuring that Reynolds Number and M84h Number 
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other parametera t o  suit, Pinally measuring in the rind tunnel the desired relationships between 
a t t i tude  and load-coefflcient. In praotice, the range of possible values f o r  V, p, and L at the 
facilities available does not usually allow the correct Reynolds No. or Mach No. t o  be reached axaept 
for small slow-flw airoraft. 
Be. No., but the Macb No. mey be too high and compressible flow conditions wg lead t o  reduced High-Lif ' t  
performance. The effects of oompressibility nay begin at surprisiagly low velocity, due t o  high loodl 
velooity and C values wer s l a t s  and f laps  etc. producing sonic conditions a t  loa  free-stream yach No 
(See Fig. 5). 'pig. 6 sham a *ioal result of measuring CL on a particular high-l i f t  model a t  
increaeing velooiQp w i t h  oonstant pressure 
values, also inoreases, tha t  is the  effect  of Be. No. ia beneficial, but M the Maoh No. booones 
signif'i&k%ere i a  a falling-off in performranoe (Figa. 7 and 8) .  I n  t h i s  oomeotion, the work of 
Gault (1) should a lso  be noted, where the importanoe of the relationship between aerofoil  lePding-edga 
thickness at 1.25% ohord and Be. No. is shown t o  be Important in determMng the type of s t a l l .  
has been substantiated by tests on a high-llft n i q  on which the l e w d g e  thickness man 
progressively increased, and gave an inoreasing CW. 

s i p l f i o a n t l y  with Re. No. up t o  a value of a i r  million, and tha t  it is dnngeroua t o  extrapolate f t o m  
tests at loner values. M w h  useful test ing of inoremental eft'eots om, however, be done at quite lor 
Reynolds number. 

The use of a pressurised tunnel makes it possible t o  vary yooh No. and Be. No. Independently, adl 
t o  maoh hi& Be. No. a t  low Maoh No., but there is a limit to the air density p which OM be rued, 
depending upon the strength of the model or its supports, shoe loads era praportional t o  rir density. 
Testing wer a of pressure also m e a n 8  t h a t  the requirea load a p o o i t y  of the &el forewosuri.ng 
system m a t  be greater, and providhg adequate msolution beoomes a problem. Fig. 9 ahom the  
relationships betreen Haoh No. and Re. No. for various s h e s  of m o d e l ,  and the ef teot  of pressurisation. 

S h o e  the f l ight- tes t  stall investigation programme w i l l  begin a t  hi& altitude, it is of advantage 
t o  represent t h i s  ooadition in the tunnel, if possible, an well M the sea-level 0 ~ 8 0 .  Tbis rill enable 
oorrelation t o  be checked as soon aa possible, and if necessary the  model dng-seotion distor ted so M 
t o  egFee with fli&t test results, although t h i s  is a praotioe uhioh should 013y be employed aa a last 
resort .  

3.2 YodelStrenRth 

Testing a small m o d e l  a t  increasing velooity o m  at- the correct 

temperature. "'E the velooity is inoreased f r o m  verg low 

This 

It haa been sham (2) #at the perfonuance of hi&-- system mar the stall o m  vary 

For a dven geometry, the stresses act- upon a mdel or  full-soale aomponent are proportional to 
q.Cpr 

rhm = 3pv2 aad cp i s  some force 0 0 m " t .  

For arample, in the oaae of d u g  root benillng moment, 

M = (L i f t ) .  y = q.S.CL.y 

where y is the spanwise distance of the wing oentre-of-pressure and S the e planform area; 

while j! = k.c.t ; 

where k is a oonstant depending upon the ohape of the oross motion, dth ohord c and "am thiolrness 
t a t  the root. 

But the max. stress, 

Since y end o are proportional t o  L (some oharacterist io length), and s ~d t2 to L , 

2 

M q*socL*y 

2 
PP~a)L .C . tZ .  

2 q L .CL L 
P "  

k L.1' ' 

=. P = QCL 

A similar result applies to aqp seotion subjeot t o  a be- moment, and d s o  t o  oomponents in 
pure tension o r  ooapresaion. 

is hi&, when s t e  qo3 ia required. Fig. 10 gives the relevant physioel properties of the most O O P I P L ~ ~  
strwtural matariels. When, the bulk of the lod-oarrging member muat be "ised, srroh an for slat 
and f l a p  b raob t s ,  o r  if i n t e r n d  space is needed for some other pwpose, we should u e  -011 him 
stresseb oomponents, w i t h  a thin shell of maker material t o  form the arternal A p e .  Imosirrg use is 
being made of glaSs4lbz-m reinforoad resin, an8 other teohniques involving -tic materials. 

presents less of a problem than do suoh items M slat a d  f l a p  breckets, rrhioh w i l l  be hi- atrrsaed 
AiLl-scde oompozmts in order t o  " b e  their interferenoea. If suoh oomponents are t o  be s o r l d  
without Ustort ion,  there rill thu be a l i m i t  t o  the q rahioh ou1 be util ised.  The d t u t i m  in .pds 
worse by the need f o r  higher s d e t y  iaotora f o r  model  ports (w 4) than f o r  full reale ( t y p i w  <.5), 
but alleviated by the possibility of us* high strength aaterial, anb by udng 'solid' O m 8 8 - 8 e o ~ o n 8 .  

ie small we may use loa strength materials suoh M wood, wTuf'noll, o r  dural; but if q+ 

Sinee we need only present the oorreot aaterrrpl ahape t o  the slrflor, the intend .dLel a t w t r t r s  

i 
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I 

However, the a t t a h m n t  of high Be. No. r i t h  la Yeah lo. should be restrainea if sxoessire q is 
required, due t o  using a e m d l  model, shoe this rill lead t o  unrepresentative 'external' supports. 

The use of a plininun safety Fmtor  of b., or  greater with timber or  other non-uuifoxm materials, is 
iniluenoed by the following: 

(i) i he need t o  avoid stressing prooedures M oomplioated o r  time-oonsuping M the .ethods used on 
full &e airorsft. 

(ii) The need t o  l i m i t  bflectiollp, of m o d e l  oomponents t o  muoh l e s s  than those ooourring f ~ l l  sise. 

(Ui) !he unoertainties and di f f iou l t ies  of prodwins adequate joints  between small oomponents &oh 
need to be often removed or  adjusted. 

Provision f o r  loadings due t o  handl- and vibration. 

Yodel Size  

As w e l l  as influensix@ Re. No., m o d e l  sise depends upon the f o l l o h ~ g :  

The test f e a i l i t y  and equipment, i.e. the sise of working section and the load oapaoity of the load 
measuriag system. 

Whether the required tests are t o  be oarried out on a complete, half ,  o r  partial m o d e l .  

The tunnel oorreotions. 
in order t o  inorease Reynolds No., that the uncertainties o? the Tunnel Correotions int rodwe 
sxoessive errors. 

Manufaoturlng f a o i l i t l e a  and teohniques. 
design and manufaoturing organisation, m o d e l s  whioh are verg large rill inour extra expense due t o  
being above their normal oapaolty. 
whioh are a very small perantage of the  looal ohord e.g. slat and f l a p  gaps, but whioh require 
olose tolerenoes t o  be set. S d l  models w i l l  thus be d i f f i c u l t  t o  manufaoture with suffloient 
aoouraoy. 

In the w e  of an droraft with a l o w  fuselage (and as High-Liit sptems develop, Puselages tend t o  
beoome relat ively larger) ,  there nqy be a Unlt set by the desired inoidenoe range and fouling of 
the tunnel roof o r  wall. 

Test FIo i l l t i es  ru3d EauiDment 

It is important that the model is not made so large re lat ive t o  the tunnel, 

Depending upon the experletme and oapaaity of the m o d e l  

On the  other hand, H i g h - L i f t  wings usually have some dimenaions 

For H i g h - L i f t  and other testing, the appropriate faoilities and equipment be jut&# by their 
oaprroi$y t o  hendle the required values Of the parrureters sham linked on Fig. l+, but elPphasb ahodd 
also be p l d  upon the ability t o  provide a *qui& look' a t  data aa it is pmauood, so t h a t  r e r i a t i m a  

oompute oorreoted results, but it should be possible t o  srnraiw rrra data immediately after eaoh run. 

3.5 T" of Model and Sum& 

M o d e l  m s  fall in to  three nrain oategoriee, - oomplete, half  and part ia l .  

Complete models have the advantage of permitting the effeots of s ides l ip  t o  be investigated, so 

be introduoed in to  the test progranme to aooomPlodote the unexpeoted. Them may not be time t o  fully 

tha t  nreasureaents of lateral stability in the High-Lift ooptiguration oan be nade. 
important ohanges in the  l o n g i t d i n a l  oomponents durlng sideslip, and it r q f  be found tha t  there I n  an 
appreoiable loss  in k-, espeoially with swept rlngs. 

The nountias of a 'oomplete' model in the tunnel mey be v ia  a oombkration of s t r u t s  and rims, or 
by m e a n 8  of a s t a  support w i t h  an intermel strain-gauge balanoe, eapeoially if the project has 
oonvedent Jet pipes (fig. 11). If struts are t o  be used, it rill be neoessary t o  determine the strut- 
bterferenoe effeots, whioh will vary with the  operation of the H i g h - L i f t  components, and extra NM 
rill be required t o  d e t e r "  them. An alternative mounting system t o  support the nodel whilst s t ru t -  - loads are WM&, must be provided if an arternal bsilanoe has been used. (3) 

If the airoraft l w o u t  permits, s t ing  mounting has advantages for *Projeot' work where time i s  
important, althou& there mey be oorraotiolu t o  make fo r  model diator t ion t o  aocomDodate the st-, and 
sth&aupport  induoel flap sllgularlties. 
Ls usually negligible a t  the low free-strewn Uaoh Nos. employsd f o r  most H i a - L I f ' t  testing. 

mere also be 

The baee pressure oorreotion whioh applies t o  the st- oavity 

Sting mountin& has the fundamental advantage f o r  H i g h - L i P t  wu& that flow disturbanoea due t o  the 
mounting itself aro aa far dietant as possible from the wing, and thus have idnlrnum effeot  upon it. In 
addition, the wing is l e f t  olear  for the fl t ta of engine naoelles, undercarriage, external stores eto., 
and In  the  o w e  of variable-aweep airom&% enables whg-srttep t o  be varied wlthout having t o  disturb the 
mounting. 

Half models (fig. 12) do not permit the representation of sideslip,  but t h e i r  advantages are:- 

(a) H i g h e r  bynoldn No. in a @en tunnel. 

(b) By manuring mhg root bending moment the spanwlse position of the C.P. o m  be determined. Thb is 
very useful i n  aseessing the pattern of stall development. 



( 6 )  Power-supplles and wiring eto. oan be e a s a  led in to  the model without the need for srpo8ed pipes 
or shafts. 

(a) No s t r u t  or sfAng interference 0 0 f i e o t i 0 ~ .  

(e) Cheapness, sinoe only mm flap and Slat eta. is required. 

The other objeotions t o  the use of half-models oonoern the nature of the flow a t  the winkroot  and 

The e mey suffer from premature root-stall,  due t o  flow separation along the floor, flow in the 
gap between fuselage and floor,  or 'comr-vortioes' may occur. 

The effeotive velocity over the  fuselage and wing m o t  may be reduoed by being immersed in the 
floor boundexy-lcpr. 

A sedes of comparative t e s t s  on a oonplete and a half  model w i t h  f laps  and slats, using the  same 

a t  the fuselage floor junction. 

(a) 

(b) 

In partioular:- 

wing oomponents for both, have been o d e d  out a t  B.A.C. Warton, and &avo good agreement in 
tai lplane power. CL- and 

Some points of in te res t  are:- 

(I) A suotion-etrip, porered by an externd fan, wan provided aoross the tunnel floor, just  ahead of 
the model nose. The Boundsrg-lwer at this s ta t ion  VIW oompletdy removed. With suotion off there 
waa a reduotion in CL-, end a dightly more stable  Cm - CL o w e .  

(2) The gap between fuselage and floor wan Mde as smell aa possible (appraa. 0.005 root ohoni), U t e a  by the oleararnos required t o  allow model defleotion uuder load and the flatness of the 
floor. It waa formd that increasing this gap reduoed C 
rmgo, and the loss  in CL- due t o  the gop used waa esk!!ted at about 1%. 

mere wan l i t t l e  si@ of premature wing-root separation, or of 'corner vortices'. ~n additional 
suootion s t r i p  (4) on the f loor  near the wing root, whioh had been suggested, was found t o  have veqy 
Uttle or no effeot with thir model oonfigurotion. 

It should horwer be noted that the m o b 1  oonaerned had a fairly brood furelm, raising the wing 

Half models may also employ either a Strain-gauge or an d e r n a l  meohanid balanoe and, although 

in a linear "mer, over a small 

(3) 

and -plane a m  from the floor by about 0.5 root-choni a t  the W. 

'lateral' oomponents w i l l  not be plotted, it i s  advisable t o  measure dl 6 oomponenta, irr order t o  be 
able t o  plot spanrise C.P. position, and t o  offer alternative axes definit ions for the result data. 

oloseb related t o  twodbensioaal models. 
be reeohod, and p e d e  better reprttsemtation and optipdsation of the finer d e t d l s  of suoh thlnga ab 
f l a p  fok.ings, pylon attaohoenta, slat, f l a p  and oontml gaps. Their main disadvantage is tha t  the 
spawise loading oonditions and l o o d  uprash are incorrect, but thqy do permit oomparative testing t o  be 
oarrled out (pig. 13). End-plates are  often used, t o  avoid the w a l l  bamdarg-1-r. 

3.6 !l"l Correotlona 

Partial models, that  is, less than half a complete m0d.l (pig. I 3 ) ,  are used more rarely, and are 
They have the advantage of enabling even higher Re. No. t o  

These derlve f r o m  the  eise and type of both model an8 tunnel, as w e l l  aa the  range^ of ooeffloients 

Strut or Sting 'tare' and interferenoe effeots;  'tare' being tha t  part of the measured loa& whioh 
oomes from the supports themselves, aero in the oase of a sting mounted m o d e l ;  and 'Interfereme' 
being the ohangs in the loads on the podel due t o  the presenoe of the supports. The &teRpination 
of these effects  oan be complex and time-consuming and, in the oam of s t r u t  rmmtjngs, required t o  
be repeated for each ohange in High-Lift oonflguratian. 

oorreotlone for these effeots mqy be applied. We may r r l te  

t o  be sxplorod. 

(1) 

The mOin oma re lat ing t o  Hi&-Li f t  testing are:- 

(2) Blookagj, which be divided In to  'Solid' and 'Wake' bloaksge aomponents. (3,6) The standard 

where UF = equivalent 'free-strea" velooity 

UT = uncorrected tunnel velooity, 

with 

where 

6 n E  + E  
s w  

es = so l id  bloclcage 
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where 

lpre usual method of oaloulating 

E n  
1 

S =  

C =  

CDT = 

E I n  a olosed tunnel is t o  use 
W 

1 s  
4 c  -- . cm 

=b3 -a 

tunnel cross-section area 

memured drag. 

So t ha t  8 is simpls taken aa being proportional t o  the total drag. 
easily in80rporatea i n t o  the data reduotion programme. 

However, when there are large areas of separated flow, LCrwkell (5) has s h m  tha t  we may more 

I h e  above expression can be 

aoourately divide Cm into its components, CDo and Cm, and gives 

Ch and K being deduoed f r o m  the  p lo t  of Cm vs CL2 as in Fig. 14. 

A value of 5 i s  stqgestd f o r  F, when 1 < A < 10. 

Comparative values f o r  E,  f o r  a particular IIigh-Lift wlng nith slat and flap,  are shown in Fi8. 15, 
plotted against a. 

It oan be seen that the differences only b a c w  greater than about 1% after the stell, and i n  this 
partiaular b t o n o e  it wna decided t o  use the simpler l i nea r  expression which did not require deter- 
nrination of cD0 or K. This dll not a l w s  apply, e.g. models with high sweep adl/or small nose radius 
oauslng a strong leading-edge Vortex. 

(3) -1 oonstrainf; dth a alosed nor- section we use 

ha. E 6s CL due t o  Muoed upwash C 

and heme 

srl is the additional interPerence at the t a i l  M oompared w l t h  the average over t he  rings.(6) 

These expmssiona dl require a vdue for 8 ,  which is  generally of the form shown in pig. 16. 
provideti we maintain S p m f h m e l  ~readth c0.8, sey, the vdue of 6 is  fairly constant and well 
established. A M e r  model sire cr i te r ion  is  t o  limit the r ing area so that A a  i s  l e s s  than 2' a t  
C Thus a smaller m o d e l  must be used if higb-liFt coePPloienta are envisaged. "his dl1 also lm the other oonstreint oomct ions ,  and hence the effect of errors in them. 

Greater Aa correotions than 2' ppey be aceeptable, but there is more danger of introduoing ohordnise 
variations i n t o  the incidenoe constraint oomot ion ,  so t ha t  the effective camber i s  inoreased. 'cpsn' 
w o w  seations have the disadvantage for high-lin work that the s tmng darmrrash behind the  m o d e l  can 
defleot the jet muab mora than the deep stream would be deflected in f l igh t .  With this excessive jet 
defleotion the effective amber of the aerofoil  is  muoh reduced. Slotted n o m  sections (Bo- - 
Vertol) and variable-geometry .ow seations are being developed, which mqy be suited t o  la rge  hi&- 
lipt models (7). 

Jet-flap m o d e l s  in a dosed w- section present an &M problem, when oonaidering the sise of 
m d l d  which 
the jet, t o  break down rhen the ratio of damnash t o  freestream energy i s  too  hi& (fig. 17). EPidence 
of this oan be seen by the use of tufts or smoke on the f loo r  and walls rhioh, ae the tunnel speed i s  
deoreaaed, f i r a t  ahor agitation of the f loo r  boundary-layer, then the formation of a 'horseshoe' vortex 
*oh spreads acrosa the floor aad up the walls.  

South (8) has produoad a simple oriferion baaed on a Ilft coefficient, Cub, 

SO that, 

be tested. This &see from the tendency f o r  the flow d o n g  the tunnel f loor,  beneath 

h = hei&t above floor 
b = span 
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 he l imiting value of b b  is ahholm t o  be depem¶ent upon the ( ~ r a g l ~ i f t )  r a t i o  D/L, MB that a t  negative m, c u b  3*0* 

A t  positive I@ l e s s  than 0.6 and greater than 0.6:- 

. See Fig. 18 .O 

< 1 + t(D,L)2 

Iheae relationships q r  be m-arranged t o  give the bouadories ahown in HE. 19, where the height 
above the floor,  in ohords, is plotted a + m t  CL for various values of (L/D). 

3.7 Benme of Attituaes and Coeffioients 

As well as needing t o  be estimated in advanue beaause of t h e i r  offeats  on tunnel oorrectiona, these 
are also required in order to:- 

(I) EW,UW tha t  the incidence meohanism is oapable of reaching the desired maximum. In so- oosee, 
enpeoielly with a hi& set -plane, up t o  Q E 45' mqy be required in order to study l O & t u d i n d .  
stabbility fully. Cross-wbd landings muat be s h u l a t e d  by yawin& the m o d e l ,  the mix. ypr w e  
depnnrlinp upon the  lowest l a n d i n ~ s p a e d  and greatest crossaind aomponent t o  be oonaidered. 

Check that  the load oapaoity of the intended balanoe is adequate. This is not a l w q a  P siorple 
decision, i t  depends upon the quality of resolution end repeatabil i ty af the overall measlrrlng 
system, or i t s  safety factors. 
capaaib,  then the " a t t e r ' ,  absolute aacuraoy, an8 repeatabil i ty w U l  suffer. 
if the balance is WO- near t o  i ts  maxiDIum load lieits, the a"t of buffet  and vibration rill 
be c r l t i a a l  and q y  result in 4ysteresi.a o r  even fatigue failure. 

If the intended load range is smaller than the balsnoe design 
On the other h a d ,  

This is espeoially the oime d t h  High-Lift system near and a t  the s t a l l .  Ballin~Moment i s  
partioularly diFflcul t  to predict in advance, since it  depends upon the Qpe of stall development (Root 
or t i p  f i r a t )  peculiar to  the layout being tested, epd also can be greatly influenced by slpr snrell 
aSy"etrie.8 in the m o d e l  (mhg twist, leading-edge radius, the 'fit* of slats, eto.) - or in the tunnel 
flow. 

3.8 Power Supplies t o  Yodels 

With any tspe of H i g h - L i f t  m a l ,  i .e.  Complete, Half, or Part ia l ,  the need may ar ise  t o  supply 
power of some kind, as well aa t o  take out signal le& from transduoers or pressure-tubes t o  a measuring 
system. 
tspe and s iee  of model t o  use, i .e.  

(a) 

(b) 

This oauaes two extra types of problem uhioh muat be taken into aocount when dedw upon the 

atra blo- and interference; due t o  the presenoe Of pipes, oableo etc., exoept when a half 
model is  wed. 

Ektra mechanical restraints; stif'hess, which will affect the load oalibxntiona of the meaaurlng 
system; and f r ic t ion,  oausing hysteresis i n  the readings. 

Consideration should be given t o  the probable s h e  of both of the  above effects, w h i c h  will depend 
upon the Q-pe of model, the  tspS of load meuurhg system, and the  fonn in w h l o h  p m r  iS transmitted. 
Alternative power transmiasion sptema include - 
(i) Electrioal;  for propeller motors eta. It rill be r e q i r e d  t o  find a mot@ which is suff la ient ly  

powerful, small, li&t in weiefit, and aapable of precise remote oontrol. A balenos rill need t o  
be struck between the desired duration of each test run and the oooling method employed. 

t o  power a Je t  or blown flap, or t o  power a turbine. 
of f lexible  pipes, or an +bearing type conmeator if the res t ra in t  an8 bysteresis is 

(iii) Hyacaulio power, there are Protors available which have @od power t o  bulk weight ratios,  and 

(ii) Compressed air, be used for je t -enghe intake and exhaust Simulation via tan ejector  (Fig. 20), 
!&e air may be fed into the m o d e l  by means 

dgn i f i can t  (9, 10). 

ne- only relatively small supply pipes. 
and oooling flow. 

Cheadoal, such aa piped Hydrogen Peroxide. V e r g  high powers mey be supplied w i t h  only smell 
diameter pipin& but there a m  speeial  problema of safety a d  high temperature. 

Meahanloal, in oertdn oases shaft drive t o  propellers i a  feasible (11). 

In effect, the hydraulio flu provides both powor 

( iv)  

(v) 

3.9 Ground Simulation 

An extra oonsideration, when deciding upon possible test arrangements, is the ability t o  o w  out 
investigation of the  effeot of the pradmity of the  ground. We oan sinnilate the f l ew  aonditione around 
811 okvrraft f!lying level close t o  the ground by the uae of a *grormd-board* Just  beneath the model, 
extending jus t  ahead of and behidl it. 
heigtrt above ground be* tested (Big. 21). 

!he incidence r c q e  rill be restrioted,  & p e a  upon the 
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points t o  note r e m  gmma-board in r tp l ia t ions  pro:- 

the bmdary-laym on top of the gramrll-board, beneath the model should be miaindsed, by keep- 
the l d b g - e d g r  short, and I l e n e  aa muoh of it aa possible by manna of an cntraotion system, o r  
by ualn+s a b e l t  m a r i n g  at frebstream velocity. 

the p o o d b i l i v  of ground-board lmding-edge separation should be reduced by us- a blunt 1- 
edge, ant r iniaising the blockage underneath it. Flow visualisation should be oarried out on fhe 
cpumnd-boud at the start of t es t ing  t o  oheck this. 

although the t o t a l  maas flow throu& the working seotion dll be knuwn, there dll be uneven 
division of the fler go- above and below the ground-board, depending upon the r e l a t ive  total-  
head losses, and varying with model incidence and oopfiguration. An extra pi to t - s ta t io  tube 
beneath the --board 
funnel velocity. 

tMnel  constraint effeots PCB only applicable for the  other three walls, and are usual l~  so small 
.B to be negligible. 

For j e t  f l ap  models, where the high velocity wake striking the ground result i n  separation of 
the boundary-leyer, Heyson has deduoea a c r i te r ion  whioh o m  be expressed as CLhb mex = 3.3 (Cub 
baaed on span and hei& above ground). 

be used t o  deternine the  maas flow above it, and henoe the effective 
The usual bloofcage oorreotions oan then be applied t o  the mss-sec t ion  above the 

gFound-boprd. 

If t e s t s  oloser t o  the grouad are required, a moving b e l t  or distributed suction should be used, rather 
than a i k e d  gTaund-board. 

0. 

of lpemrfrature (Seotion 2 )  and the s&ngth requirewnts (Seotion J),  with a resultant desi@ which uqy 
range frola a moden model with simple bent sheet metal flttings, t o  an all-metal  wing dth oorpplioated 
precision nrachkrea oomponents. The fox-" w i l l  be oheap and qui& t o  build but of low aoouraoy, uh l la t  
the latter rill be time oonsuming and expensive, but highly aoowate and give more repeatable results. 
* N u m e r i d  Control* maahining of the lnain oomponents offers the prospeot of some speeding up of the 
W a o t u r e  of the maBjor oomponents, but depen8s upon the avai lab i l i ty  of preoise geometrioal definition. 
There are oountless poss ib i l i t i es  and oomposite methods of oonstruution. Fig. 22 gives an example. 

adjustment of a la ts  and f l aps  eta., espeoially where there is t o  be a rifle range of sett ings,  and there 
are muqy possible designs. 
t o  a partioular me of test. Muah aepeniks upon the desired toleranoes, and these vrrg rl(Lely over the 

and its hi@ lift devioes. !they should be speoifled in advanoe t o  the Desiwr wherever possible, 
in order t o  avoid meilless effort. Target values f o r  a *precise* m o d e l ,  expressed aa a h t i o n  of the 
looal ohord, are given in fig. UC; but often the effeots of varletion i n  a partioular dilssnsion d 1  not 
be known until after the t e s t s .  !then it u q  be found that oerta5.n dimensions are relatively unimportant 
until a or i t l oe l  value is  reaohed, when there is a sudden effeot, suoh as flow separation. 

The methods of .8justinent employed where variable angles and gaps 82.8 required fall between tno 
ertresres: - 
(a) Varhble olamps, whioh require t o  be s e t  up a& measured in the tunnel, oan be very time o o n s e ,  

and aubJeut t o  the skill of the operator. 

(b) Preoision made s e t s  of fked  braokets give veay repeatable redt8, so long M the oorreot brooket 
is used; i.e. oubjeot t o  the rink of operator error, especial3y if there ere 

The ideal d j o s t m n t  is one whioh o u i  be o a f i i e d  aut very quiokly dth hi& repeatabil i ty of tert 

SPECZBL FIpATuBgs OF MB DESIGN OF HIGH-LIm MODELS 

The materials and method of oonstrwtion derive from the consideration of aoauraoy, oost, and speed 

The or i t i oa l  model oomponents a f f e o t 3 q  the-aoeles are usually the supports and meam of 

Fig. 2.3 Fllustrates soma flap-braaket desi@a, eaoh Qpe being appropriate 

variables. 

, "its, .dl d l  d " e  of inoorreot setting. When a oolPplioated s e t  of alternative parts is  t o  be 
used, it is most Beoirable t o  oarry out trial assemblies of all possible rrrpagements, by the tunnel 
0 ~ ~ 1 ,  and t o  have olear r&eine aieerplu, a r d l a b l e .  

When toots .FB t o  be d e d  out under oolditions of lor q (*I?) and up t o  hi& inaidexme, the 
iqortume of daxbtsing model w d @ t  should be eqhaaioed if a 8- o r  other i n t e d  balanoe is 
unplmyd rhioh i o  sensit ive to uiP1-foroe, even though the lift-loading on the dngs is  high and great 
rfi?.ngch is required. Th%s due to the f ao t  thet most of the --form rpnge will done f r o m  the 

lblleaing model i n s t a l l a t ion  and oheok-out of the moording adl measuring systems, a tunnel 
prolppmw, aust be -pared. This need not neoesearily follow the order in which t e s t e  lnsl~r have been 
speoifled from purely -0 oolrsiderations. They ahould be re-orreaged and a l s o  inulude 
maauramanh of tunnel oorraotions ami * T e n *  &eats. The test pgnmme a h d d  " i s e  oonf'iguration 
Ohall&!s, r e t  the Sraabiliw Of parts, provide frequent r e p a t a b ~ f g  ohecks Of some b a d 0  O O p f i g U r a -  
tion, .ad leave roope f o r  the Tunnel Engtneer t o  oarry out sxtra investigationa or f lw visualisation 
whem appropriate. 'phis i.pllea a qui& tunrroUna of data, o r  a *quiok-look' fao i l i ty .  
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5.1 Possible Yeuurements 

The list of possible me88urements dl be ohossn f rom:-  

(I) Model att i tude.  

(2)  he .ir oomponents of faroe and moment. Usually o d y  the s t a t i o  oomponents of output signals are 
reoorded, but inoreasing attention ia b e l w  pald to the neasurement of f l w t u t i o n s ,  SO& as buffet  
and the r a t e  of ohange of rolling moment a t  the stall. 

SupPlementarg foroe, or pressure measurenrents oonoemed w i t h  model power ntpplies. (3) 

(4) sUrf8Oe presslWe8 Sf 8eleOhd s t 8 t i O M .  

( 5 )  Observations of flow patterns, both surfaoe and t h r e 0 d i p e M & O d .  

AU exoept item (5 )  are oommQply reoorded v i a  e l e o t d o  tramduoera. The rooording of flow 
patterns has been greatly aided by the w e  of ' P O ~ i d *  materials and equipment rhioh guarantbss 
suooeas on eveq oooaaion posaible, and reduoea the t i m e  batreen observation and diaserpination. 

5.2 P r o m  Variables 

Tunnel prog"er oonaiet of manipulation of the f o l l a  variables:- 

(I) Inoidenae a d Sideslip B. A *Run* or 'Traverse* is normalls ouTied out by r e  one and 
holding the otibsr canstant. 

(2) control angles, inoluding tail and pin off oases. 

0) Settings of  ~igh-~ift system oomponents re la t ive  to the ning &tun. ~ a ~ h  separate oomponent h~ 
three varlable dimensions if there is neg l i ab le  apsmrise movement; i.e. angle, and the ver t ioa l  
snd horisontal (lisplaoemnts. 

(4) The padition of 'loose' item suoh ob stores, fwea eto. 

(5 )  power b p u t  to propellers, ejeotors eta. There nw be two variables, suoh as ~ ~ r q u e  and B.P.Y., 

(6 )  W i n s  sweep, if appropriate. 

(7) ae~nolda  and &oh WO., i.e. pressure and relooity. 

It 0011 be seen that dth so q meesurements and variables the (lata andysla team msi]r soon be 
swamped, espeoially with modern data aoquisition system. 

a PlWSSUre and h S 6  flOr. 

In the oaae of a *oomplete' m o d e l ,  we oould 
aut inoidenee or s ides l ip  traverses at 8451 

Five s ides l ip  angler or  inoidenoes. 

Six tei lplane angles, and tail off. 

slat:- f ive S11&zBL), Q C b n d O M ,  -0 mp8. 

Flap:- f i ve  angles, Four ortendom, three gaps (More if double slatted). 

Wing seep:- Three angles. 

i.e. 2 x 5 x 7 x 5 x 3 x 3 x 5 x 4 x 3 x 3 = 567,000 poedbUtLes!  

used. Also rudder angles, differential tail, bombs and stores, .... We musf eliminate most of the above 
oombinationa by 8 syatematio approaoh. 

We nm,y also investigate s v  three velooities, and three pressurea if a oompresae8-air tunnel ia 

A f- r e t O O I U W n d a t i O D 8  W h e n  p- test P r O m e S  -:- 

(a) Before aqy other t es t s ,  oarrg aut flow visualisation on model supports, r e f h o t i o n  planes, eto., 
partioularly on new or unusual afiangements; also "a crqy m o u u t i n g  interferenoe measurements 
first, in order that the dsta reduotion pro- q be applied t o  red oases as soon as they are 
tested. 
it is almost inovitable tha t  some rmerpeoted d i f p i d t i e s  w i l l  arise, 98 oomputin& . e t h o b  ( ~ p 8  

oontinusl ly  developing and o w .  

hddm the polioy on fking transit ion or  o t h d s e  98 soon 88 possible. 

T e s t  the *alean' m i n g  *st, to emmine the b-io features of the design and lo& f o r  trouble. 

Optimise slat and f l ap  settings, for inatanoe, by starting at the most likely slat posit ionj m u a t  
the Rap t o  find and fix at the bes t  arrangement then do the siuna w i t h  the slat. 00 baak to the 
f l a p  snd &e& various positions dth the slat a t  i t a  new ohosen sett ing.  Barare interdependenoe. 

'Fabrioated' (lata should have already been tried through the data rerluotion programme, but 

(b) 

( 0 )  

(a) 
flOa &Ud.iSatiOn Of possible -88 Of separefed flow. 
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(e) look for non-linearities in foroe and moment results at s d  aI@es of inoibenod, sidodtp, or 
control defleation, as them lnay be real flow phenomena t o  be disoovered. Non-linetarlties a t  
l~?r#~er angles indicate the pass ib i l i ty  of lfoplsl between the *Uvel  part of a model and i b  
support or suppor+nhraud. Tbe uae of an eleotrioal wamin6 qpstem is reooeupended. 

5.4 Flow Visualisation Methods 

Wherever possible, flow visualisation should 0- be oarded out M an oid t o  the interpretation of 
foroe immurements. On i t s  om, it oan lead t o  quite e210114~ coaoluslona. 

(I) Smoke in the q u a n t i v  nomaally available is onIy uaeAil at  lor speed, and soon W l s  a dosed 
return tunwl. Snake generators mine; heated oil or expendable snake oa&ri&es M arpileble. 

(2) Tufts are easy t o  observe and olean t o  use, but their presenoe aan bring about a p ~ t u r e  stall. 

(3) A simple ntethod of deteoting b w - l q w r  t rans i t ion  b BO smear a dark-ooloured model rith a 
thin aoating of a china-cley and Kerosene mixture, and t o  run the tunnel Pnfil evaporation of the 
Keroesne leaves a white deposit beneath the turbulent baundarg layer. There 
evaporation at the  eatreme lea8ing-edge. 

Sllrfsoe o i l  flan is best done us- a fluoresoent pigraent ponder Wpell8ed i n  a mixture Of o i l s  
haw the appropx4ata denaiitg, visoosity, and vo la t i l i t y  t o  suit the  velooitg, temperature, pab 
s h e  of model. A mixture which is  too thick rill r e h e  t o  m e  where the boundarg-lrqpsr 
sluggish; too thin a mixture and there w i l l  be h u f f i o i e n t  powder left t o  photosFaph well, even 
in the u l t r a d o l e t  lighting, whiob 
variations in the model surfaoe colour. 
the difperent 

W l t h  any flow visualisation teohnique, lwsteresis mtv soPletimse be observed at the stall, (12); 
t h i s  a m  be checked by oarryling; out an inddenoe traveree rhioh inoreasee, through the stall, then 
deareases; the cI/a plo t  w i l l  show a closed loop a t  the stall (Fig. 26). Thus, if the incidence &I r e t  
before the tunnel is started up i n  order t o  f a o i l l t a t e  the  produotion of a surf'aoe oil flow patlam, the 
effeot of increasing the Be. No. from mro rill be t o  reach the f l a i  condition oorresponding to the 
lower C of the tro posaible valuea. This charaotarlstio should be borne i n  mjnd when surfme 
oil pat term.  

also be 8088 

(4) 

be used t o  b p w e  aontraat ond mlnbine the ef feo t  of 
R.ancrition of the botmitq-lwer may also be Ob8elVd by 

rates whlah oause e suefit oolour ohange. 
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Fig.1 Features requiring 3-D test 

. .  . . I. 

1 I 1 
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eo 

Fig.2 Comparison of 2-DIM and 3-DIM tests with 
LDG.-edge slat and double-slotted flap 
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Fig.3 Relative desirability of test attributes 
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Fig.4 Main test parameters and interactions 
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Fig.5 Onset of sonic conditions 
in peak suction region 
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Fig6 Variation of CL max with velocity 
(constant air density and model size) 
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Fig.7 Effect of R.no. alone 
M constant (subcritical) 

Fig.8 Effect of Mach No. alone 
R.no. constant 
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Fig.9 Ranges of Mach and Reynolds’ Nos. obtainable 
in a pressurised tunnel (1 to 3 ats.) 
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Fig. 10 Structural materials for high-lift models 
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SUMMARY OF DISCUSSION 

relating to 

THREE-DIMENSIONAL MODEL-TESTING. TECHNIQUES 

1 .  Ground-effect Testing 

considered as essential as they had been a few years ago. Nevertheless, for a fixed 
ground-board, special care must be taken to minimise the effect of the boundary-layer 
on the ground-board. 
should be monitored, to provide an indication of the occurrence of boundary-layer 
separation. Furthermore, an attempt could be made to remove some of the boundary-layer. 
An extraction slot (Fig. 21 of Paper) for boundary-layer removal should not be placed 
too far forward, since the boundary-layer would then have time to thicken before 
reaching the tailplane; no? so far rearward as to be over-influenced by variation in 
wing downwash. Adjustments to the slot flow should be made by reference to measurements 
on a boundary-layer rake on the ground-board downstream of the slot. 

It was generally agreed that moving ground-belt rigs are now not currently 

For example, the pressure distribution on the ground-board 

2 .  Usefulness of Half-model Techniques 

Experience with the usefulness of half-model techniques varied among the 
contributors to the discussion. Manufacturing imperfections can apparently play a 
large part in comparisons of results from half-models and complete-models. For  this 
reason, the lecturer had used the same half-wing in his comparative tests. The good 
correlation obtained,might well be due to the fact that the wing had a tip stall; if 
the stall had commenced at the root, then the effect of the wind-tunnel boundary-layer 
on the half- model. results might have been more pronounced. Differences in the 
fuselage surface patterns, and in the values of Cmo, had been measured; but the 
agreement bettdeen the tailplane powers was reasonable. It was emphasised that 
half-models have their special advantages, but that complete reliance on them is not 
advisable. 

I 
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ANALYSIS OF TRANSWRT APF'LICATIOIVS 

FOR HIGH-LIFT SCEIEMES 

L. B. GRATZER 

Chief Aerodynamics Technology, The Boeing Company; 

Seattle,  U.S.A. 



The aim of the presenit paper is to review the development of high-lift schemes within the framework 
of current and possible future applications to transport airplanes. 
off process affects airplane economics is illustrated in relation to the impact of high-lift system 
design on the final configuration selection. 
'including boundary-layer control, is given in terms of low-speed performance potential. 

The way in which the design trade- 

An assessment of representative high-lift concepts, 

For long-range transport airplanes operating from long runways, it i s  shown tllat yell-designed 
mechanical flap systems are generally competitive with more sophisticated concepts involving blowing or 
suction boundary-layer control (BLC) . 
indicates that significant performance gains for long-range airplanes may be possible using BLC 
techniques. 
achievable with today's technology. 
together with direct lift from the engines, or a more highly integrated form of lift augmentation such 
as the jet-flap, is mandatory. 

However, assessment of recent progress in high-lift technology 

The gains for airplanes designed to operate from shorter fields appear attractive and 
For STOL airplanes the use of BLC to provide high wing lift 

The interaction beheen high-lift system design and problems involving the stability and control 
characteristics of the airplane are considered. 
penalties, tail sizing and ground proximity exist, the lateral control arrangement has the greatest 
influence on the selection of flaps and wing geometry. Finally, the need for continued aerodynamic 
development and design application effort is pointed out and certain areas where substantial payoff may 
exist are discussed. 

While substantial effects of trim lift and drag 
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1. INTRODUCTION 

The success of the high-speed transport airplane which has seen an intensive development over the 
last decade or more has been duo, in a substantial way, to the diligence with which designers have 
applied new technology and exercised the complex tradeoff of design pasametem to achieve well-balanced 
configurations. 
importance of the funhental parameters, resulting in sometimes subtle, sometimes revolutionary, 
changes to the aerodynamic configuration of the airplane. 
of w i n g  meep at once changed the basic configuration of the airplane and permitted much higher speeds 
without significant drag penalties. 
operation in a speed regime for which the piston engine-propeller combination was basically unsuited. 
Thus the swept-wing and jet engine combination provided the formula for efficient cruise at hi@ 
subsonic rich numbers. 
particularly in low-speed characteristics and field length requirenents. 
effective high-lift devices which could offset the adverse lon-speed effects of wing sweep and the 
higher wing loadings associated with configuxations optimized for cruise performance. 

With the background outlined above in mind, it will be the aim of this paper to show the way in 
which the design tradeoff process affects the airplane configwation and to assess the impact of various 
high-lift concepts on the overall perfonnance potential of the transport airplane. 

Each advance in techrology or new design concept has tended to change the relative 

For example, the introduction of the concept 

Fortunately, the jet engine mas available to pennit practical 

However, this did not occur without the necessity for some compromises, 
Thus the need arose f o r  more 

While there are countless variations on the basic high-lift devices and lift-aupentation concepts 
developed over the last fifty years, the present analysis will be based on representative configurations 
considered t o  have high performance potential and applicable, in a practical sense, to transport 
airplanes. 

2. CRUISE EFFICIENCY vs LOW-SPEm pERFom.wcE 

The primary consideration in selecting a transport airplane confimation is the achievement of high 
cruise efficiency. 
combination of geometric, propulsion and other paxameters to satisf 
minimum cost. While a large number of design variables (parameters7 axe used to characterize the 
configuration, some of the most important are thrust to weight ratio, wing loading, aspect-ratio, wing 
meep and thickness. 
process is illustrated in Fig. 1 showing the typical variation of thrust loading, TB, versus wing 
loading, W/S, for constant values of takeoff gross weight. 
payload, range and cruise Mach number) along with certain design parameters. 
cost (DOC) is generally proportional to takeoff gross weight, an attractive selection in this case 
appears to be a takeoff gross weight near 4CO,OOO lb. with TD = 0.23 and T{/S = 155 lb/ft2. 
charts can be constructed for other combinations of design parameters from which an opt- selection 
could be made. 
in the configuration selection. 
in Fig. 1. 

This is usually accomplished by carrying out trade studies to determine the best 
the mission requirements with 

One of the more effective ways of presenting the results of a typical tradeoff 

In this example, the mission is fixed (i.e. 
Since the direct operating 

Similar 

However, to this point, no consideration has been given to field length characteristics 
!Phis can be presented conveniently by augmenting the information shown 

Before proceeding with this step, it is important to review the basis for field length calculations 
to highlight the fundamental parameters relating to the performance of high-lift systems as applied to 
transport airplanes. 
Aviation Regulations (FAR) requirements. 
must be greater than 1.1 times the minimum unstick speed V 
m i n i . ”  speed at which the airplane can fly off at the app!@&ible gross weight on all engines. A 
further requirement sets the speed V2 greater than 1.2 times the stall speed Vs, or 1.1 times the 
m i n i ”  control speed V,c, whichever is greater, as the airplane reaches 35 ft. above ground. 
speed vs, is also detemined in test to be the mid.” speed achieved in a prescribed stall maneuver at 
the applicable configuration and gross weight. 
usually 10 to 12 percent higher than the maximum lift coefficient in l g  flight. 
complexities of these rules, it w i l l  be apparent that the design of the high-lift system is crucial in 
achieving the minim speeds which relate directly to the lift coefficients and other aerodynamic 
parameters used for field length calculations. Since the actual takeoff distance is given by the 
relationship shown in Fig. 2, the presentation of takeoff field length performance on a plot of thrust 
loading versus wing loading (e.g. Fig. 1) is straightforward. 

approach speed Van is 1.3 times the stall speed, and must be carried out at a weight such that the 
available climb gradient with one engine inoperative is greater than C.027. 
go-around, the required climb gradient on all engines must be greater than 0.032. 
of high-lift system design to achieve high approach lift coefficient and lift to drag ratio L/D, to 
minimize field length, is apparent from the actual landing distance relationship given in Fig. 3. 
Although the landing distance depends only on wing loading, presentation of landing field performance on 
a chart such as Fig. 1 i s  still appropriate. 

the plot of Fig. 1. Here it is immediately apparent that an airplane selected for optimum cruise 
performance will tend to require excessive takeoff and landing field lengths. 
Provide acceptable field performance muit be made without an inordinate increase in the gross weight 
required to accomplish the mission. 
field lengths to 11,000 ft. and 4,800 ft. for takeoff and landing respectively with a moderate increase 
in takeoff gross weight to about 415,000 lb. 
correspondin8 to an engine thrust and wing area somahat greater than those required for optimum cruise 
performance. 

Fig. 2 illustrates a typical takeoff profile executed according to Federal 
Of particular significance is the lift-off speed VLO, which 

The latter is determined in test as the 

The stall 

The apparent lift coefficient in the stall, CLS, is 
Without dwelling on the 

The typical landing profile, conducted according to the FAR, is illustrated in Fig. 3. 

In a situation involving a 
Again the importance 

Here the 

’Q-pical results for a takeoff and landing performance analysis are shown in Fig. 4 superimposed on 

Compromises necessary to 

The point indicated by the cirle desigmtes a choice which keeps the 

This  results in a selection of T/W - 0.24 and V I / S  = 127 lb/ft2, 

Since the airplane in this example is obviously takeoff field length critical, the landing 
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distance selection is not significant except as it corresponds to a higher value of wing area than 
necessary to minimize gross weight. This may be desired for future growth potential. It should be 
recognized that the results of this type of study are influenced substantially by the levels of 
technology assumed in all areas, including aerodynamics, weights, and engine performance. 
high-lift technology has a major impact since improvements in & and L/D will tend to shift the 
takeoff field lines downward and the landing field lines to the right permitting a closer approach to 
the opti" cruise configuration. 

In particular, 

ldore recently, the noise characteristics of airplanes have begun to exert a significant influence 

All new transport airplanes i n  the United States must now operate under 
on the selection of design parameters, since operating restrictions due to noise can have a serious 
effect on airplane economics, 
noise regulations imposed under FAR Part 36. The essential features of these rules are illustrated in 
Fig. 5 which shows typical noise contours generated by an airplane near the airport and surrounding 
comunity. For the case shown, the noise on takeoff i s  just under the FAR limit of 108 EpmDb over a 
point 3.5 miles from the start of the runway. The noise along a sideline 0.35 N.Mi. from the runway 
centerline is somewhat less than this limit, while the noise on approach at a point 1 N . U .  from the 
runway is somewhat over the FAR limit. Thus, it is probably necessary in this case to invoke the bade 
rule which permits an exceedence in one category if it is balanced by less noise in others according to 
the trade rule indicated in Fig. 5 .  Since engine noise characteristics are influenced by the height over 
the measuring station, which in turn is determined by engine thrust and airplane L/D, it is apparent that 
airplane noise characteristics can also be superimposed on the plot of Fig. 1. 

This has been done for the takeoff case in Fig. 6 where lines of constant noise relative to the FAR 
limit are shown. The 
design point selected in Fig. 4 is also shown here and appears acceptable from the noise standpoint when 
the slight exceedence indicated is offset by the favorable sideline noise increment. However, this would 
not be true for a design selection closer to the optimum cruise point. Thus, for example, the benefits 
of a change in high-lift technology which permitted higher wing loading would not necessarily be realized 
without further efforts to reduce noise. mile it is apparent that the design of the high-lift system 
influences the low-speed characteristics (i.e. % and L/D) of the airplane, thereby affecting engine 
thrust required and noise, it is also clear that o 
source, must be exercised to arrive at the best overall compromise. 

The increments from this limit are also tabulated for sideline and approach noise. 

er desiepl trades such as more attenuated at the 

3. CHARACTERISTICS OF HIGH-LIFT SYSTEMS 

The development of high-lift schemes has had a long history in which the fundamental aims have been 
to provide practical systems which permit increases in maximum lift, C , and improvements to the low- 
speed operating envelope of the airplane; mainly through improvements%?airplane L/D. A review of the 
many approaches used in the past to apply high-lift schemes to airplanes is  clearly beyond the scope and 
intent of the present discussion, particularly since this has been well treated in the literature (cf. 
Ref. 1). 
high-lift concepts as applied to transport airplanes. The analysis will be based on relatively recent 
theoretical and experimental results obtained with mechanical devices and boundary-layer control 
techniques which are representative of the present state-of-the-art. 

3.1 Mechanical Systems 

Rather, the objective will be to illustrate a logical approach to the evaluation of various 

The low-speed polar of the airplane, such as given in Fig, 7, provides the appropriate format for 
illustrating the fundmental aerodynamic characteristics of high-lift systems. Typical lift and drag 
characteristias of a transport wing of aspect-ratio 8.0, with 34' meepback, are shown for a range of 
trailing-edge flap settings from flaps-up to the landing configuration. 
representative of a well-developed mechanical system. 
expected to extend the lift curves to higher stall angles and values of C w  while isproving the 
envelope of the individual (6* = const.) drag polars, i.e. the envelope polar. Aerodynamic improvements 
to trailing-edge flaps will generally reduce airplane attitudes at a given lift and increase values of 
C m  while reducing stall angles. 
polar, further improvements in the envelope polar can be expected at lover lift coefficients if 
significant reductions in profile drag are realized. 
plus elliptic induced drag is shown as an idealized polar to indicate the potential which still remains 
for improvement. 
substantial prosress toward narrowing the gap between the actual envelope polar and the ideal polar, but 
intensive efforts in the future will be necessary to close this gap further, 

The basic lift and drag data are 
Improvement in leading-edge device desim can be 

Although increases in will result in extending the envelope 

The c u e  corresponding to flaps-up minimum drag 

Research on the aerodynamics of high-lift devices in recent years has provided 

Fig. 8 shows typical effects to be expected for several different types of leading-odge devices. 
The favorable effect of curvature and flap chord to wing chord ratio on the lift and drag Characteristics 
of the wing are quite apparent, The designer will generally try to obtain these aerodynamic benefits 
within the constraints imposed by system weight and complexity. 
design mill also depend to a large degree on the care exercised in arrangement details such as spanwise 
extent of the flaps, supports, actuators, and eliminating or sealing gaps. 

The achievement of a totally satisfactory 

The aerodynamic Characteristics of several representative types of trailing-edge flaps are shown in 
Fig. 9. 
angles, relatively small differences in aerodpmic characteristics are indicated in the landing 
configuration. 
same value of lift at a P 0 in potential flow. Hovrever, the selection of the trailing-edge arrangement 
for a particular application will depend on the balance between takeoff and landing field requirements, 
airplane attitude lMts, buffet, as well as general arrangement considerations related to actuation, 
lateral control, flight path control and others. Weight and conplexity tend to play an even more 
important role in the selection and desia of the trailing-edge system than in the case of the leading- 
edge. 

For flap systems having comparable flap ci:ord to wing chord ratios, with equivalent deflection 

Equivalent flap deflections correspond to the angles required in each case to give the 
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I 

Airplane low-speed performance cliaracteristics are most conveniently understood and evaluated by 

In most 

The researcher 

converting the conventional drag polar to a plot of L/n versus CL. 
this form, including the envelope polar and the idealized polar represented as C b  + Q2hA. 
applications it is important for the designer to consider how improvements to the system may be 
accomplished and to what extent compromises should be made to achieve aerodynamic gains, 
also is interested in finding ways to measure progress and to determine where effort is needed to provide 
further improvement, At any stage of high-lift system developaent, the area between the envelope polar 
and the ideal polar tends to be indicative of the potential for performance improvement. 
should the major effort be concentrated? While the answer to this question is never completely 
straightforward, the various areas indicated in Fig. 10 generally represent the major drag components 
attributable to the items noted. It will usually be found that improvement to both the leading-edge and 
trailing-edge flap shapes offers substantial opportunities for reduction of profile drag. 
can be reduced significantly by eliminating flap cutouts and extending the flap span. However, the trim 
drag penalty associated with flap span extensions on swept wings tends to reduce the benefit to rather 
smallvalues. Recent tests also tend 
to indicate that the induced drag penalty due to the fuselage is quite small, even at large flap angles, 
if reasonable care is taken to provide a clean wing-fuselage juncture. However, some loss in C u  will 
occur, 
since the leading-edge and trailing-edge devices do not provide a sufficiently close approach to the 
desired camber. 
substantial part of the area labelled "non-ideal camber" represents viscous drag which cannot be 
completely eliminated even with extraordinary methods such as suction boundary-layer control. 
between the curve labelled "operational limit" and the envelope polar also represents improvement 
potential. 
coefficient CLV , at a given flap setting, is equal to an appropriate fraction (in this case, 1/1.60) of 
the FAR stall dft coefficient CLS. As discussed previously, this number may not be greater than 1/1& 
and is one of the restrictions which must be observed for takeoff. 
tend to move these operating points to the right bringing the operational limit curve closer to the 
envelope polar. 
corresponding lift coefficient However, an 
operating curve corresponding to this 1 M t  cannot be shown on the plot since the lift-drag 
characteristics are substantially changed by ground effects. 
aerodynamic improvement which increases Qv2 tends to increase 
necessary to consider both limits simultaneously in the evaluation of high-lift systems. 

Fig. 10 shows the data of Fig. 7 in 

But where 

Induced drag 

Substantially greater benefits can be shown for a straight wing, 

At the lower flap angles, significant gains could be expected from better airfoil camber shape 

A At higher flap angles, these devices can more nearly match the ideal camber shape. 

The area 

The operational limit curve constitutes the locus of points for which the operating lift 

Thus, any improvement in C- will 

It will be remembered that the lower limit on lift-off speed is  related to Vm, or the 
C m ,  so that this also controls the takeoff distance. 

Because experience shows that an 
proportionally, it is usually not 

Certain relationships between airplane aerodynamic characteristics and takeoff and landing 
perfonnance are now considered, 
distance, where the flap angle is selected to correspond to the appropriate point on the operational 
limit curve of Fig, 10. 
corresponding to the value of CL above which the air distance increases total distance faster than the 
ground run reduces it. 
gradient is less than required; i.e. 0.030 for one engine inoperative. At a given gross weight, 
improvements in the L/D envelope and/or the operational limit will tend to reduce takeoff distances and 
to shift the second segment line to the right. 

Fig. 11 shows the effects of takeoff lift coefficient on takeoff 

It will be noted that there is a Q for which the distance is minimum 

The dashed curve corresponds to the weight beyond which the second segment climb 

In a similar fashion Fig, 12 shows the effect of C m  on the FAR landing field length where the 
flap angles can be selected to correspond to the values of C h  indicated. 
weight, the field length continues to decrease as & increases in contrast to the takeoff case. 
the weight increases for a given airplane/engine combination, the landing climbout limit is reached 
(dashed line) beyond which the all-engine climb gradient is less than required. 
corresponding to a landing speed of 150 kt. is referenced to indicate an area above which operatiod 
problems related primarily to speed may be encountered. 

IIowever, at a given gross 
As 

A field length 

We now consider the impact of the various improvement possibilities previously discussed on airplane 
takeoff and landing performance. The operational limit curve of Fig. 10 is reproduced in Fig. 13 
corresponding to the basic LID envelope of the airplane. Also shown is an operational limit curve 
corresponding to the L/D envelope and C u  values associated with the potential improvement level for 
leading-odge devices. 

limit is reached. 
constant values of second-segment-limited weight. 
can be read at points where the airplane operational limit curve crosses the appropriate field length and 
weight curves. 
due to aerodynamic improvements such as those indicated in Fig. 10. 
the operating point for a takeoff distance of 10,000 ft. for which the takeoff gross neight is 395,000 lb. 
However, if the potential indicated for leading-edge shape improvements can be realized, the new operating 
point indicated by the triangle, permits a takeoff weight of 413,000 lb. from the same field. 
of about 18,000 lb. takeoff weight can be used to provide more range and/or payload capability. 

For a given airplane, the variation of L/D with required for constant takeoff 
distance can be shown with each point on the curve corresponding to a we 9 ght at which the second segment 

Tgpical values of field lenath are given in Fig. 13 along with a crossplot for 
Thus, actual field lengths and corresponding weights 

This approach provides a convenient method for determining gains in takeoff performance 
For example, the circle indicates 

The gain 

A procedure similar to the above could be followed for the landing case, where lines of constant 
field length would correspond to weights limited by the landing climbout requirement. However, transport 
airplanes are not often limited by the climbout requirement due to relatively low landing weights and the 
moderate values of % needed for available fields. 
devices. 
is shown for a typical situation. For the landing flap polar, an adjustment has been made in the drag 
level to account for landing gear drag. In this case, the airplane, in the landing configuration, has 
higher L/D than necessary and improvements to the L/D envelope will not change the landing performance 
although approach noise could be reduced. 
shorter landing distances are required and this could conceivably cause the climb-out limit to be 
critical for short fields. 

These are normally achievable with meohanical 
Referring back to Fig. 10, the curve corresponding to the climbout limit at the landing weight 

On the other hand, improvements to C- will be necessary if 
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The gains in takeoff performance corresponding to the elimination of the various major drag 
contributors can now be summarized in a plot such as that of Fig. 14. 
efficiency factor, e in the equation, C, + c12/rAe which describes an "improved" envelope polar lying 
in the area between the basic envelope polar and the ideal polar. 
curves of Fig. 10 by selecting the appropriate values of e. 
found corresponding to appropriate values of & for each trailing-edge flap setting. 
from Fig. 14 that substantial gains in takeoff gross weight and field length reductions are attributable 
to the reduction or elimination of the various sources of drag. While the noise reduction associated 
with improvement in L/D is significant, the possible gain here is not the major reason to seek high-lift 
system Improvements since other means, such as engine noise treatment, are available to reduce noise. 
The tradeoff possibilities are very complex and beyond the scope of this discussion. While the 
potential gains indicated here are very attractive, it must be recognized that continued effort in 
aerodynamics and the development and application of advanced concepts will be necessary to achieve 
progress in an area which becomes increasingly difficult to exploit as the ideal polar is approached. 

3.2 hdary-Layer Control Devices 

These are plotted versus the 

Such polars can be associated with the 
The related operational limit curves are 

It is apparent 

Since the first experiments with boundary-layer control (ELC) over sixty years ago, a great many 
different applications of the fundamental concepts have been tried, alone and in combination with 
various mechanical devices. 
areas on aerodynamic surfaces subject to flow separation followed fairly soon thereafter. 
research activity in both the United States and Europe led to intensive efforts, particularly following 
World W a r  11, to apply both suction and blowing BLC concepts to military airplanes. 
practical hifficulties and lack of a clear demonstration of decisive advantage, no significant 
applications of BLC to commercial transports have appeared to the present time. 
from the following:- 

1)  

2) 

Although ideas on suction developed first, the use of blowing at critical 
Periods of 

However, owing to 

Fundamentally this stems 

Airport runways have continually been extended to permit the operation of larger and heavier 
airplanes at higher takeoff and landing speeds. 

Improvements in the design of mechanical high-lift systems have tended to keep pace with the trend 
toward higher wing loading so that benefits from the use of DLC techniques have not appeared 
sufficiently attractive. 

However, the developing trend toward STOL airplanes will almost certainly make the use of some form 
of lift augmentation mandatory. 

3.2.1 Blowing Boundary-Layer Control 

For purposes of the present discussion, the possibilities for the application of BIE techniques to 
transport-type airplanes will be explored on the basis of some of the more promising ,practical approaches. 
Fig. 15 illustrates several basic ways in which the blowing BLC prirdple can be applied to the leading- 
edge and trailing-edge of a wing. At the leading-edge, the incorporation of single or multiple blowing 
slots has been shown to be very effective in increasing &. Nonnally it is expected that increasing 
the momentum coefficient C,, will lead to higher stall angles and C h .  
develops high peak pressures at moderate angle-of-attack, thus leading to the early onset of local sonic 
flow. This tends to limit the BLC effectiveness to fairly low values of Cp corresponding to the angle- 
of-attaok at which strong shock waves begin to appear. This situation can be alleviated by incorporating 
a leading-edge device such as a Krueger flap, but maximum effectiveness is obtained with a curved flap, 
At the trailing-edge, blowing from the shroud over a simple flap has been the subject of extensive 
research. It is an effective way to increase the lift capability of a flap system featuring mechanical 
simplicity and low weight. 
otherwise conventio@ single-slotted flap. The ejector nozzle arrangement achieves the same effect as 
shroud blowing, with mbstantially less power, due to ejector augmentation. 
application of this concept to the being 707 prototype and the corresponding wind-tunnel and flight 
results. 

However, the leading-edge 

On the other hand, certain advantages can be shown for flap blowing on an 

Ref. 2 discusses the 

Obviously this principle has potential in any application where high pressure air is available. 

Fig. 16 shows representative two-dimensional data for leading-edge BLC configurations. Blowing on a 
plain leading-edge is highly effective at low $ althowh effectiveness levels off beyond C P 0.03 due 
to the onset of sonic flow at the leading-edge. The added effectiveness of two o r  more slo&s tends to be 
marginal. The Krueger flap maintains BLC effectiveness to somewhat higher values of C,,, although it also 
shows a tendency to level off as the peak pressures at the flap-wing intersection become too high. The 
curved flap, in addition to having somewhat higher effectiveness at low Cp, maintains BLC effectiveness 
up to substantially higher values of C,, than shown in the plot. 

trailing-edge flap deflected to high angles, reduces the tendency for the flap to separate as C is 
increased. For example, with shroud blowing, the lift coefficient at a = 0 increases with C,, &til the 
point is reached at which the flow is completely attached. Beyond C fl  0.03, the loner rate of lift gain 
is associated with the jet-flap regime of operation. The single-slotted flap becomes fully attached at a 
substantially loner Cp since it has less separation initially. 0.015, BLC effectiveness is 
characteristic of the jet-flap regime. 
shroud blowing except that it produces significantly higher values of &. Full-wale results (2) show 
somewhat greater advantage for the ejector nozzle concept. 

is analogous to that used for mechanical systems, provided the weight penalties of the BLC system are 
properly accounted for. 
blowing combined with a double-slotted trailing-edge flap is first w e d  in comparison with the 

Fig. 17 shows lifting characteristics for several training-edge BLC configurations. Blowing over a 

Beyond C 
The ejector nozzle in this case !&pears about equivalent to 

The evaluation of various high-Uft concepts using blowing BLC can be carried out in a "er which 

The performance potential for a representative system incorporating leading-edge 



mechanical flap system previously used. The latter polars are reproduced in Fig, 18 along with the 
corresponding operational limit line, 
problem is really one of optimization to select the appropriate level of C,, and flap angle for each 
field length. 
units (APU) installed in the airplane. The mechanical flap airplane will be compared with a BLC 
configuration for which the weight of the Bmr and the BLC system (i.e. ducting valves, etc) is compensated 
by a corresponding reduction in the weight, and therefore thrust, of the main propulsion system. 
drag polar data from the wind-tunnel includes the residual thrust from BLC nozzles and careful analysis 
shows that a large fraction of the theoretical nozzle thrust is usually recovered, appearing as excess 
momentum in the wing wake over a large range of C,,, including static conditions, 
to credit the APU with the full BLC nozzle thrust. 
represented by 

In performing this assessment, it must be recognized that the 

For present purposes it will be assumed that the ELC air is supplied by auxiliary power 

The 

Thus it is appropriate 
The equivalent drae of the airplane is then 

= CDB + C,, where CDB is based on the measured balance force in the wind direction, 

To carry out the optimization process, the polar set for the complete range of flap angles is 
plotted for several values of Furthermore, 

new level of total thrust for each C,,. Even though full credit is taken for the APU thrust, the total 
thrust for the BLC airplane is less than that of the mechanical flap airplane by 8n increment given by 
the relation, AT/m 0 -1.2 $/CL, corresponding to the installed weights and cycle characteristics of the 
BLC system, the APU and engines. Fig. 18 shows the results o f  the evaluation process, where the dashed 
pow corresponds to the C,, level and flap angle associated with the 10,000 ft. takeoff distance. The 
adjusted field length lines correspond to the reduced total thrust available at each field length with 
tick marks indicating the noted values of takeoff weight. 
shom as the locus of points corresponding to the optimum C,, and flap angle for each field length 
considered, where the optimum is determined by the maxi” gain in takeoff gross weight at a given field 
length. Again, choosirq an example for 10,000 ft. takeoff distance, it is seen that the BLC system will 
permit a takeoff weight of 403,000 lb. corresponding to the point indicated by the square in Fig. 18. 
Since the basic flap system allows only 395,000 lb. on takeoff, a gain of 8,000 lb. takeoff weight c811 be 
credited to the leading-edge BLC system. 
takeoff field length would be about 600 ft. While these gains may not be sufficiently attractive to 
introduce the additional complication of BLC, into the high-lift system design, the sensitivity of the 
performance gains to the available technology and the developing state-of-the-art requires continued 
reappraisal of blowing BLC applications. For airplanes designed to operate from smaller fields, the 
performance gains would begin to appear quite attractive. 

and the corresponding operational limit lines determined. 
the mapping for constant field E ength and second-segment-limited weight is plotted to correspond to the 

The composite operational limit line is also 

At a weight of 400,000 lb. the corresponding reduction in 

Where the emphasis is on takeoff performance, the results of studies based on wind-tunnel tests tend 
to show that BLC applied to the trailing-edge has marginal potential. 
two-dimensional data shown in Fig. 17 which indicates that a well-designed double-slotted flap produces a 
lift coefficient at zero angle-of-attack, Clap 0 quite close to the potential flow value. 
of BLC to such a flap would be expected to yield a lift variation with $ typical of  the jet-flap regime, 
resulting in low BLC effectiveness. 
little mixing of the jet with the wing upper surface boundary-layer can take place at low values of Cp. 
Complete airplane model tests in the wind-tunnel confirm these expectations, so that there appears to be 
no advantage to trailing-edge BLC for takeoff. 

“his is strongly implied by the 

The application 

Similarly the variation of C h  with C,, should reflect the fact that 

For applications where landing performance is more important, particularly for STOL operation, the 
use of trailing-edge EIC may be attractive; e.g. in cases where airplane attitude is restricted or  the 
overall scheme depends on maintaining flap effectiveness to very high angles. 
applications, however, it is difficult to overcome the advantages of leading-edge BLC with curved flaps 
combined with large, effective trailing-edge mechanical flaps. 

3.2.2 Suction Boundary-Layer Control 

In most transport 

We now turn to a discussion of the _mssibilities for suction BLC applications. While considerable 
research has been devoted to suction BLC concepts in the past and some flight work accomplished, these 
efforts have been quite meager in comparison to the extensive work with blowing BLC. 
BLC concepts have been based on the principle of continuous removal of a portion of the bOUd81y-hyer 
through porous surfaces, such as illustrated in Fig. 19. Nore recently there has been interest in the 
me of multiple suction slots at either the leading-edge or on trailing-edge flaps to lceep the boundary- 
layer attached. 
where a high pressure source of air is available. 
of the main flap surface is accomplished by ejector action. 
over the second segment. 
the leading-edge o r  trailing-edge. 

with a 1 3  chord curved flap. 
The effectiveness of the suction BLC measured in terms of power required to achieve a given increment in 

However, there is no easy way to generalize this 
:*ionship since the system details axe very important in such a comparison. &so, the suction BLC 
system is inherently limited since a cutoff in effectiveness occurs at the CQ corresponding to complete 
removal of the boundary layer at the last downstream slot. 

Most of the suction 

Combined suction and blowing BLC is a fairly old concept which has seemed attractive 
Fig. 19 shows one variation of this idea where suction 

The mixed stream is then ejected tangentially 
It is apparent that this principle can be applied in a variety of vtays at either 

Fig. 20 show some typical two-dimensional results obtained with leading-edge suction in combination 
The dashed curves are estiaations based on known levels of C k  at CQ = 0. 

can be three or four tiines that of blowing BLC. 

The results of tests on a single-slotted trailing-edge flap with multiple suction slots are shown 
in Fig. 21. 
all slots axe vented to the same plenum. 
distribution. 
the results at higher CQ are better with more slots. 

The effects of several combinations of slots on Cla, are found for an arrangement where 
The slot widths were selected to provide the desired inflow 

It is apparent that the first two slots are most effective in podwing attachment although 
The dashed line indicates the envelope of the curves 
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shown and represents the maximum suction effectiveness obtained for this type of flap. The curve of 
C h  versus CQ demonstrates that trailing-edge suction is about 6% as effective as suction applied at 
the leading-edge over the range of CQ shown here. 

The applioation of suction BLC to high-lift system design is generally considered to be more 
difficult than for blowing BLC, because of the need to provide a highly-integrated well-balanced air 
distribution and power system, Since there is relatively little experience with this type of BLC in 
practical installations, it is probably too early to assess the ultimate potential of suction BLC for 
high-lift applications. Nevertheless, it is possible to carry out studies based on existing data and to 
evaluate suction BLC on the same basis used for the other high-lift schemes. 

Typical results for a system using suction BLC in combination with a curved leading-edge flap and a 
double-slotted trailing-edge flap are illustrated in Fig. 22, where the lift-drag characteristics of the 
basic mechanical flap system are shown for compaxison purposes. As in the blowing case, the correct 
approach is to assess the performance of the system at several BLC levels corresponding, in this case, 
to appropriate values of CQ. Again the mechanical flap airplane is compared with the BLC configuration 
for which the weight of the Bpu and the BLC system is  compensated by a corresponding reduction in the 
weight, and therefore thrust, of the main propulsion system. In this assessment, the power for suction 
is assumed to be supplied by an LKI which exhausts the suction flow at the freestream velocity for the 
climbout condition on takeoff. Therefore, only the primary thrust plus an amount corresponding to the 
suction flow at an appropriate lower speed is credited to the AFTl for takeoff. 
on the results of limited wind-tunnel tests, with adjustments to measured drag to account for the inflow 
momentum of the suction flovr, but no correction for suction power required. 
evaluation process is caxried out in the same fashion as for the blowing BLC case. 
thrust of the suction BLC airplane is less than that of the mechanioal flap airplane by an increment 
given by the relation, bT/W 
characteristics of the BLC system, the and engines. Fig. 22 shows the results of the evaluation 
process where the dashed polar corresponds to the CQ level and flap angle associated with the 10,000 ft. 
takeoff distance. 
each field length with the noted values of takeoff weight indicated by tick marks along these Unes. 
The composite operational limit line is the locus of points corresponding to the optimum C and flsp 
angle for each field length, where the optimum is determined by the "m gain in takeof! w s s  weight 
at a given field length. The difference between the composite operatiod limit line and the mechanical 
flap operational limit line is indicative of the potential for gain in takeoff weight which becomes 
larger as the field length decreases. 
suction BLC airplane is found to be 4lO,OOO lb. corresponding to the point indicated by the square in 
Fig. 22. 
BLC for this comparison is 15,000 lb. 
is about 1100 ft. 

The drag p o k s  are based 

The optidmation and 
& b i n  the total 

-6.5 C Q / ~  which corresponds to the htalled weights and cycle 

The adjusted field length lines correspond to the reduoed total thrust available at 

At a takeoff distance of 10,000 ft., the takeoff weight for the 

Since the mechanical system permits a takeoff weight of 3 9 , O a O  lb., the gain due to suction 
The reduction in takeoff field length at a weight of 4O0,OOO lb. 

The performanoe gains quoted are quite attractive and indicate substantially better potential for 
suction BLC than for blowing BLC. 
depending on advances in the technology and experience in actual application of BLC concepts. 
airplanes designed for shorter field operation, suction BLC appears to be less attractive than blowing 
because of the inherent limitations discussed earUer. 

However, it should be remembered that the relationship can change 
For 

The potential for the application of suction BLC to trailing-edge devices appears to be llmited for 
reasons similar to those which apply for blowing BLC. 
suction is not subject to the same limitation at high CQ as in the leading-edge case. 
the fact that trailing-edge suction, properly applied, can work on the boundary-layer generated on the 
wing ahead of the suction location. 

However, there is evidence that trailing-edge 
'&is is related to 

This may be important for applioation to short field designs. 

4. - ' L I F r  

For some time, there has been a developing interest in the possibilities for the application of high- 
lift concepts coupled with the direct use of engine thruat to achieve really short takeoff and landing 
(SML) performance for commercial .airplanes. 
lift and deflected engine thrust in various ways have been studied in the past (e.g. Ref. 3) to evaluate 
overall suitability of such schemes for commercial application. 

1) 

2) 

A number of different concepts combining both high wing 

These include:- 

The high-lift wing using BLC at either the leading-edge or twling-edge combined with cruise engine 
thrust deflection. 

The jet-flap concept (4) which uses a major portion of the engine flow distributed along the 
trailing-edge and exhausting over the flap. 
extension of the jet-flap idea incorporating the ejector principle. 

The externally-blown flap (6) in which the cruise engine exhaust flm is directed at the undersurface 
of the trailing-edge flap. 

The direct-lift concept which incorporates separate Ufting engines (either turbofan or turbojet) 
with a high-lift wing. 
wing lift level achieved. 

However, no STOL configuration has yet emerged which clearly demonstrates all the essential features 

The more recent augmentor-wing concept (5) is an 

3) 

4) 
The deflection of the cruise engine thrust may be optional depending on the 

necessary for successful operation in a viable transportation system using such aircraft. 
will depend to a large degree on the penalties (e.g. operational, weight, cost, etc.) which must be 
accepted to achieve STOL capability, and meet stringent noise requirements at close-in fields. 

Clearly, this 



Some of the fundamental problems and important performance and design parameters related to STOL 
aircraft can be examined oonveniently by considering a somewhat idealized configuration which includes 
the essential elements of most STOL concepts. 
and limitations of SML aircraft. 

The aim will be to explore some of the basic requirements 

Fig. 23 shows the thrust requirements in level flight for an airplane incorporating cruise engines 
It is also assumed that the envelope drag polar of such an which can be vectored to any desired angle. 

airplane is parabolio with C D ~  - 0.065, A - 8.5, and e - 0.85. Each of the solid lines corresponds to a 
given thrust deflection angle for the total installed thrust. The mini”  thrust requirement corresponds 
to the envelope of the constant deflection curves which indicates a steady increase in Tfi to a value of 
1.0 88 the speed decreases to zero. 
nearly optimum over a large range of speed down to at least 50 knots. 

by plotting Tfi v e r a  speed for constant values of %. 
a landing distance scale along the abscissa. 
path over a 60 ft. obstacle and an average braking coeffioient p of 0.4. 
shown for Y - -3O, Oo, and + 3 O ,  to indicate the sensitivity of thrust requirements to the flight path. 
Although the constant CL lines are given only for level flight, for small values of Y they essentially 
expand (or shrink) vertically relative to the point T/?I = 1.0. 
approaching 1500 ft., very high values of CL are required in order to minimize thrust requirements. 
the other hand, if CI, is limited, for example to a value of 4.0, the thrust required is nearly twice the 
minimum and the required thrust deflection (of. Fig. 23) is about 80’. However, even this level of Uft 
would require substantial BLC levels to provide the required operating margin. 
1500 ft., the minimum thrust requirements rapidly increase and the thrust increments required because of 
aeroaynamic lift limitations become even larger. 

It is significant that thrust deflection of 20 degrees is very 

The landing performance of a STOL airplane with deflected thrust can be examined more conveniently 

The perfommce envelopes are 

This has been dons in Fig. 24 which also includes 
The landing distance calculations are based on a 6’ approach 

It is apparent that for landing distances 
On 

For field lengths below 

An alternative scheme for a SML configwation could involve the use of the det-flap concept, which 
has been the subject of considerable research in the past. 
the performance envelope (Y E Oo) corresponding to wind tunnel data from NASA research (7) in this area. 
A close approach to the ideal perfomce envelope indicates the potential of the jet-flap concept for 
SML provided practical schemes can be developed for application. 

The curve represented by the large dots shows 

An analysis of the takeoff situation for SML operation can be carried out on a basis similar to 

The required T/W is shown 

that illustrated above in the landing case. 
takeoff distance is not a simple function of takeoff speed. 
this type of analysis are presented in Fig. 25 for a four-engine airplane. 
for different wing lift levels and also for several values of takeoff distance corresponding to an engine 
failure at the critical speed. 
to the minimum installed T/m required at any speed. 
and lift coefficient for each field length case. 
required thrust deflection and lift coefficient are very similar to those found for the landing situation, 
indicatirq little need f o r  thrust deflection when operating on the envelope below a lift coefficient of 
4.0. Thus, in either the takeoff o r  landing situation, several fundamental conclusions become evident:- 

1) It is important to achieve the proper wing lift levels in order to minimize the installed T/W for : 
SML airplanes. 

When optimum lift levels can be obtained, thrust deflection is relatively unimportant. 

When the wing lift is limited, increased thrust levels along with thrust deflection must be used to 
provide STOL performance capability. 

However, the problem is slightly more complex since the 
Using the previous format, the results of 

The performance envelope for each value of takeoff distance corresponds 
As expected, there is also an optimum takeoff speed 

The analysis also shows that the relationships between 

2 )  

3) 

5. STABILITY AND CONTROL CONSIDEBATIONS 

It is not unusual in the initial development of high-lift systems to find that problems related to 
stability and control are considered to be of secondary importance. 
where such considerations will compromise the selection of effective high-lift schemes. 
factors directly related to high-lift system design often have a critical influence on the selection of 
those aspects of the airplane geometry and systems which determine its stability and control 
chesacteristics. 
conditions introduce severe control effectiveness requirements. 

Certainly there are few instances 
Nevertheless, 

These can be very critical for STOL airplanes where ION speeds and engine-out 

Fig. 26 illustrates in a fairly general way, the important effects of trim requirements on lift. 
These are given in terms of the 4% required to trim the airplene in the approach condition as a function 
of trimmed C b .  generally correspond to increased flap angles requiring 
substantial increments in down tail-load to balance the wing pitching moments. hiling-edge ELC appears 
somewhat nore difficult to trim than mechanical flaps. 
relatively little incremental tail-load since the lift is derived basically from increased wing angle-of- 
attack. The lines labelled “L.E. BJICt9 in Fig. 26 start from points on the general trend line for 
mechanical trailing-edge flaps corresponding to different flap angles. 

Increasing values of 

On the other hand, leading-edge BLC requires 

An earlier discussion of trim requirements pointed out some of the adverse effects on airplane L/D. 
Fig. 27 shows general trends in L/D for different kinds of high-lift devices. 
adverse effects of trim to level out and decrease somenhat at higher values of C m  corresponding to 
large-chord trailing-edge flaps deflected to high an&es. 
analysis and is attributable to the polar shape at high values of CJ,. 
edge BLC appear slightly favorable because of the sibnificant favorable effect of blowing on trailing- 
edge flap effectiveness and the relatively small pitching moments due to angle-of-attack increments. 

Tendencies exist for the 

This trend can be demonstrated by theoretical 
Increments in L/D due to leading- 
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The arrangement of the lateral control system almost inevitably interacts strongly with the high- 
lift system layout. One arrangement which has been used extensively, includes an inboard aileron to 
provide a spoiler backup and lateral trim surface which mill not reverse at high speed, The induced 
drag penalties associated with such a device are indicated in Fig. 28 and have been discussed previously 
in relation to possible perfom-nce gains. The incorporation of the outboard aileron which is used only 
for low-speed operation is comgatible with the use of part-span flaps. For moderate to large wing sweep, 
little or no penalty in drag results since any reduction in irduced drag attributable to the use of full- 
span flaps is largely cancelled by a trim drag increment. 

While many factors must be considered in selecting the size of the horizontal tail, the impact of 
the high-lift system design is evident in Fi&. 29. 
limit sets one requirement for tail size. A further requirement to trim at the forward C.G. limit of the 
airplane depends substantially on approach speed o r  lift coefficient. 
result in a specified C.G. range, B lover design approach speed has the effect of increasing the required 
tail volume. 
but this again must be obtained by more sophistication in the airfoil sections used on the tail or by 
incorporating high-lift devices. 

The line corresponding to the aft C.G. stability 

Since airplane loading requirements 

Reductions in tail size can be achieved by increasing the operating tail lift coefficient, 

The effect of p u n d  proximity on the aerodynamic characteristics of the airplane becomes 
increasingly important as lift levels increase. 
considerable research, particularly in relation to the development of practical STOL and VTOL 
configurations. However, the results are complex and highly confi@ration dependent rendering them 
beyond the scope of the present discussion. 
airplanes, while significant, are generally not critical. 
characteristics to be expected between free-air conditions and a heieht corresponding to touchdown. 
particular importance is that a significant margin between Gpp and 
landing case. 
configurations using large amounts of deflected thrust. 
deflection must be available to compensate for the reduction in doivmash at the tail as the ground is 
approached. For the takeoff case, ground effect can have an important influence on the Vm that the 
airplane can demonstrate. An unfavorable impact on takeoff performance during abuse tests can also be 
expected, particularly if the geometry of the airplane pennits rotation to angles which result in high 
drag. 

This phenomenon continues to be the subject of 

The effects of p u n d  proximity on conventional transport 

at h/c = 0.8 exists for the 

Fig. 30 illustrates the range of aerodynamic 
Of 

Adequate margins are frequently lacking for operation in the STOL regime particularly for 
Also sufficient elevator or stabilizer 

6. I1E& UIRED RES?URCH NlI? DEVELOPNEhT 

It has been pointed out that the technology of high-lift is still a developing one and that 
substantid low-speed performance gains may be achieved with continued emphasis on research and 
developnent. 
Substantial payoff, the following are considered to be of major importance:- 

1) 

Although it is difficult to foresee all the areas of research which will provide 

ldechanical devices have been extensively developed and refined in the past. 
substantial opportunity for performance improvement still exists if ways can be found to increase 
section L/D and C w .  This will most likely follow from the application of advanced aerodynamic 
analysis methods which are capable of predicting the flow about complex wing and flap geometries. 
Further progress may also be expected from the imaginative application of sound aerodynamic 
principles to the development of new concepts with subsequent evaluation and improvement in the 
wind-tunnel. 

Boundary-layer control schemes have been the subject of intensive research for many years and their 
potential in transport applications is only now beginning to appear attractive. 
BLC has to this point received mjor emphasis, there may still be possibilities for further 
improvement in terms of the power required to achieve a given lift level. 
hand, has received relatively little attention. 
more potential than blowing in transport applications. 
research and design application is needed to realize the inherent advantages of this technique. 

Reynolds number effects have always introduced unknowns into the process of predicting full-scale 
airplane perfonnance on the basis of model tests. 
cause of serioue unanticipated performance deficiencies. 
in most instances, substantial evidence exists pointing t o  relatively large variations of aerodynamic 
characteristics (e.g. L/D, b, C$ over the range of Reynolds number between wind-tunnel and 
flight conditions. 
tunnel test, or previous flight experience, the inherent technical risks may be acceptable. 
However, as new high-lift concepts and techniques evolve, it becomes increasingly imlmrtant to test 
at Reynolds numbers approaching full-scale. 
involved introduces a substantial lag between concept development and application. 
recognition of the need for data at high Reynolds numbers had led to some development and adaptation 
of existing facilities as well as the construction of several new tunnels in the United States and 
elsewhere. 
approaching those of today‘s large aircraft. 

Theoreticel methods for analysis and design of aerodynamic configurations have seen extensive 
development and use during the last ten years or more. This has been possible because of the 
general availability of high-speed digital computing equipment. Such methods usually apply to the 
potential flow about two- or three-dimensional shapes and are extremely useful in predicting flow 
characteristics under a wide variety of conditions. Also, methods of analyzing the boundary-layer 
have been developed, particularly for predicting two-dimensional flow characteristics. Nhile some 
progzess may still be achieved using present approaches, more effective theoretical techniques are 

Nevertheless, 

2) 
Even thou& blowing 

Suction BLC, on the other 
E!” a fundamental standpoint, it appears to offer 

However, much more effort in aerodynamic 

3) 
In certain instances they have been cited as the 

While it is difficult to make a hard case 

As long as these variations are fairly predictable on the basis of theory, sind- 

If this is not done, uncertainty regarding the risks 
Increasing 

A need still exists for reseaxch facilities which can provide Reynolds numbers 

4) 
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essential to permit the aerodynamic analysis of complex shapes. To achieve realistic results, new 
methods must treat the interactions between the potential flow and the boundary-layer essentially 
on a unified basis in which the three-dimensional aspects of the boundary-layer flou? are accounted 
for. 

7. comcLus10I?s 

A review of contemporary applications of high-lift schemes to transport airplane design has shown 
that the development of mechanical devices has tended to keep pace with the need for better high-lift 
systems. 
low-speed performance generally indicate that more effective high-lift systems could lead to loner direct 
operating cost thmugh loner design gross weight. 
improvement shows that substantial low-speed performance gains may still be achieved i f  research and 
design efforts are appropriately directed. 

However, parametrio design studies involving the match between airplane cruise-efficiency and 

Examination of the possibilities for aerodynarnic 

An assessment of various high-lift concepts including suction and blowing BLC has been given in 
terms of their respective low-speed performance potentials. 
mechanical systems are quite well-adapted to meet the requirements of long-range transports operating 
from long runways. The use of ELC techniques, particularly suction, may provide significant performance 
gains if proper application of current technology can be made. However, a continuing reappraisal of the 
potential of competing schemes is necessary, as high-lift technology continues to develop and improvements 
i n  one -ea change the basis for comparison with others. 

It is shown that the best of today's 

On the other hand, it can be concluded that the application of BLC techniques in high-lift system 
desia becomes quite attractive when the airplane must operate from shorter fields. For very short field 
lengths characteristic of STOL operation, the use of BLC appears mandatory along with some form of direct 
lift. 
trailing-edge flap may also be attractive. 

Alternate schemes involving lift augmentation such as the jet-flap, or external blowing on the 

A discussion of stability and control problems related to high-lift system development has touched 
on the more important interfaces. 
arrangement of the lateral control system interact most directly with the high-lift system. 
effect is not usually a substantial factor in the configuration development of the high-lift system a8 
long as the operating lift coefficient is not too high. 
STOL operation, large adverse effects may result, particularly if some form of direct-lift is involved. 
These effects are highly configuration dependent, making it difficult to carry out eeneral studies which 
can be used in a specific application. 

From the design standpoint, the selection of tail size and the 
Ground 

However, at lift coefficients necessary for 
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SUMMARY OF DISCUSSION 

relating to 

TRANSPORT APPLICATIONS FOR HIGH-LIFT SCHEMES 

1. Take-off and Landiw Design-point Distances (Fig. 4 of Paper) 

The take-off distance of 11,000 ft. was chosen here as being representative 
for a contemporary long-range jet transport. Since the aircraft in this particular 
example is obviously take-off field length critical, the prescribed landing distance 
,of 4,800 ft. is not significant here except that it corresponds to a somewhat higher 
value of wing area than would be necessary to minimise gross weight while meeting 
the take-off distance requirement. This would be desirable to provide growth 
potential. 

2. Difference between the Slat and L.E. Flap Configurations in Fig. 8 of Paper 

Since the slat is a device which is deployed from the upper surface of the 
wing, its shape cannot easily conform to the ideal contour necessary to achieve the 
highest C . Experience shows that a L.E. flap which is deployed from the lower 
surface chase made flexible and incorporate a rotating nose-piece. These features 
taken together provide the ideal surface contour needed. shown 
in Fig. 8 for these two devices are representative of the landing configu&%fon 
for a wing with 35 degrees sweep. 

The values of C 

3 .  Accentuation of High-speed Buffet Problems by High Wing Loading 

Some contributors argued that, since high-speed buffet problems tend to be 
accentuated by high wing loading, it would appear difficult to justify a design point 
aelection close to the optimum indicated in Fig. 1 of the paper. 
whether this offsetethe importance of high-lift system improvements. The lecturer 
agreed that buffet considerations were indeed important and could limit the kiing 
loading of a particular aircraft design. However, he considered that there is still 
considerable pay-off for improved high-lift systems in the example given, without 
going all the way to the cruise optimum. Also, this situation served to indicate the 
importance of further wing design effort to improve high-speed buffet margins. 

It was asked also 

4. Limits Corresponding to Lift Curves for Improved Mechanical Flaps in 
Fig. 7 of Paper 

The improvement levels shown for leading-edge flaps correspond to recent 
experience at Boeing's in the analytical design of a series of devices based on 
keeping the peak pressures to a minimum. The trailing-edge levels are for full-span 
double-slotted flaps developed from similar considerations and adjusted 80 the final 
configuration on the basis of wind-tunnel tests. 
landing configuration is about 85 per cent of the potential flow value. 

The value of CL (el = 0 ) for the 

5. Basis of T.E. Flap System Selection in Fig. 9 of Paper 

Since the aerodynamics of the flap systems shown in Fig. 9 were said to be 
nearly equivalent, it was asked how other considerations such as weight, complexity, 
etc. enter into the final selection of the system. The lecturer commented that 
experi.ence with the above types of flaps indicates that chord extension can be largest 
for the triple-slotted arrangement, thus providing a significant lift advantage. 
Obviously, the complexity of the system as well as its suitability for take-off 
(and even cruise) depends on the ingenuity of the designer, so that it is difficult 
to generalise on the relative merits of the various types. However, in situations 
where landing performance (i.e. distance, speed, attitude) is critical, the triple- 
slotted flap is considered usually to have the overall advantage, in spite of small 
weight penalties and perhaps others. 
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SUMMARY 

This paper presents a general review of the more important problems associated with the 
design of high-lift systems for combat aircraft. These problems are often very complex and 
their satisfactory solution always implies a compromise between the high and low-speed 
characteristics. It must also be stressed that performance and flying qualities cannot be 
considered separately as any modification of one will have an effect on the other. 

Low-level high-speed flying requires small wing thickness to chord ratio (about 5 to 7%), 
high sweep angle (35' to 45'), small aspect-ratio (3 to 4) and high wing loadings (about 400 
to 500 kg per sq. meter). With such a wing, it is particularly difficult to provide good take-off 
and landing performance for short field operation while maintaining good flying qualities at 
low speeds. 

Very effective high-lift devices are needed to achieve the low stalling speeds required for 
short take-off and landing distances and their design must be such as to provide a satisfactory 
level of control in the low-speed flight range. 

The following review is intended to clarify the problems encountered in achieving these 
aims and to indicate ways of solving them. 
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ANALYSIS OF COMBAT AIRCRAFT APPLICATIONS 
FOR LIFT-AUGMENTATION DEVICES 

R.Taisseire 

1. DEFINITION OF THE MAXIMUM PERMISSIBLE C, 

It is generally accepted that, with the kind of aircraft we are considering, the speed, when clearing a fifty foot 
obstacle, must be at  least equal t o  1.2V, , both for take-off and for landing. 

P 

2 
V, is the stalling speed, defined by: W = - .V:.S.CL,,, . 

For  a given configuration, the maximum usable CLmax is defined as being that value of C, beyond which 
the control of the aircraft is n o  longer possible. This control loss can occur as a deterioration in either longitudinal 
flying qualities (pitch-up), or in lateral flying qualities (loss in roll control, uncontrollable motions in roll or yaw). 
One thus has t o  look first a t  the flap configuration which can produce, a t  a given angle of attack, the highest possible 
value of C, . Then, one must adapt this basic shape t o  the aircraft configuration in order to  maintain, a t  these high 
angles of  attack, acceptable longitudinal and lateral flying qualities. 

2. CHOICE OF A HIGH-LIFT DEVICE CONFIGURATION GIVING, AT SOME 
ANGLE OF ATTACK, THE HIGHEST POSSIBLE INCREASE IN C, 

2.1 Choice of the Trailing-Edge Flap 

First it must be stated that blown flaps will not be considered here. It would certainly be feasible t o  consider 
the use of blowing for certain cases, in particular on carrier-based aircraft where the deck landing problem necessitates 
very high maximum CL’s. But we think that the loss in thrust involved is only acceptable when very high T/W 
is available, and that it is possible t o  obtain very high C L m a x  - even with highly swept wings - without the compli- 
cations of blowing. This means that considering the overall balance between thrust, weight and maximum permissible 
C, , classical high-lift devices compare favourably with devices involving Boundary-Layer Control. 

Now we consider the type of flap which is most suitable for fighters. Our choice is the slotted flap with vane 
(see Figure I). In two-dimensional conditions it is able t o  give substantially higher CL’s than the single flap (up t o  
a 50% increase) and it does this without any great mechanical complications. 

The use of a triple-slotted flap would theoretically result in a two-dimensional supplementary C, of the order 
of 0.4 t o  0.5 (Fig.2), which reduces to, about 0.2 when taking the sweep and aspect-ratio into account (Fig.2). But 
in the overall balance, this gain would be reduced on wings of such small dimensions, because of very definite 
problems: 

- external fairings, resulting in high drag a t  high speeds; 

- cut-outs a t  the level of the rails and jacks, cancelling part of the gain in C, ; 
- big increase in weight; 
- maintenance problems due t o  the complexity of the device. 

Even on transport aircraft, where there is much more room for jacks, rails and rollers, the problem of the use 
of such flaps has not been easily solved. Thus for fighter aircraft, the solution of the problem can be considered 
impossible. 

Our choice of the type of flap thus being justified, we now consider the determination of its relative chord, 
of the slot’s shape and height, of the leading-edge radius, and of the flap’s optimum rearwards position. This can 
be done in various ways (see Figure 1). Some of the lecturers have spoken t o  your about such an optimization by 
theoretical methods. From a practical point of view, I think that the final and definitive choice has t o  be made in 
the wind-tunnel, using models on  which these parameters are varied. A rectangular wing model allows an approximate 
choice t o  be made, and the final adjustments are made on a model representing the aircraft. 
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Experience shows that the optimum characteristics of the flaps on such planes, are, on the average, as follows: 

- relative chord of the order of 30 to 35%; 
- maximum deflections of 40 to 45 degrees; 
- backwards position from 6 to  9% of the total chord. 

One can obtain similar results with main and secondary slots of various heights, but these slots must have a 
sufficiently converging shape to  be really effective. , Any divergence of the slot .is unacceptable (see Figure 3). 

A model built in order t o  determine the final configuration must have variable flap and vane positions, with 
both longitudinal and vertical movement; it would also be worthwhile t o  test various types of vane, considering as 
a basic parameter the leading-edge radius. 

2.2 Choice of the Wing Leading-Edge Modification 

In parallel with the definition of the trailing-edge flip, one also has to  define a type of leading-edge slat. If 

.~ . .  . .  . .  

one has a very effective trailing-edge flap, the CLmax will be determined not by stall of the flap itself, but by 
stall of the wing in front of the flap (see Figure 4). 

Correct modification of th-e leading-edge can delay - the beginning of this phenomenon. This can be achieved 
in various ways. One can camber the leading-edge, which is the less effkctive solution, o r  fit it with a movable slat, 
of which the most effective kind is the slotted one. 

In two-dimensional cases, such a slat can result in a CLmax increase of the order of 0.3 t o  0.4. Also; if well 
designed, it can give a CLmax increase of 0.15 t o  0.20 on the swept wing (see Figure 5). However, a slotted slat 
is more complex than other types of leading-edge device: jacks, rails and rollers are necessary. But, taking into 
account the resulting increase in maximum lift, and the slat's favourable effect on  the longitudinal and lateral flying 
qualities, the complication seems t o  be fully justified. 

2.3 Maximum C, in Two-Dimensional Flow 

. .  
. .  

Finally, the system of flaps and slats we have defined can give, in the two-dimensional case, a value of the 
maximum C, of the order of 3 to  3.5. 

I *  

3. FITTING THE HIGH-LIFT DEVICE ON THE AIRCRAFT TO OBTAIN 
THE MAXIMUM PERMISSIBLE C, 

The type of flaps and slats now having been defined, one has to  incorporate them efficiently on  a wing whose 
general characteristics, flaps up, have been determined by performance and flying quality considerations a t  high speeds. 

. .  

Let us recall once more the average wing's characteristics: 

- low relative thickness (5% t o  7%); 
- low aspect-ratio (3 to  4); 
- high sweep (35" to  45"). 

Before optimising a given type of high-lift device on  such a wing, one first has to  analyse its stalling mechanism, 
flaps fully down: this will give an understanding of the adverse changes which occur a t  high angles of attack, both 
in longitudinal motion as well as in lateral and transverse motion. This analysis will allow us t o  look a t  the appro- 
priate procedures for avoiding these changes and t o  obtain the best possible efficiency from the high-lift system. 

3.1 Mechanism of the Stall of a Highly-Swept Wing Developing High Lift 

The stalling mechanism of such a wing, with (or without) high-lift devices working, is roughly as follows. 
Starting from a given angle of attack, leading-edge stall begins a t  the wingtips. With increasing angle of attack, 
this stall extends towards the wing root, and the lift becomes increasingly concentrated on  the inner part of the 
wing (see Figure 6). This produces a variety of effects as follows. 

In the stalled part, the lift is decreasing, giving (due t o  the sweep) some pitch-up tendency. The smaller the 
aspect-ratio, the more limited this tendency, due t o  the fact that the aerodynamic centre moves rearwards in the 
stalled zone (see Figure 7).  On the other hand, due to  the lift concentration in the central zone, the rate of change 
of downwash de/da behind this part of the wing is increasing with angle of attack. We will see later what conclu- 
sions concerning the tailplane position are t o  be deduced from this fact. Lastly, the stall a t  the wing-tip produces 
asymmetrical phenomena (wing drop) and also some loss of control effectiveness in.roll due t o  the tip location of 
ailerons or  spoilers. Further, these troubles are accompanied by buffeting, the severity of which increases with the 
amplitude of the observed phenomena. 
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All of these factors - which one can establish in wind-tunnel tests on  models without tailplanes - can contribute 
to  limiting the maximum usable C, . One has’therefore t o  reduce their effect before considering the configuration 
of the complete aircraft (i.e. the aircraft with tailplane on). 

3.2 Solutions for Limiting the Effect of Wing-Tip Leading-Edge Stall 
on the Maximum Permissible C, 

The most obvious way to  limit the wing pitch-up and the asymmetric phenomena involved in stalling is to  modify 
the wing-tip leading-edge in order t o  prevent the wing-tip stall. 

With the exception of the deflection of the slat itself, several complementary means can be used: 

- some leading-edge extension on  part of the span (“Crusader” type leading-edge); 
- leading-edge camber; 
- wing wash-out (but  not too much, because of the corresponding increase in the wing’s angle of attack at  a 

given C,). 

Figure 8 shows all of these modifications. The spanwise extent of the leading-edge slat and of the local modifica- 
tions we have enumerated will obviously depend on  the particular case being considered, and one cannot state general 
rules. 

From the very beginning of the design it must be ensured that various combinations of slat span and chord, 
camber and degrees of wash-out can be  obtained on the wind-tunnel model. In the same way, flap and slat deflections 
and slots must be capable of being modified if necessary. 

An additional method of limiting the effects of leading-edge stall of the wing-tip is by differential deflection of 
the trailing-edge flaps - deflecting them less over the outer part of the wing. This method will be increasingly 
efficient with increasing extension of the flaps over the wing span, and is therefore most useful when full-span flaps 
are used. It is advisable - right from the beginning - t o  split the flaps a t  some spanwise locations, and also t o  
incorporate some possible adjustment of slots and, of fore-and-aft position on the wind-tunnel model. 

Finally, it  is also possible to  improve stalling conditions by using some complementary means such as leading-edge 
notches, or better, fences whose chordwise extent will be systematically varied, as will be their height and spanwise 
location (see Figure 9). Roughly speaking, the effect of such a device is t o  divide the flow into two parts of limited 
aspect-ratio, and so to  reduce the intensity of the lateral flow and of the leading-edge separation. 

The measurements made while varying these parameters must, in all cases, be guided by flow visualization, which 
is a very direct and quick means for choosing the configurations t o  be considered. 

Summing up, tests without a horizontal tailplane generally permit the choice of a configuration of slats and 
flaps which is-as good as is possible. But such tests are obviously insufficient for the estimation of the maximum 
permissible C, of the complete aircraft. This value also depends on the shape and position of the horizontal 
tailplane. 

3.3 Influence of the Height of the Horizontal Tailplane on the 
Maximum Permissible C, of the Aircraft 

Even taking as much care as is possible, one can only delay the angle of attack at  which the leading-edge tip 
separation finally occurs. On the model without a tailplane, it is in fact acceptable that a t  a very high angle of 
attack, a certain tendency for pitch-up exists. Its effect is t o  limit the nose-down C, t o  be trimmed near the 
CLmax ,. and thus to decrease the loss of C, due t o  the trimming in the vicinity of the stall (see Figure 10). 
But obviously, this pitch-up has to  be cancelled and transformed into a pitch-down on  the complete aircraft. 
This can be achieved by accurately positioning the horizontal tailplane. 

When the angle of attack is increasing, it has been seen that the lift is concentrated towards the plane of 
symmetry and that, due t o  this fact, de/da is increasing behind this part of the wing. If the tailplane is located 
within the vortex centre zone, where de/da is the most intense, it  will result in some destabilization, which will 
become increasingly stronger as the angle of attack is increased. In this case, the effect of the tailplane will be to  
increase the pitch-up. 

Let us recall that the increase in stability due t o  the tailplane can be written: 

qH acL SHLH 
At;}” = 4r{x}H. (1 - 3 sc . 

This stabilization is thus higher as de/da is smaller. 
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Now, on  one hand, the tailplane will tend t o  enter the vortex zone when the angle of  attack is increasing, if it  
is in a high position with respect t o  the wing. On the other hand, it will have a tendency t o  go away from the 
vortex, if it  is in a low position. Note that when the tailplane turns through an angle a ,  the vortex line turns 
only through E (see Figure 11) .  

Thus, one can say that the high position increases the pitch-up tendency, while the low position decreases it 
and can be expected to  give some pitch-down. This is confirmed by many experimental results, and Figure 12 
illustrates this influence of  the relative position in height of the tailplane and the wing. 

The practical conclusion is finally that, for a given wing-fuselage configuration, the maximum permissible 
CLmax will be greater with a low tail than with a high one, because in the latter case it will be limited by pitch-up. 

3.4 Buffeting Problems 

Buffeting problems are connected partly with the stall of  the wing and partly with that of the tailplane. 

It is obviously difficult t o  determine the intensity of in-flight buffeting from the usual test results giving 
overall force and moment measurements. The buffet due t o  the wing can be related t o  the beginning of wing- 
fuselage pitch-up (see Figure 13). Further, concerning the part due t o  the tailplane, it is possible t o  try and 
determine by flow visualization the angle of attack at  which the lower surface of the tailplane is stalled, and so 
approximately define the part of the polar curve where the buffet will start in flight (see Figure 14). 

One can also determine the buffeting in the wind tunnel through a harmonic analysis. However, one has 
to  wait for flight results t o  define, not the onset of the phenomenon, but its exact intensity. Naturally, it will be 
less intense if the flow on  the wing has been improved by the procedures already described and if the tailplane is 
in the most favourable position with respect to  separation over the lower surface of the tail which means that the 
tailplane is in a low position. 

3.5 Lateral Control Problems of High-Lift Aircraft a t  High Angles of Attack 

The main stability and lateral control problems occurring at  high angles of attack for a high-lift aircraft, which 

- asymmetries in roll near the stall; 
- loss in effectiveness of the control system in roll; 
- loss in efficiency of the vertical fin; 
- adverse yaw. 

put  a limiting value on the maximum permissible C, , are the following: 

These various problems will now be successively examined. 

3.5.1 Asymmetries in Roll near the Stall 

These asymmetries are obviously due t o  the fact that stall is occurring a t  the tip of the wing, and that the losses 
in lift on  the two sides are not absolutely symmetrical. 

This results in the appearance of unacceptable rolling moments, which can be relatively high due t o  the size of  
the moment arm, which is practically equal t o  the semi-span. The remedy obviously consists in delaying these 
phenomena and in minimising their magnitude. The solutions we have talked about to improve the flow on  the wing 
are thus also effective in solving this problem; namely, leading-edge camber, wing wash-out, well designed slats, 
differential flap deflection, wing fences, etc. 

It is possible, in the wind tunnel t o  combine flow visualization with rolling moment measurement. One can 
thus define the angle of attack a t  which the trouble occurs. Due t o  scale effect, this angle will generally be 2' t o  
3" higher in flight, but  the methods used t o  decrease the rolling moment on the model and t o  delay its onset till a 
higher angle of attack is reached will also be effective on  the actual aircraft. 

3.5.2 Loss in Roll Effectiveness at High Angle of Attack 

Due to wing-tip separation, the parts of the roll control devices (ailerons and spoilers) which are located in that 
zone will progressively lose their efficiency as angle of attack is increased. I t  is thus essential, in order t o  avoid a 
total loss in control efficiency, t o  locate as much of these control devices out  of the stalled zone as is possible. 
From this point of view, a roll control system consisting only of ailerons appears impractical on  a n  aircraft with a 
highly swept wing. In order t o  maintain adequate efficiency a t  high angles of  attack, one would have t o  use ailerons 
extending over such a large part of the span that the effectiveness of the high-lift system (being limited in span) 
would be considerably lowered. 
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One therefore has to specify either 

spoilers alone, located in the best spanwise position, and allowing full-span flaps to be used; 
or a combination of ailerons and spoilers, the proportion of each being accurately determined 
by low and high speed considerations. 

From the point of view of the maximum permissible C, , each of the configurations can be envisaged. 
But the former may, in fact, result in a somewhat higher value of CLmax . While its practical realization is a 
bit more difficult, experience proves that it is achievable. However, a very high lift effectiveness which results 
in a high permissible C, can lead to a number of other problems which we will look at in Section 4. 

3.5.3 Adverse Sideslip Problems on  Entry into a Turn near the Stall 

This problem concerns all of the aircraft of the type we considzr, at very low speeds. In a low-speed entry 
into a turn the lateral component of the weight causes the aircraft to acquire some adverse sideslip (see Figure 15). 
This sideslip tends to decrease the roll rate according as to how effective the high-lift system is, because of the 
increased dihedral effect. (We recall that -IV increases with AC, due to the flap deflection). 

The sideslip tendency is aggravated by the fact that nv tends to decrease when the angle of attack is 
increased. Figure 16 shows the variation of I, and nv as functions of the flap setting and of the angle of attack. 

The situation may be improved by using the rudder, or by incorporating some roll-yaw coupling. A very good 
solution results from using differential deflection of the horizontal tailplane. At high angles of attack, the main 
effect of such a device is to give direct yaw (and very little roll). Its use then increases the roll rate, not by its 
direct roll effect (because it is not increasing It  by very much), but by the cancellation of the adverse sideslip by 
its resulting high values of n4 . If such a system is adopted, obviously its amplitude must be decreased at higher 
speeds. But this is not the subject of this lecture. 

3.5.4 Loss in Effectiveness of the Vertical Fin at  High Angles of Attack: 
Variations in Yaw 

The maximum permissible C, can be determined in certain cases by the loss in fin efficiency at high angles 
of attack. When the flaps are strongly deflected, the decrease in nv is less sensitive to incidence change than it is 
for the clean aircraft (see Figure 16). Most of the nv is due, in that c'ise, to the wing itself; induced drag being 
bigger on one side than on the other. Nevertheless, nv finally decreases at high C, , which is enough to produce 
some loss of yaw control in certain cases. This kind of trouble can, in some cases, define the maximum permissible 
C, . Improvement of the situation results from: 

- the best possible design of the slats and flaps; 
- the use of a big enough fin and also a fairing between the fuselage and the fin (allowing some retention 

of the lateral lift at high angle of attack), or a ventral fin; 

giving the same kind of effect (see Figure 17). 

The use of such devices obviously depends on the general configuration. One has to test these in the wind 
tunnel, and to retain the best design. 

3.6 Recapitulation 

The methods of achieving the maximum permissible C, - and thus the minimum approach and take-off 
speeds - have been examined (expected max. C, from 1.6 to 1.8). This problem being solved, we will now look 
at the problems arising at normal approach and take-off angles of attack due to the realization of such high values 
of the maximum C,. 

4. PROBLEMS CONNECTED WITH HIGH-LIFT SYSTEM DEVICES AT 
NORMAL OPERATING ANGLES OF ATTACK OF THE AIRCRAFT 

4.1 Problems Connected with the High Values of C, due to Flap Deflection 

Summarising, high flap deflections produce two opposite effects on all kinds of aircraft: 

- a direct effect, which is the nose-down moment due to the deflection of the flaps themselves; 
- an indirect effect, due to the change in flow direction over the horizontal tail, giving some nose-up moment 

and tending to compensate the first effect. 

It may be easily seen that, on a highly swept wing aircraft, the former of these two influences tends to be 
dominant. I t  becomes more important as the spanwise extent of the flaps becomes larger. Effectively, the high 
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C, values existing at  the tip of  the wing located behind the C.G. position have a tendency t o  contribute a very 
important nose-down moment. The result is that the full effect due t o  the deflection of the flaps on  such an 
aircraft generally results in a pitch-down tendency.( (See Figure 18, showing the order of magnitude of the AC, 
due t o  the flaps with the horizontal tailplane off). The several consequences of this result will now be analysed. 

4. I .  I Lift Loss due to C, Trimming 

If, a t  a given incidence, AC, is the pitching moment coefficient without a tailplane, this nose-down AC, 
must be trimmed by a tail AC, (based on wing area); namely 

C 
AC, = + AC,.- , 

L 

c being the reference chord (mean aerodynamic chord) and L the distance between the C.G. and the horizontal 
tailplane aerodynamic-centre. 

It is then obvious that the larger the magnitude of  the nose down AC, , the larger is the loss in C, due t o  
the trim. For  this reason, one can see that it is possible t o  find some compromise by limiting the wing span or ,  
better still, by limiting the external flap deflection. 

4.1.2 Trim Change During the Flap Deflection Phase 

The obvious aim is to have n o  trim change when changing the flap deflection. However, due t o  the fact that 
AC, is more negative when the flap effectiveness is bigger, the total AC, for  the entire aircraft - starting from 
a given trim position (flaps up) and keeping elevator angle constant when deflecting flaps - will remain negative, 
and will increase with increasing flap effectiveness (see Figure 19). This means that there will be a change of 
elevator angle to trim during the flap deflection. A change of more than 5" or 6" is unacceptable, and one has t o  
limit it  to the minimum level, for a given desired value of ACL due to the flaps. 

In fact, it  is possible t o  have some coupling between the flap and elevator deflection, but this is an additional 
complication t o  be avoided as much as possible. One has, in any case, to  get the rate of trim compatible with that 
of the flap movement itself, this generally being of the order of 5 t o  IO seconds for the total travel. The best 
way to  limit the trim change is t o  adjust the fore-and-aft position of the tailplane. Putting the tailplane as close as 
possible t o  the wing's trailing-edge is very favourable from that point of view. This is obviously due t o  the fact 
that the downflow behind the flaps is more intense as one goes closer t o  them, so that the nose-up moment due to  
the horizontal tailplane becomes larger. However, to counteract this advantage, it is necessary to increase the tail- 
plane area in order t o  maintain a tail volume sufficient to  give adequate longitudinal stability. The compromise 
between these two conditions is obviously not  easy t o  realise. 

Finally, we point out  that differential flap settings also help the trim problem, the reason being the same as 
explained before. We also note that a kinked trailing-edge, giving less trailing-edge sweep just in front of the tail- 
plane, also gives some benefit. 

4.1.3 Forward C.C. Problems at Take-Off and Landing 

For  the type of aircraft we are considering, the forward C.G. limit is generally defined by take-off or landing 
conditions. 

(a) The critical problem concerns the lifting of the nosewheel a t  take-off. At the ground roll incidence, the 
speed for nosewheel lift is that a t  which the aerodynamic moment (with flaps a t  the optimum setting and 
maximum upelevator) becomes high enough t o  compensate the nose-down moment due to  the reaction 
on the main wheels and the friction forces (see Figure 20). The aerodynamic moment, with maximum 
up-elevator, decreases with increase of flap efficiency. Furthermore, the aerodynamic moment becomes 
less positive, and the nosewheel lifting speed therefore increases, as the C.G. position moves forward. 

For  a given flap efficiency, it is thus necessary t o  scale the horizontal tail plane so that this speed, using 
the envisaged maximum up-elevator, remains low enough (for example 1.1 V,) for the most possible 
forward C.G. position at  take-off. It should be noted that it is imperative to  take ground effect into 
account in this evaluation. Its adverse effect will be analysed in the paragraph concerning the approach 
and landing, but the philosophy is the same at  take-off. In other words, the decrease in downwash near 
the ground, a t  a given angle of attack, tends to  increase the nose-down moment due t o  the flap deflection, 
and thus also t o  increase the elevator deflection necessary t o  give the required nose-up moment. 

One can say finally that, in some cases, nosewheel lifting can determine the limiting forward position of 
the aircraft's C.G. 

(b) At  approach and landing conditions 
As a general rule, the flare problem at  landing still defines the forward C.G. limit of the aircraft. In order 
fully to  utilise the high-lift possibilities of an aircraft, one has t o  assume the maximum value of the final 
approach and landing C, in flare for all possible C.G. positions a t  landing. One then has t o  remember 
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that, during the flare, the substantial reduction of downwash at the tailplane produces an additional nose- 
down moment. This results in an increase in the elevator deflection needed to trim the aircraft. With 
the C.G. forward of a certain position, the trimming of the expected C, becomes impossible (Fig.21). 
This C.G. position then becomes the forward limit, if no other condition is more stringent. One has, in 
any case, to arrange the balance OF the aircraft in such a way that the C.G. is aft of this position. 

4.2 Problems Concerned with Drag 

The high drag due to an effective high-lift system results in some problems at landing as well as at take-off. 
These are well known and it is not necessary to debate them very much here. 

4.2.1 Take-Off 

We consider the most general case of a multi-engined aircraft. Two possibilities have to be considered: 

(a) Short rake-off conditions 
In this case, engine failure or safety at take-off are not to be taken into account. For a given weight, one 
has then to look at the best compromise between a high. take-off C, and a value of C, - C, giving 
as high an acceleration as possible. For relatively low weights, the decrease in acceleration due to high 
flap deflections is generally compensated by the resulting decrease in the take-off speed. With increasing 
weight (and in particular in overloaded take-offs) the effect of the drag becomes preponderant, and above 
a certain value of the weight one has to decrease the flap deflection (see Figure 22). 

Take-off with engine failure - determination o f  minimum runway length 
Considering the engine failure case, one has to select a take-off speed such that the vertical speed with 
the remaining engine working (and if necessary after release of the external stores) is large enough to 
clear 50 ft. This speed must, in any case, be larger than 1.1 V, . If this speed has not yet been attained, 
one has to wait for 1.1 V, as a minimum for the lift-off, and the speed at the time the obstacle is cleared 
has to be 1.2 V, . In any case it may be worthwhile to decrease the flap deflectio-n (see vertical speeds 
vs flap deflection in Figure 23). 

The lift-off speed having been so defined, one now determines the critical speed; should an engine failure 
occur at the critical speed, the runway length required to carry on with the take-off and clear the 50 f t  
obstacle or to stop the aircraft will be the same. This length is obviously the minimum allowing for safety. 
In the case of high overloads this speed would occur after the lift-off speed, and in that case, the minimum 
runway length will be defined by the acceleration stop. Figure 24 illustrates such a situation and shows 
the 50 ft clearing and the acceleration stop distances. It is supposed that in the case of failure occurring 
after take-off, the external stores will be released at a given altitude (of the order of 15 ft). 

(b) 

4.2.2 Approach and Landing 

For approach and landing conditions, the most critical problem in connection with drag is that of engine failure 
on a two-engine aircraft, and chiefly at high weights. This problem is even more critical when the descent slope is 
specified (GCA or ILS approaches), and yet even more when the approach speed is limited to a maximum (carrier 
landings). The aircraft must then have enough thrust to ensure adequate vertical speed variations around the mean 
slope as well as possibly at the given speed. In the case of ILS or GCA approaches, one generally considers that 
the thrust and lift-drag ratio must be high enough for the aircraft to be able to maintain level flight, flaps and under- 
carriage down. This is not always possible with flaps fully down (Fig.25); for example, just after take-off and in 
high temperature conditions. 

One has thus to pay particular attention to this problem, right from the beginning of the design, and always 
to consider a flap configuration which permits the performance described. 

4.3 Problems Connected with Lateral and Transverse Flying Qualities 

4.3.1 Rolling Efficiency 

At normal approach and take-off angles of attack and speeds, the control system in roll must be designed to 
be very efficient, especially in the case of flight in a cross-wind. This problem is particularly critical with a high- 
lift device of high efficiency, due to the large rolling moments with sideslip resulting from it. But, in addition to 
the high rolling efficiency, one also requires rolling moment to increase steadily with control deflection, so as to 
avoid pilot induced oscillations. To sum up, high values of It  and I(t) curves as linear as possible have to be 
obtained. 

(a) Realisation of effective roll control devices 
It is possible to obtain effective roll control by using an aileron-spoiler combination, or spoilers alone, 
in order to have the benefit of high-lift devices extending over the full span. To obtain adequate efficiency 
from ailerons alone requires that they should be of excessive spanwise extent, thus limiting flap efficiency - 
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except if the aileron itself is also used as a flap. The remarkable effectiveness of the spoiler-ailerons or 
spoilers alone can be illustrated by giving the order of magnitude of the obtainable lt . For the clean 
aircraft, a reasonable value of Zt is of the order of 0.0005. Flaps down, values three times higher can be 
expected, which could not be obtained with classical ,ailerons. 

(b) Linearity of the l ( t )  curve 
This point particularly concerns spoilers. It has been seen that the efficiency of these increase as the flap 
deflection increases. This is due to the destruction of the flap slot effect by the spoiler (see Figure 26), 
resulting in high losses of local C, and thus in a large rolling moment, which in many cases does not 
increase steadily enough with deflection. 

If one wants to avoid P.I.O.S. on the approach, one has to pay particular attention to the problem. 
It can be completely solved by suitable choice of the following parameters: 

- spoiler chordwise and spanwise location; 
- geometry of the flap slope itself; 
- differential deflection of the flaps; 
- occasional use of non-linear gearing between the stick and the elevator. 

No general rule can be recommended, because the choice of a solution is a matter of compromise between 
low and high speeds, and because the longitudinal stability and maneuverability problems we have previously 
discussed must also be taken into account. 

Flap setting 

4.3.2 Dynamic Stability 

The use of a very effective high-lift device results in significant variations of the aerodynamic derivatives, compared 
with those obtained on the clean configuration. The order of magnitude of these variations can be indicated; for 
example, 1, and nv can be doubled when flap deflection increases from zero to the maximum value; the dynamic 
derivatives, except I , ,  which can be doubled, do not vary much. Typical variations of these derivatives are tabulated 
for an average angle of attack (of the order of 5'): 

0' Full deflected 

-.20 

.15 .30 
-.30 -.30 
-.SO -.60 

. I 5  .30 
0 0 

Consider the lateral stability equations: 
do. Y 

(i) - + r - p a  = - 
dt mV 

dp E dr 1 
- L  (ii) - - - - = 

dt A d t  A 

dr E d p  1 

dt C d t  C 
(iii) - - - - = - N 

where A is the principal roll inertia; 
C is the principal yaw inertia, 
E is the x - z product of inertia. 

When their solution is obtained as a function of the speed, this being correlated with the angle of attack, one 
finds that the terms having the most effect on the damping ratio are those which are dependent on the angle of 
attack, and also (to a lesser extent) those depending on the product of inertia term E . 

These effects are, in fact, increased by the large value of -Zv . 
The variations are as follows: 

- the damping decreases with decrease of CY , i.e. with increase of speed; 
- the effect is most important when E is large, i.e. when the principal axis of inertia in roll is pitched nose-down. 
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Figure 27 shows these effects in the (t,$/v) plane; also shown are handling assessments based on  the Cooper 
scale. 

We see that an effective high-lift device combined with a nose-down principal axis of inertia can lead t o  dutch 
roll instability when the speed increases. The problem is then t o  choose a flat deflection and inertia axis position 
such that this instability can only occur a t  a speed higher than the design speed of the flaps. 

4.4 Wave-Offs (Overshoots) 

Although not  directly connected with the flap configuration, the problem of overshoot a t  landing has enough 
importance to  be noted as one of the main problems associated with flying qualities a t  low speeds. It must be 
ensured, as far as possible, that during this manoeuvre no moment variations occur, especially in the pitching-down 
direction. It is therefore necessary to  eliminate the reasons giving rise to  such a tendency as early as possible in 
the design. We recall the two main reasons: 

(a) The first one is the C.G. position with respect to the thrust axis. It is imperative that the thrust axis 
position be as near as possible to  the C.G. 

The second one can be the jet-elevator interaction. Such an interaction essentially depends on the 
configuration of the rear of the aircraft, and can be determined by direct measurements. These measure- 
ments must be performed and the necessary modifications made as soon as possible, in order to  avoid 
later modifications arising from prohibitive elevator deflections during overshoots. 

(b) 

5. ADDITIONAL PROBLEMS 

These problems will only be mentioned because the solutions t o  them are not always required. They are 
interaction problems and may generally be solved using the results of wind-tunnel tests. 

5.1 External Stores Effect 

These problems due to  the presence of external stores are essentially stability ones. They may be more or  less 
critical when the flaps are down, but one can say, in general, that if they have been solved for the clean aircraft 
then the effect in the high-lift condition will be very small. Nevertheless, the fact that this is true and that no 
significant rear C.G. limitation is imposed for take-off and landing should be checked by wind-tunnel tests. 

5.2 Problems Due to  the Landing Gear 

These problems concern: 

- the drag; 
- the longitudinal stability; 
- the longitudinal trimming. 

It is necessary t o  optimize, in particular, the configuration of the undercarriage doors. When the undercarriage is 
down, as much as possible these doors must be closed. In order to  be representative enough, the models being 
used in wind-tunnel tests must be provided with the cavities existing on  the aircraft when the landing gear is down. 

5.3 Problems Concerned with Deflection of the Airbrakes 

The aircraft behaviour in the high-lift condition when the airbrakes are in use must be considered, with 
particular attention t o  the longitudinal stability. One must check that the interactions between the airbrakes, the 
flaps and the tailplane in the approach configuration d o  not result in any instability or  any important increase in 
the trim deflection of the elevator. This check must be performed in the presence of ground effect. 

5.4 Miscellaneous 

In fact, all the problems mentioned in Sections 5.1 t o  5.3 also affect the lateral stability and some care must 
be taken to consider this aspect. In all cases, the effect of thrust must if possible be considered, both far from the 
ground and near to  it. 

On carrier-based aircraft, flight path optimization must be very accurately determined using analogue computers 
or simulators, and taking into account the various effects described above. 

The problems of control forces are also important. The way t o  avoid P.1.0. '~  for example, is not only to  obtain 
the best dynamic qualities of the aircraft but also to  achieve a good compromise between the stability characteristics 
and the displacements and forces on  stick and pedals. But, if the aircraft is good in itself, this kind of problem is 
generally solved by adjustments in flight, so will not  be considered in this lecture. 
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Some other problems, concerning the behaviour of the engines a t  take-off or  landing, for example, must also be 
considered. The effectiveness of the auxiliary doors, in particular, must be very carefully optimized, but it has not 
been possible to  develop them further. 

Technological problems of much interest concern the visibility, the methods of achieving flaps and slats without 
large interruptions at  the level of the rails and jacks, the landing parachute behaviour, etc. We  can only mention them 
as being of some particular interest. 

6. CONCLUSIONS 

As has been stated at the beginning of the paper, the choice of a configuration solving all the problems involved 
with high-lift devices is very difficult. It must be done mainly by experimental methods. The main problems have 
been examined and qualitatively discussed with the intention of presenting their most important aspects. In fact, it 
is possible to  enter into quantitative details and experimental results only when speaking of some particular aircraft. 
It seems to  me that the most important thing is to  be aware of the questions that have been raised, and not to  
neglect any of them. 

If one takes care in solving these problems, and treats them as interdependent, never losing sight of the reper- 
cussions they have on  one another, then it will be possible t o  achieve an aircraft having good performance and 
good flight qualities in both take-off and landing. 
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Fig. 1 Comparison between the double-slotted 
flap and the single flap (two-dimensional) 
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Fig.3 Convergence effect of the slot 

Fig.2 Comparison between double and triple 
slotted flap efficiency 

Fig.4 Wing stall, flaps down, no 
leading-edge device 
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Fig.S(a) Leading-edge slat 
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Fig.8 Local modifications to  limit the 
tip leading-edge stall 
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Fig.9 Wing fence 

c= MEAN A~RODYffAM/c CHORO 

1 = OBTANCE BE~WIIN C.S. 
A M  TAILPLANE AX 

/‘. TO BE TRIMMED 

I 
I 
I 

I 
Cm 

Fig. 10 C ,  (a) curves tail off and trimmed 
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Fig. 1 1 Relative positions of the tail plane and the vortex 
center zone versus (Y 
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Fig. 12 C, (Cm) curves at a given value of 7) 

with high and low tailplane position 
Fig. 13 Buffet correlated with wing fuselage 
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Fig.14 Stall of the lower part of the Fig. 15 Adverse aerodynamic lateral speed V and sideslip 

tailplane (tail buffet) at the 
trim position 

due to the lateral weight-component 
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I FLAP3 FULLY DOWN 

Fig.16 nv and I, variations with the 
angle of attack and the flap 

deflection 

FLAPS DOWN 
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Fig. 17 Fin fairing - ventral fins 
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Fig.18 ACm due to the flaps deflection, 
horizontal tail off 

Fig. 19 Cm due t o  flaps deflection 
at  given 7) value 
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Fig.20 Forces and moments equilibrium at  
nosewheel lifting 

FLAPS FULLY 

Fig.22 Effect of flap deflection on the 
take-off length versus weight W 

L 

Fig.21 Definition of the most forward C.G. 
position t o  be trimmed a t  a given 

CL,  with a given 77 

Fig.23 Effect of the flap deflection on vertical 
speed, one engine out (stores released) 
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Fig.24 Acceleration stop and 50 ft clearing 
distances, with failure a t  take-off 
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FLAPS FULLY DOWN FLAPS PARTIALLY DOWN 

1 - 
C.A.S. 0 

Fig.25 Level flight with one engine failed at maximum 
weight, flaps down 

FLAPS UP 

Fig.26 Spoiler efficiency, flaps down 
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Fig.27 Dutch roll characteristics versus speed flaps 
fully down 
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SUMMARY OF DISCUSSION 

re la t ing to 

COMBAT AIRCRAFT APPLICATIONS OF LIFT-AUGMENTATION DEVICES 

1 .  Compromise between DesiPn of High-lift Devices for Low and High Speeds 

at high speeds. The form of the wing (relative thickness, camber, twist, 'Crusader' 
extended L.E.) having been chosen'mainly from high-speed considerations, one can 
attempt then to improve the manoeuvrability of the aircraft by selecting a suitable 
deflection of L.E. devices (e.g. slats) these latter having themselves been optimised 
primarily for conditions of landing and take-off. 

The leading-edge devices can be used to improve margins and the manoeuvre limits 

2. Influence of Fences on High-speed Kanoeuvrabilitx 

Fences, suitably sized and positioned, can have like slats a favourable influence 
on high-speed manoeuvrability. However, the dimensions and the position then most 
appropriate are not the same as those for the improvement of flight qualities at low 
speeds. 

3 .  Influence of Mach Number on the Lift due to Slats 

The use of slats for flight at high subsonic speeds can improve the flight 
qualities at large incidences. Thereby, even for Mach numbers of the order of 0.9, 
one can hope to increase the indidence limit by one or two degrees. 

4. Use of  Lower Surface Camber on the Leading-edge of the Horizontal-Tailplane 

By the use of such a camber ( o r  by a slatted nose like on certain "Phantoms'), 
the separation on the tailplane can effectively be delayed and thereby improvements 
made to the longitudinal control and buffet limits at high incidence. However, it is 
essential to verify that the aircraft drag does not suffer too much at high Mach 
numbers. 

5. Placard Speed for the Use'of Partially-deflected Trailing-edge Flaps 

The actual speed limits have to be defined by structural analysis. However, 
restriction to the corresponding flight domain is strictly a piloting question. 

6. Release of Stores at Take-off 

This possibility is perfectly feasible on multi-engined aircraft, since in 
particular the bombs are largely inert then and do not present an explosion risk. 

7. Influence of Wing Height on Maximum Lift 

gain in the maximum lift coefficient Cz. 
In principle, the high position is the most favourable and can give an appreciable 

8. Reversal of Spoiler Efficiency at Take-off 

Though not experienced by the lecturer, he agreed'that this reversal phenomena 
is undoubtedly possible with certain special wing profiles. Actually, it would be 
equally important to take account of the possibility of such a phenomenon at the large 
incidences met with in the spin, as well as at take-off and landing, 

9. Variation of Lateral Damping with Speed 

The phenomenon described in the text of the paper is not general. .It depends 
effectively on the relative importance of the aerodynamic derivatives in comparison with 
one another. However, it does exist in certain cases and the possibility must not be 
overlooked. 

10. Trim Change due to Flaps 

larger aspect-ratios and longer tail arms than those of combat aircraft, the moment 
It is true that with numerous aircraft, particuhrly those with smaller sweepback, 
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t 

due to flap deflection is nose-up, the influence of the flap deflection on the 
tailplane in this case more than outweighing the nose-down moment from the flaps 
themselves. 
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1. IFfRODUCTION 

T h i s  paper gives an indication of the type of t e s t s  which are l ikely t o  be required i n  the United 
Kingdom t o  clear an airoraf t  from handling and performame aspects fo r  military S.T.O.L. applications. 
Tests made t o  d e a r  the Andover C. Mk. i are given as an erample. 

No speoial consideration is given t o  particular high-lift devices each of which may of course 
introduce individual problems. However it is considered that i n  the case of S.T.O.L. a i roraf t  generally 
the problem of variabil i ty i n  behaviour may require more than usual attention due t o  the rapid manoeuvres 
and short distances involved w i t h  considerable dependence on p i lo t  technique. 

2. OBJECT OF TESTS 

(a) 

(b) 

( 0 )  

To ensure that  the basic flying characteristios and techniques recommended by the aircraft 
manufacturer are safe. 

Using the approved technique t o  measure the average performance for oomparison with the requirement 
and provisional operating data. 

To obtain a reasonable estimate of the scat ter  i n  performance i n  order t o  assess whether or not the 
operational safety factors should be increased i n  relation t o  those normally used. 

3. GENHlAt HANDLING TESTS 

On the assumption that  the aircraf t  has t o  be cleared over i t s  whole practical  f l ight  envelope, 
then the following aspects would usually be checked over the full range of weight, centre of gravity, 
speed, alt i tude and l ikely coflgurations prior t o  making a specific S.T.O.L. assessment. A m i n i m u m  of 
two and usually three or more pi lots  make qualitative appraisals. 

I. Qualitative 

Pilots’  assessment of overall sui tabi l i ty  fo r  role including assessment of oontrol f r i c t ion  and 
backlash, cockpit appraisal, ground handling on both wet and dqy runways, effects of turbulenoe, 
crosswind, rain, poor v i s ib i l i t y  dey and night, best speeds, configurations and techniques. 

11. Longitudinal s t ab i l i t y  and control 

(a) 

(b) Short period oscillations. 

(a) 

(a) Stick foroe per g. 

Stat ic  s t ab i l i t y  margins st ick h e  and flxed. 
angle t o  t r i m  a t  different speeds.) 

(Stick force t o  change speed and control-surface 

h.im authority and changes of trim w i t h  power, flaps, undercarriage, airbrakes, sideslip and mis-set 
t r i m .  

(e) Aircraft response on stiok release after speed change. 

(f) M M m u m  unstiuk and threshold speeds. 

III. Lateral and directional s t ab i l i t y  and oontrol 

(a) Sideslips. 

(b) Short period oscillations. 

( 0 )  T r i m  authoritg and changes of t r i m  w i t h  power, speed, etc, including effects on one or more engine 
failures. 

(a) Rates of roll. 

IV. Flight envelope 

(a) Lowest n i g h t  speeds warning margins. 

(b) Highest f l i gh t  speeds or Mach numbers. 

(a) Limiting speed/bhch number/g combinations. 

(a) Limiting lift conditions with variation of Maoh number. 

v. EtlRi nehSndlh& 

(a) ~nglne cuts and relights. 

(b) Engine accelerations and decelerations. 

( 0 )  u an oeuvres with one or more engines out. 
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VI. Autopilot and auto-stabil isers 

VII. Instrument approaches 

VIII.Single failures other than en&nes 

(P.F.c., n a p s ,  p i lo t  mis-selections, etc.) 

Two of these basic types of t e s t  which a re  partioularly relevant fo r  a S.T.O.L. a i r c r a f t  are the  
assessment of the behaviour a t  the minimum f ly ing  speed and the m i n i m u m  speed a t  which an engine 
failure can be controlled i n  the case of a multi-engined a i rc raf t .  
made i n  more de ta i l ,  a rou& breakdown of the specific t e s t s  made on these aspects i s  given i n  the 
following two paragraphs. 

I n  order t o  i l l u s t r a t e  typ ica l  t e s t s  

3.1 Minimum Flsina; Speed (v,) 
This is defined as the lowest practicable speed a t  which the Bircraft  can be flown. 

Tests are usually mads at  hi& and low weiefit with extreme forward and aft centre of gravity 
positions, a t  an a l t i t ude  of about 10,OOO ft f o r  the  i n i t i a l  t e s t s  and subsequently a t  lower o r  higher 
a l t i tudes  i f  considered appropriate f o r  the operational role. 
selected. 
i d l ing  conditions, the  speed I s  reduced with the wings leve l  f r o m  an i n i t i a l  trimmed speed of 
approximately 1.3 x the estimated lowest practicable speed a t  which the  a i r c r a f t  can be flown. 
majority of the t e s t s  the r a t e  of speed reduction is approximately 1 kt/sec, but slower and f a s t e r  r a t e s  
axe also checked (order of 0.5 t o  3 kts/sec). 

(a) 

An area f r ee  Prom cloud and turbulence i s  
A t  each loading condition i n  the appropriate aerodynamic configuration w i t h  the  engines a t  

For the 

The following aspects are noted: 

Whether there i s  any w a n i n g  of approach t o  a s t a l l  o r  other l imi t ing  condition; the  nature of the  
warning and the speed and incidence a t  which it  OOCUTS. 

(b) The position of the control column a t  the l imi t ing  condition, the  forces required and the nature of 
the force/speed/incidence relationship, e.g. whether the force kduces  considerably ju s t  p r ior  t o  a 
Stall. 

(c) 

(a) 
(e) 

( f )  

The behaviour of the aircraft  a t  the l imi t ing  condition; especially whether a wing drops and, i f  
so, how suddenly and whether it can be raised by ailerons alone. 

Whether there is any tendency t o  spin. 

The method of recovery from a s t a l l  o r  other condition and the height l o s t  during recovery. 

Whether or not the a i r c r a f t  can be prevented from reaching the l imiting condition i f  recovery 
action is i n i t i a t e d  a t  the warning stage. 

For all minimum flying speed ohecks, incidence and s ides l ip  indications are normally presented t o  
the  p i l o t  and, if a stall o r  l o s s  of l a t e r a l  control i s  not achieved at  some incidence reading agreed 
pr ior  t o  the f l i g h t  on the basis of the Firm's f l i g h t  t e s t s  and tunnel tes t s ,  the t e s t  is discontinued 
t o  avert  the danger of  a s u p e r s t a l l  o r  other known hazard. 

The wings l eve l  t e s t s  are repeated with power on; but it is not a l w a y s  p rac t ica l  t o  carry out t e s t s  
w i t h  take-off power applied, because of the dangers inherent in the excessively steep a t t i t udes  which 
can r e su l t  even with the reduced power available a t  a reasonable t e s t  a l t i tude .  

Checks are also made i n  turning f l igh t ,  e i t he r  with the turn progressively ti&tened a t  a constant 
speed of about 1.2 x the lowest prac t ica l  fli&t speed, o r  i n  the case of large a i r c r a f t  a t  an angle of 
bank of about 30' with the speed reduced at  a r a t e  of  up t o  about 3 kts/sec. 
the characterist ics with an engine f a i l ed  when appropriate but on ly  usually in wings leve l  flight. 

Normally the characterist ics a t  the l imiting conditions a re  considered aooeptable i f  on average 
there is no violent behaviour; i.e. wing drop not exceeding the order of 30°, no rapid p i tch  up o r  dawn, 
no tendency t o  spin, height loss of the order of 200 o r  300 ft and the recovery can be made with the  
normal use of  the controls. 

A br ie f  check i s  made o f  

The warning of the approach t o  l imiting conditions i s  considered acceptable i f  the stick-force 
gradient up t o  the l imiting condition i s  positive and there i s  natural  buffet  o r  a r t i f i c i a l  warning with 
suf f ic ien t  margin f r o m  the l imiting condition t o  make a sa t i s fac tory  recovery (minimum usually of the 
order o f  7 k t s  or E.A.S. or  I.A.S., o r  6' incidence). 

S ta l l ing  o r  l imiting low-speed handling charac te r i s t ias  worse than those described as normally 
acceptable uay be accepted, depending on the role, i f  the warning system i s  very obvious (e.g. audio 
plus s t ick  shaker) and has a high in tegr i ty  (e.g. duplicated) with more than the m i n i "  warning margin. 

If the case of a l imi t ing  incidence being prescribed i n  o d e r  t o  avert  a superstall  then idea l ly  a 
s t i ck  pusher o r  other a r t i f i c i a l  recovery device should be f i t t e d  but, depending on the role,  t h i s  would 
not necessarily be considered essent ia l  f o r  a military a i ro ra f t  i f  the warning of appronch t o  the 
dangerous s i tua t ion  and the  margin from the dangerous s i tua t ion  are considered adequate. 
a i r c r a f t  is l f i e l y  t o  operate f o r  long periods near the ground o r  sen, then the  requirements a re  
interpreted more severely. 

If  however an 
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3.2 Minimum SDeed fo r  Control Immediately After an E- ~ a i l ~ r e  (vmCa) 
This i s  defined as the lowest speed a t  which a sudden complete engine failure can be oontrolled 

when i n i t i a l l y  i n  wings level f l ight .  

Centre of gravity i s  not usually considered an important variable fo r  these tests,  but cheoks are 
sometimes made a t  hi& and low weight i f  it i s  practicable,in order to  cover the different l a t e ra l  
inertias.  
power, but extreme care i n  testing i s  required i f  the power-off s ta l l ing speed in particular i s  of the 
same order as the minimum control speed and, for  t h i s  reason, t e s t s  are often only  a practical  
possibil i ty a t  very l i gh t  weight. 

The lowest safe height i s  normally used i n  order to  obtain the greatest assymetry due to  

The t e s t s  are made using a l l  l ikely configurations for  take-off, cruise and approach and the engine 
giving the most asymmetrio effect  i s  used t o  simulate a failure. 

The normal t e s t  procedure i s  t o  th ro t t l e  the c r i t i c a l  engine a t  a speed w e l l  i n  excess of the 
estimated m i n i m u m  control speed (20 kts plus) and then, with the maximum appropriate power on the other 
engines, t o  slowly reduce the speed ( I  kt/sec) un t i l  with wings level and ei ther  full rudder or a foot 
force of the order of 180 l b  the a i r c ra f t  can be maintained on a steady heading. 
further reduced un t i l  a steady heading can be no longer maintained with about 5' of bank applied. 

The speed is  then 

The airoraf t  i s  then flown w i t h  all e-s a t  the appropriate power at the minimum speed determined 
from the previous t e s t ,  or 5 t o  10 k t s  above t h i s  speed initially i f  considered prudent, and the c r i t i c a l  
engine i s  quickly thrott led back, If possible no recovery action i s  taken for  2 seconds or un t i l  20° of 
bank is  achieved whichever occurs first. 
i s  rather arbitrary, being based on experience, and i s  sometimes modif ied  if not considered realistic on 
a particular aircraft .  For some aircraft conditions it may not be possible t o  obtain a steady speed of 
the order required using a 
the take-off configuration.7 I n  this case, a further f ina l  check would be made failing an en&" on an 
aotual take-off a t  the highest practical weight t o  g5ve the lowest fozward acceleration, or a t  the 
lowest practical a l t i tude a t  an acceleration appropriate t o  a normal take-off. 

oan be maintained without exceeding a change i n  heading in axoess of 20' or the attainment of an 
at t i tude which would be dangerous near the ground (e.g. allowable bank angle determined by possibil i ty 
of wing t i p  touching the ground). 
f l ight ,  the rudder force should not exceed the order of 180 l b  (Note:- p i lo t  is  capable of 600 l b )  w i t h  
an aileron control force of about 35 l b  on a s t ick or  50 l b  on a wheel. After regaidling straight steady 
f l ight ,  the associated angle of  bank should not exceed 5O and the direction of flight should not diverge 
by more than loo f r o m  the original direction. 

The 2 second time delay fo r  pi lot  appreciation plus resction 

ract ical  technique, due t o  the high acceleration (e.g. a t  low al t i tude i n  

During the recovery manoeuvre it i s  considered acceptable i f ,  by not using excessive skill, height 

During the transient manoeuvre and a f t e r  regaining straight steady 

Further checks may subsequently be required i f  a t  the speed chosen these requirements are over met 
or under met. 

I n  determining a m i n i m u m  safe f l i gh t  speed fo r  scheduling t o  the operator a t  which an engine 
failure can be controlled, it i s  normal t o  factor the t e s t  "um control speed by 1.1 (e.g. safety 
speed V2 
hidden safety bu i l t  i n  by the tests, i n  that  a pi lot  oan physically apply the order of 500 t o  600 l b  
foot foroe when suitably strapped i n  and an angle of bank of up t o  loo can possibly be used in &"e 
cases. The extra foot force w i l l  of  course be of no help i f  f u l l  rudder i s  obtained with the 180 l b  
used i n  testing as  a reasonable value that can be sustained over a period before trimming out a t  the 
safety speed V2. 

1.1 VmCa) t o  provide a reasonable margin Over the real  c r i t i c a l  speed i n  addition t o  the 

There are no laid-down military requirements in terms of numbers in the United Kin&om, as suoh a 
large number of parameters must be specified in the requirements i n  o d e r  t o  take acaount of the 
particular a i rcraf t  characteristics and the appropriate operational r isk acoeptable. However, t o  
Xilustrate the t e s t s  l ikely t o  be required and the standards of acceptability used i n  the U n i t e d  Rbgdom 
recently, the Andover C. Mk. 1 assessment i s  given as  an example. 

On this a i r c ra f t  because o f  the large var iabi l i ty  i n  behaviour obtained, primarily due t o  
differences i n  p i lo t  technique, it w a s  necessazy t o  assess c r i t i c a l  handling aspects on a s t a t i s t i c a l  
basis instead o f  the more normal method of making a s m a l l  number of checks a t  limitins oonditions. 

b.1 Descdvtion of Andover C. bQc. 1 

carriage of passengers or freight, airborne and &landed assault, supply clropphg and aeromedical 
evacuation. The normal maxi" take-off weight is 50,000 lb. 
transport which was designed t o  c iv i l  standards. 

The Hawker Siddeley Andover C. Mk. 1 (Fig. I and Fig. 2) i s  a tactical transport designed for  the 

B r i e f  detai ls  of dimensions and loading are given in 
It was developed from the Avro 748 

Appenhix 1. 

The basic fl*g controls are  conventional, being a mixture of geared ami sp- tabs msnually 
The f laps  are Fowler type, but fo r  f l ap  positions i n  excess of 2&O an e d d i f i o d  operated. 

edge tab moves downwards t o  m o d i f y  the lift/drag characteristios considerably in  the short 1- 
set t ing of 30' (Fig. 3). No spoilers are fi t ted.  The settings are:- 
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loo-- Normal t a k e o f f  and suppLy dropping 

2e0-- ~ormal  t a e - o f i  and normal landing 

27' d t h  42' tab- s h o r t  take-off and n o d  lsndiag 

30' with 80" tab-- Short landing 

The a i r o r a f t  is powered by two Rolls-Royce Dart RDA 12 engines, ea& developing a nominal d m u m  
power of 2930 propeller shaft horsepower using water methanol injection. Using the normal landing 
technique the flight f'ine-pitch stops are withdrawn on the ground and the  resultant fining of the blades 
gives an increased propeller drag. Reverse thrust may be seleoted i n  the air or on the ground, but when 
it i s  used i n  the air the pr ior  selection of reverse in ten t  results in a higher idling th rus t  than i n  
the  normal case. 

4.2 H a n d l i n g  Requirements Applied 

4.2.1 General 

Ideally, the clearanae standard should be tailored t o  the acceptable risk of a par t iou lar  operation. 
However, i n  the absence of spec i f ic  guidance from the operator as t o  what risk is aooeptable f o r  
partioular operations and in order t o  keep the clearanoe as simple as possible, only two standards of 
clearance are normally recommended by ABrAeE for this type of airoraft .  One standsld is i n t e d e d  t o  give 
c i v i l  safety staodards f o r  normal mili tary operations in passenger or f r e igh t  roles, and the other is 
the highest ristr stamhad oonsidered reasonable f o r  a par t icu lar  role. The following requirements are 
for the highest risk s t a n d 4  applied t o  the Andwer, and the general assumption i s  made that i n  the  
wors t  a i r c r a f t  loading condition the  ohanoe of reaching a disastrous s i tua t ion  during any par t iou lar  
manoeuvre should not exoeed the order of 1 i n  1000 oooasions (e.g. i f  there is  orily one c r i t i o d  
parameter and a normal d is t r ibu t ion  applies then a margin of approximately 3 standant deviations is 
required *om i t s  mean value t o  its limit- value). The ovem1.1 aocrident rate for the fleet of 
airorpft w i l l  of  oourse depend on how of'ten the airoraft are operated a t  an aft oentre of p a v i t y  and 
i f  there are any other significant variables. 

4.2.2 ~ t ~ e - o f f  

(a) The ahanoe of a single engine failure oan be i-ored below the flnal steady climb out condition. 

(b) The ro ta te  speed and unstick teohnique should be such that a t  a margin of a t  least 3 standard 
deviations of inoidenoe is available from the average condition t o  the stall in the worst loading 
oase. ( ~ f t  centre of gravity). 

The l a t e r a l  control should be adequate i n  cross w3n&9 of the order of 15 kts. 
about 1 Oo/seo. 

I n  the  average t a k e o f f  oase i n  calm air, the s t a l l  d n g  should not operate e i the r  i n  the i n i t i a l  
unstiok manoeuvre o r  i n  the i n i t i a l  climb out (mid centre of gravity). 
approx 6O incidenoe or 7 kts or  8 E.A.S. o r  I .A.S.  margin from power-off stall. 

(c) 

(a) 

 mum r a t e  of r o l l  

stall rparning set with 

(a) 

(b) 

( 0 )  

On the final approaoh,the chance of a single englne failure on overshoot can be ignored. 

The l a t e r a l  control should be adequate i n  cross winds of the order of 15 kts.  
about 1 @/sec. 

The f l a r e  and land manoeuvre should be suoh that a margin of at  l e a s t  3 standard deviations of 
ver t i ca l  velocity i s  available from the average value t o  the  ultimate desi@ value i n  the worst 
loading case (forward oentre of gravity, high weight). 

M i n i m m  rate of r o l l  

4.3 Tests Made 

4.3 .I Take-off 

I n  order t o  minimise soa t te r  i n  behaviour, the  Firm's reoommended technique was t o  a p ly  rapid f u l l  
back sti& a t  the appropriate ro t a t e  speed VR (VR g 0.95 VS power-off, o r  1 .O Vs with 351. 2 wet power on). 
A t  aft centre of gravity it was essential  t o  apply a pro@;ranmed s t i ck  input (i.e. not wait for d u e s  
from the airoraf't's aotual response before applyins forward stick). 
i n  this oase (Fig. 4). 

2s a t  50,080 l b  Am, Vc = 89 kts). 

The s t i ck  input shape was triangular 

For m a x i m u m  effort climb out, the a i m  w a s  t o  go f o r  VC (VR + 10  kts) u n t i l  c l ea r  of obstacles 
% 1.1 V power-off or 1.15 Vs power on. Vma = 85 k t s  I.A.S. 

Tests were made using 4 pilots,  varying the weight and centre of g rad*  w e r  most of the prac t ica l  
ranges in various weather conditions, off d i f fe ren t  a i r f i e l d  surfaces i n  the United Kingdom and overseas 
t o  asoertain the  likely va r i ab i l i t y  i n  behaviour. 
a t  the c r i t i o a l  a f t  oentre of gravity position. 
checks off normal runways and some were made during the assessment of limiting airf ie ld  surfaces in 
terms of softness and undulations. 

A t  40,oOO l b  AUW, Vc = 76 kts 1.A.S;  

A t o t a l  of  175 S.T.O.L. take-offs were made with 85 
Not a l l  of these t e s t s  were made solely f o r  handling 
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Speed increment required t o  
prevent stall warninK (0.6 w - 3) 
Swaested increment $ w 
Speed increment required t o  
prevent stall (0.6 w - 10) 

In  order t o  assess the r i s k  during the initial take-off manoeuvre, incidence w a s  measured using an 
A.D.D. (Airstream Direction Deteotor) (Fig. 5),which was calibrated during the trials by measuring pitch 
a t t i t ude  by an in te rna l  gyro and f l i g h t  path using external oaneras. Wind velocity was measured using a 
sensit ive anemometer with a t race  recorder on the  ground near the take-off position. 

Fig. 6 shows the r e su l t s  of the  i n i t i a l  t e s t s  a t  A&AFE and,as a r e su l t  o f  these tes t s , the  clearance 
was  res t r io ted  t o  oentre of gravity positions no further aft than the mid position. 
t he  maximum achieved during the take-off manoeuvre and is based on the basio Wing area. The differenoe 
between I.A.S. and E.A.S. although believed t o  be small i s  d i " l t  t o  measure in this condition. 
Consequently, the absolute values of CL a r e  ra ther  dubious and the main intention of the Figure i s  t o  
show the maximum values of the  incidence achieved at the different centre of gravity positions i n  
re la t ion  t o  the stall w&g and the probable stall. After further experience however w i t h  a more 
precise teohnique, the s t a t i s t i c s  were improved; it was found tha t  at  aft oentre of gravity w i t h  an 
experienced p i lo t ,  the mean d m u m  incidence could be reduced t o  about 11' w i t h  a standard deviation of 
about 1.2', with 95% confidence, thus giving the order of 15' a t  the 3 standard deviation l eve l  (Fig. 7). 
(It should be noted that i n  a l l  the  Figures where standard deviation values are quoted these are as  
measured and not factored f o r  a given confidence level.) 
t ha t  a s m a l l  variation i n  technique could produae a considerable increase in the  maximum incidenoe 
achieved. 
some nuisance value f o r  t h i s  transient manoeuvre, where the aircraft was v i r tua l ly  out of control 
depending on the r igh t  programmed stiok input f o r  a safe return to  the olimb out incidence. 

As the  s t a l l i ng  incidence was estimated t o  be of the order of 18O, t he  revised technique was 

The CL plotted is 

It was apparent from the results, however, 

The stall warning operated i n  the range 11' t o  13' and hence a t  aft centre of gravity was of 

considered acceptable on a military operational necessity basis. 
Notes tha t  the safety depended primarily on p i lo t  training and t ha t  the t ra in ing  m u s t  include experience 
a t  aft oentre of gravity i n  good weather conditions before r ea l  operations, espeoially a t  night. 

= Va + I O  kts)  was considered t o  be acceptable only in calm weather 
conditions as the  margin t o  the st& warning was of the order of 3 kts.  I n  turbulent conditions, in 
order t o  prevent frequent nuisance operation of the stall warning system and t o  maintain a reasonable 
margin from the stall, it was considered tha t  the i n i t i a l  climb out speed should be increased. 
assumption tha t  the  maximum horizontal gust increment does not often exceed 0.6 x the mean Wina strength, 
and ignoring aircraft speed response, a reasonable increment in climb speed f o r  t h i s  a i ro ra f t  is now 
considered t o  be 0.5 x the  mean wind strength. 

However, it was emphasised in P i lo t s  

The i n i t i a l  climb out speed (V 

On the 

3 9 15 (As Vc - Vsw 3) 
5 10 15 

2 8 (As vc -vs = 10) 

Mean wind strenath w 1 10 I 20 I 3 0 
Gust increment 0.6 w I 6 1  12 I 18 I 

This increment i n  speed should be applied irrespeotive of w h d  direction in order t o  oover l a t e r a l  as 
well as l o n g i t u d i d  control problems. 

4.3.2 Landiqz, 

The Firm's recommended technique was t o  make the final approach a t  1.2 x power-off stalllng speed 
using the  V.S.I. (Ver t iod  Speed Indicator) as the primary indication of rate of descent, flaring on 
v i s u a l  clues and selecting ground f ine  pitch and f u l l  reverse thrus t  w h i l s t  s t i l l  i n  the  air j u s t  p d o r  
to  touoh-down. As f o r  take-off, tests were made Over the wei@t and oentre of gravitJr range in various 
weather conditions, onto different a i r f i e l d  surfaces in the  United Xingdom and overseas. 
trials off a normal runway surfaoe, 120 landings w e r e  made with 4 p i lo t s  aad of these 65 were a t  a 
forward centre of gravity position, which w a s  considered l i ke ly  t o  be the most o r i t i c a l  oase from 
handling aspeots i n  the  f la re .  
handling qualit ies.  

was measured and r e u s  w e r e  a l so  taken of underoarriage loads from s t r a i n  gauges. 
velocity was measured using two types of external oameras, underoarriage closure r a t e  and an in te rna l  
siraraft camera photographing a l i g h t  spot projected from the  a i r c ra f t  onto the ground. It was found 
from the  early t e s t  r e su l t s  that  the average ver t ica l  velocity w a s  about 4.5 ft/seo with a standard 
deviation of 2.5 W s e o  a t  a 95% confidenoe level. 
t i o q t h e s e  resu l t s  were modified t o  a mean of 6.2 ft/seo w i t h  a standard deviation of 2.1 ft/seo a t  
forward centre of gravity. 
12.5 f%/seo. Because operations were required on semi-prepared surfaces however, it was considered that 
a further allowance f o r  a mean 1 in 50 slope should be taken in to  account, which is equivalent t o  about 
2 ft/sec a t  the approach speed of  this a i rc raf t .  The ultimate strength ver t ica l  velocity requirement 
f o r  the underoarriage was therefore 14.5 W s e c  and the &raft  landing weight was limited t o  the value 
meeting this requirement; i.e. &.2,OOO lb. I n  measuring ver t ica l  velocity a t  touch-dm, considerable 
differences i n  measurements were obtained with the different forms of instrumentation. 
results,  giving a low mean value and a high standard deviation, were obtained using a re la t ive ly  slow 
speed externel oamera (2 frames/seo). 
(U frames/sec) and the  l i g h t  spot which was considered t o  be the best method. 
init ial  closure speed appeared t o  be about 4C$ l e s s  than the airoraft ver t ioa l  velocity, probably due 
t o  tyre  deflection. 

During the 

Some of these tests w e r e  made to  measure perfomanoe in addition t o  

I n  order t o  assess the r i s k  during the fynsl landing manoeuvre, the  ver t ica l  velocity a t  touch-dawn 
The ve r t i ca l  

(Fig. 8). From l a t e r  t e s t s  with be t t e r  instrumenta- 

Hence a t  the 3a l eve l  the ver t ica l  velocity would be (6.2 + 3 x 2.1) = 

The early t e s t  

The l a t e r  resu l t s  were obtained using a higher speed camera 
The undemarriage 
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I n  judging the landing manoeuvre considerable reliance has to  be plaoed on the V.S.I. and, a s  the 
standard pressure instrument f i t t e d  was subject t o  considerable lag, p i lo t s  were i n i t i a l l y  reluctant t o  
maintain a steep approach near t o  the ground without an external glide path aid (pig. 9). It was found 
that, af ter  training using a glide path aid, more confidence was achieved i n  the use of the V.S.I. and 
steeper approaches were achieved more oonsistently without an external aid. It was considered however 
that  whenever possible an external glide path aid should always be used t o  a s s i s t  judgement of r a t e  o f  
descent. An upper l i m i t  was placed on the glide path angle of  6 O  and a r a t e  of descent of  loo0 f t / dn .  
The 6 O  would give an average rate  of descent of about 900 n/.i. and could not be increased greatly 
beoause o f  the f a i r l y  high idling thrust  associated w i t h  the seleotion of the reverse thrust  f a c i l i t y  i n  
the ais. Wen i f  it had been possible t o  increase the approach angle, however, pi lots  were not happy in 
judging the flare wAth rates  of descent muoh above lo00 WmSn and as  t h i s  figure allowed some use in 
tail winds or a t  high al t i tude a res t r ic t ion of loo0 ft/.i. was considered reasonable. 

The threshold speed law of 1.2 Vs w a s  adequate fo r  flarlng i n  calm air and over most of the oentre 
of graviQ range; but a t  extreme fomard oentre of  gravities, only obtainable a t  low weight, it was 
neoessarg t o  limit the threshold speed t o  a constant m i n i m u m  value of 80 kts. 

For adequate l a t e r a l  and pitching control and also t o  cover the chance of hi t t ing the stall due t o  
a random gust, it was considered that  the threshold speed should be increased i n  turbulent conditions. 
An increment of half the t o t a l  average wind present is now considered t o  be of the r ight  order, on 
similar reasoning t o  that  given for the climb out case. 

As for  ha-, a considerable number of routine measurements would be made t o  c lear  the normal 
transport role, but i n  t h i s  oase none of these t e s t s  are very relevant f o r  S.T.O.L. operations near the 
ground and w i l l  not be described. 

6. S.T.O.L. F%DORMANCE TESTS 

I n  order t o  i l l u s t r a t e  typical differences i n  performance between in i t i a l  estimates and that  
obtained from f l igh t  tes ts ,  and the s o r t  of scat ter  obtained in the appropriate environment using a 
praotioal technique, the Andover is again given as an example. 

6.1 Takeoff 

I n  I.S.A. conditions the average distances agreed reasonably well with predictions a t  high weights, 

The difference between the techniques indicated in Fig. 10 
but i n  tropical conditions the distanoes achieved were considerably longer than predictions - - approx 
25% on ground run or about 300 ft (Fig. 10). 
was not i n  st iok input but included small changes i n  rotate and climb-out speed and, f o r  these s m a l l  
o h a q e s  (order of 5 kts), the effect  on the mean overall distances was small at these limiting f l i gh t  
conditions. This would not be true i n  general for speeds well removed from the "um practioal 
values, of oourse, and the distances are probably more nearly proportional t o  V2 a t  rather higher 
8peedS 

There appeared t o  be two effeots, firstly the slope of distance agsinst weight was l e s s  than 
predicted and secondly the efYect of temperature was more than predicted. The weight effect can 
possibly be explained as  d m u m  power could not be applied at forward speed due t o  propeller 
limitations and consequently a ramp input of power was applied along the i n i t i a l  part  o f  the ground run. 
I n  predictions the power oufqut was assumed t o  be constant adl the errors would thus be expected t o  be 
more a t  l i gh t  m i  t where the power had sometimes not stabil ised in the vary short t i m e  before unstiok 
(order of 20 seos? I n  the tropios, hawever, i f  the power build up was similar the tendenoy would have 
been t o  have reduced the effeot of temperature. The power pattern was also affected by the use of  
methanol water, however, and oonsequent3y it was diffiault t o  assess the overall situation. The 
stabil ised engine perfonnanoe appeared t o  be a s  predicted and, as  engine power i s  usually the main 
source of  doubt in predicting ahaage o f  take-off performanoe w i t h  temperature or altitude, it i s  
d i f f l cu l t  t o  explain the disorepancy unless transient effects were significant. 

would be expected, possibly due t o  the lower elevator power with less slipstream effect, especially a t  
Nairobi ni th  the higher alt i tude and lower engine power. This effect however on subsequent checks did 
not appear t o  be verg large and probably not more than one seoond (approximately 100 ft in distanoe). 

mere was 
however considerable variation i n  teohniqw during the airborne phase and, although pi lots  were briefed 
t o  oarry out a "um effort manoeuvre consistent with clearing real limiting obstaoles, it is l ikely 
that  t h i s  was not always done and on other experience the scat ter  i n  the presence of real limiting 
obstaoles might be redwed considerably. Generally speaking, for most conventional airoraft using 
n o m  teohniques, the standard deviation of t o t a l  t a k e o f f  distance t o  the screen height varies from 
5 t o  1.G and as expected the S.T.O.L. teohnique gives a higher than normal scatter. 

There also appeared t o  be a tendency for the time between rotate and unstiok t o  increase more than 

The measured s t m  deviation of the p o d  run was IQ% and on the air distance 3016. 

Considerable Variability was experienced in the air distances measured and the parameter w i t h  the 

U s i n g  the V.S.I. t o  set up a 6' approach angle without glide path aid experience the mean angle was (a landings). After having used a glide path aid, or when using 

most marked effect was the approaoh angle through 50 ft. (See Fig. 12). 

6.5' w i t h  a standard deviation of  1.1 
the dd, the mean a&e aohieved was 5.7' w i t h  a standard deviation of 1.0' (41 landings); see Fig. 13. 

The other main variable affecting the air distance was the point of flare init iation. 
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Overall the mean a i r  distanoe without glide path aid experienoe was 850 ft with a standard 
deviation of 25% and after experienoe with an aid, 71 0 ft with a standard deviation of 15%. 

Landings were made using bo, 6 O  and 8' glide path ai- t o  clear the 50 ft barrier by 15 ft. 
t o  achieve an 8 O  glide path, reverse thrust was not selected in the air ,  thus enabling a lower idling 
thrust t o  be used but of course increasing the to t a l  air distanoe at a given glide path angle. 

Tests were also made a t  R.A.E. Bedford using a water barrier t o  simulate a r ea l  obstacle (1). 
In  order 

Three types of approad were made:- 

(a) No barrier but a bar on the ground. 

(b) With barrier and bar on the ground. 

( 0 )  With barrier with r i n g  and bar sight. 

Fig. 15 shows the performanoe achieved in terms of height a t  the barrier, and Fig. 16 shows the distanoe 
t o  touoh-down from the barrier for the three glide path angles. 
barrier, the average djstance to  touch-down reduces a s  the glide path angle inoreases without aqy 
appreciable change i n  the soatter fo r  the small sample tested. 

It w i l l  be noted that, when using the 

I n  I.S.A. oonditions the measured average ground run w a s  I .a x the estimated distanoe, but in the 
tropics the factor was 1.13. 
loss during the flare and, although there was a very big scatter in this, the average value was 13 ft,/seo 
i n  I.S.A. and 7 ft/seo i n  the tropics. 
distanoe was I@. 
distauoe t o  stop is l ikely t o  be speed a t  the soreen height, and the normal standard dwiation t o  be 
expected on l a n u  distance from the soreen height for  most conventional airoraft varies from 10 t o  2@. 
U s i n g  a glide path aid the results are i n  the middle of t h i s  bracket but without an aid are l ikely t o  be 
a t  the high end. 

The only variable whioh was found to  be possibly signifioant was the speed 

This is not understood. The standard deviation of ground r o l l  
A t  a given approach angle, the most important single variable affeating to t a l  

6.3 Interpretation 

For militarg operational neoessitiy type of operations the normal method of presenting the 
perfonnanoe, when reduced t o  standard conditions of se- wind, level dry  runnw of stated aurf'aoe, 
appropriate altitude and appropriate temperature, is t o  quote the average achieved by U pilots using 
the agreed representative teohnique i n  reasonably good weather conditions (measured i n  conditions of 
under 10 kts nind strength) and t o  give guidanoe on the operational safety faotor that  should be applied 
t o  cover the scatter. 

As a result of these tests, it was suggested that a margin of 3 x the standard deviation measured 

Only experienoe of aotual 
under test conditions is probably reasonable for  i n i t i a l  operations. This m e a n s  that, under the t e a t  
conditions, roughly 1 i n  lo00 oases w i l l  be outside the factored distances. 
operations will of course show whether or not t h i s  order is satisfaotory a s  there ere so many variables 
t o  be considered for  the real  oase. 
terrain, deterioration mith time, etc.) As an i l lustrat ion of how the reoommended faotors could be used 
i n  order t o  obtain a s t r i p  length, AppentUx 2 gives examples for an unobstructed site ha- two types 
o f  surface prior t o  the main strip. 

Results from Service trials so f a r  have given simFlar or greater scatter than obtained during the 

(Weather, pilots, different airoraft, training, enew aotion, 

ABeAEE tests, as would be expected with the lmger  number of pilots and aircraft and less  certain* on 
the test data. 

7. COIiCLUSIONS 

It will be seen from the t e s t  results on the Andover that, because of the possible large 
variabil i ty in behaviour, then from both handling and performance safety aspeots it is  essential t o  
define the pilot  procedures as precisely as possible and to  emphasise t o  the pi lot  the importance of 
using a constant procedure. This applies both during testing and when promulgating limitations SDd 
prooedures t o  the operator. 

FT the finished product has handling and perfonnanoe characteristics which are very dependent on pi lot  
teohnique, as large safety faotors Nil1 have t o  be applied i n  both these areas thus reduoin@; or  
oanoelling altogether any design &vantage. 
insight into the likely variabil i ty and the use of  automatic control systems i n  the actual design can 
possibly help to  " i s e  the problem. 

As weather conclitions have such a large effect on both handling and performance, the best possible 
means of continuous w j n d  velocity recording should be used during testing. 

Takeoff and landing t e s t s  should if possible be made Over a simulated barrier t o  obtain more 
r ea l i s t i c  performance data and, if sufficient t e s t s  cannot be made during the clearance trials t o  
establish t h e  variabil i ty with reasonable assurance, then further data should be obtained from the 
operator Prom specifio in-service trials. 

In  the design stage also, there is l i t t l e  point in spending a l o t  of time on detailed optimisation 

The use of s h d a t o r s  a t  an early stage may give some 

A glide path aid should be used wherever possible to  improve the oonsistenoy of touoh-dawn 
performance. 
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I. O'Lesry, C.O. 
Slatter, N.V. 

Flight tests to investiga;aDe the problem of  steep approaohes by S.T.O.L. airoraf t .  
R.A.E. Ta.69277 ; 1969. 
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APPENDIX 1 

ANDOVER c. M K e  I 
BASIC W A  "ANT TO THE STOL ROLE 

1. 

2. 

3. 

4. 

5. 

WEIGtlTS 

Maxi" t&e-ofY weight 

Msxirmun landing wei#lt 

loading 

* loading 
CENl'RB OF GRAVITY 

Apt limit 

Fomsrd limit 

EZE 
Area 

S P  

Aapeot-ratio 

Seotion root 
t ip  

Standard mean ohord 

Quarter-ohord sweep 

- FLAP 

Fowler type w i t h  d i a r y  tab 

Area 79.9 sq ft per side,or total flap m a  is  
19 .s  of e =ea. 

27.7 ft per side f r o m  I@ t o  SP= 

Mean total chord 2.88 ft 

6 s  semi-span. 

Flap tab ohord/total flap ohord 37 .s  

STAU WARNING SYSTGM 

Safe-Flight system w i t h  vanes on eaoh wing. The system operates at vane forma tabulated below 

0" Flap 15 ~;ra"es 

10OFlap 15 gxwnnea 

2&OFlap 17granines 

27' Flap 19 gramnes 

30' Flap 23 grammes 

50,OOO lb  
60.2 lb/aq ft 

831 sq ft 

11 .6 

NACA 23018 
NACA &I2 

8.4a ft 

2.92O 

- NOTE: 
consequently t h e  stall warning margin varies over the weight range; (appmx 2'). 

AB a s m ~ l l  foroe is required to operate the vane, the wsrning is not ~ e p e d e n t  of  ( j p  $1 
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Underehoot 

-:00 

)"Dn 2 

SuccES'pEI) STBIP m m  m-s 
The following two @ea show haw the required s t r i p  length oan be estimated f o r  the per t iau lar  

oase where obataolea in the undershoot aa8 overshoot a m  not or i t loe l .  The sente prinoiples oan be 
applied t o  oaaes where obstaoles are o r i t i o d .  

pSSUMPTIONS 

1. 

2. 

3. 
IO00 take-offa or lsndings when operating a t  the  limiting ooaditions. 

X" hard s u r f a m  with similar M o t i o n  oharaotsrist ics t o  dxy asphalt, t w o  o r  ooncrete. 

No obstaoles in udershoot o r  warshoot, i.e. any approach path oan be used. 

Order of major accident r a t e  allowable due t o  adverse take-off or 1- performanoe about 1 in 

E e u  
Unlerahootlng or overshooting dl produce a major accident. 

1 Overshoot 

ft 1.6 x basio g r d  run 

Takeoff oase 

Allow sw 50 ft. f o r  turn at end. 

(Standard deviation of ground run .IQ%) 

StamIard deviation of groum~ run 1496) 
Standard deviation of touoh-down position 100 ft.) 
Average touch-down posit ion beyond aiming point 100 Pt.) 

Landinn 

300 fi.Average touch-down position 

I 4  

The fao tor  1.6 allows f o r  some var i ab i l i t y  i n  touch-down position, but not t h e  full e f fec t  of 
oombining the scatter in ground run with the soa t t e r  in touoh-dam position, as the two are not 
oompletely independent; i.e. short touoh-down w U l  be associated with high speed and long ground run in 
some oases. 

The fao tor  is also only applicable f o r  no"l ground runs of the  order of  700 Ft. Any l a rge  
variations f r o m  this w i l l  require a m o d i f i e d  factor.  

S t r iu  B 

Undershoots and warshoots oan be permitted i n  sw 1 in 20 operations a t  limithg conditions; e.g. 
surfaoe in undershoot and overshoot oan be used ooeacrionally without serious damage for distances equal 
t o  the differenoe between the lengths of S t r i p  A a d  S t r i p  B. 

(a) Takeoff oase 

S t r i p  length 1.2 x + 50 ft. 

SEE DIAGRAM ON NMT PAGE 

The evidenoe for touch-down position and v a r i a b i l i Q  of position is based on trials on the Heroules 
C. Mk. 1, Argosy C. Mk. I ,  and Andover C. Mk. I ,  when attempting t o  touch-down at  the be- of a 
membrane. The average touch-down posit ion was about lo0 Pt. down the membrane with a standard deviation 
o f  about lo0 ft. The dis t r ibu t ion  was slightly skew with the shor tes t  touoh-dawns not more than 100 ft. 
short of the threshold and fur thes t  down be- 400 ft. from threshold. 
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F@. I Andwer C. Mk. 1 

24FT I IN, 1 

98FT 31N. WINGSPAN 

PROPELLER GROUND , IN, 
CLEARANCE 

Z l F T  91N. 
TRACK 

Fig.2 General arrangement Andover C. Mk.1 



. /  

.. . 

Fig.3 Andover C. Mk.1. Flapitab in S.T.O.L. landing position 
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ELEVATOR 
DEGS. 

20 

STICK FORCE 
PULL 
La 

ANGLE 
0 

- 20 

-K)  

150 

100 ' 

FORWARD 
ANGLE 
LIMIT 

NOSE UP 
DEGS. 

-_- AFT CENTRE 
10 OF GRAVITY. - FORWARD 

CENTRE 
OF GRAVITY. 

PITCH ATTITUDE 

0 

INCREASING 
INCIDENCE 
DEGS . 

NORMAL 
ACCELERATION 

'G'  

I.A.S. 
KTS. 

01 I I I I 

1.0 5 
L 

-5 

9 0  

----- 80 ' 

VR TARGET 
l o -  - 

5 10 15 20 
TIME - SECONDS 

0 

Fig4 S.T.O.L. take off 
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LABYRINTH AND 
AIR PASSAGES 

AIR FLOW *’ 

POTENTIOMETERS 

Fig3 Specialities attitude direction detector 

X FORWARD CENTRE OF GRAVITY. 

0 AFT CENTRE OF GRAVITY. 

PRE-STALL BUFFET. 

Fig.6 S.T.O.L. take off (early tests) 
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n 

Fig.7 Maximum incidence on S.T.O.L. take off at aft centre of gravity 

‘r L 
6 (1 

Fig.8 Rate of descent at touchdown for S.T.O.L. landings. Range of centre of gravity position 
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RING DIMENSIONS : 5 F T  DIWETKR 
3FT DIAMETER HOLE 

8*R D(MENSIDNS : 10 FT X I FT HIGH 

CENTRE ff RING 7 k  FT *BoM GRWND LNEL 
(le 1FT AnovE CENTRE OF BAR)  

Fig.9 Sketch of ring sight and dar set up for 6' approach 

I 

w 
z U lpoo 

E 

F 500 
U 

zpoo 
'i' 
& 
z 
2 
0 I ~ O O  
2 

3 
U 
U 
LL 
0 poo 

CRAFT WEIGHT 

Fa.10 Short take off performance I.S.A. + 20°C. 5,000 ft. Comparison of test points with calculated distances 
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CALCULATED DISTANCES FOR 
X DIFFERENT SAFETY FACTORS 

X 

X 

xx 
X 

X 
poo 

a - Y 
1.3 
1.2 
1.1 
I .o 

X 
Y ' i x  

500 I I I 

500 I I 1 
3SpOO +woo 4 v O O  

AIRCRAFT WEIGHT (LB) 

Fig.11 Short landing performance. I.S.A. + 20°C. 5,000 ft. Comparison of test points with calculated distances 
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n 
I- 
w 
w 
8 

5 0 0  

0 

O O  
n 

0 

4 

0 

C 

\ 

I 
0 PILOT AIMING FOR 3°APPRQ4CH. 
A PILOT AIMING FOR 6OAPPROACH 

BEFORE GLIDE PATH GUIDANCE 
EXPERIENCE. 

X PILOT AIMING FOR 6°APPROACH 
AFTER GLIDE PATH GUIDANCE 
EXPERIENCE. - MEAN OF TEST RESULTS 

MINIMUM AIR OISTANCE 
ASSUMING N O  F L A R E  I 

X 

* x  
x x  

A X  

X 

\ 

2 3 4 5 6 7 8 
APPROACH ANGLE (DE@ 

Fig. I2 Approach distance + approach angle 
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NUMBER 
OF 
OCCASIONS 

@NO GUDE PATH AID. 
PILOT AIMING mR 3- 
N -26 
6 -3.06- MEAN 
6- 0.61° STANDARD 

DEVIATION 

OCCASIONS 

NUMBER 
OF 

e 

0 

I-L 

n im a 

0 

@NO GUDE PATH AID. 
PILOT AIMING mR 3- 
N -26 
6 -3.06- MEAN 
6- 0.61° STANDARD 

DEVIATION 

0 2 4 6 8 

@ NO GLIDE P*TH N O .  
PILOT AIMING FOR 6' 
N - 4 3  

6-1.09° 
.4.5- 

C WITH WDE PATH AID 
OR AFTER EXPERIENCE 
OF AID. 
PILOT AIMING FOR 6' 
N-41 
e -5.1- 
6-1.020 

!MNo 2 

0 
0 2 4 6 8 

APPFSACH ANGLE BDEG 

Fig.13 Approach angle through 50 ft. for S.T.O.L. landings 

. .. . ..... ., ..."."I 

Fig.14 S.T.O.L. landing over water barrier 
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SUMMARY OF DISCUSSION 

relating to 

FLIGHT TESTING TRANSPORT AIRCRAFT 

1 .  Difference between tasks of A. & A.E.E. (Military) and A.R.B. (Civil) 

A.R.B. are only interested in airworthiness aspects and generally sit in on 
Firm's flying. A. & A.E.E. are interested in both airworthiness and operational 
usefulness,and most clearance trials are done by flying an aircraft at Boscombe Down 
on own charge. 

specifically requested it is not normal to make detailed comparisons between. results 
achieved and theory o r  tunnel tests. 
standards of acceptability based on past experience and on the average behaviour and 
the variability of the aircraft under test in relation to its particular role. 

In connection with the handling measurements made at A. & A.E.E., unless 

The results are in the main assessed against 

2. Comparison of Performance Factors in Appendix 2 of Paper with B.C.A.R. Facto12 

It is difficult to compare directly as the philosophy of measurement of the 
basic distances is different, and allowance is made for additional variables such as 
wet surface and obstacle clearance in the B.C.A.R. factors. 

represents the average achieved by a good Service pilot (as measured at A. & A.E.1:. 
in reasonably good environmental conditions). Because of the need for the Service to 
vary their operational risk, it is left to the operator to apply an appropriate 
safety factor to cover scatter and variation from this average standard due to 
operational o r  in-life differences from the test conditions. Specification performance 
is normally based on the A. & A.E.E. unfactored average standard. In the case of 
performance measured by Firms for incorporation in Civil Flight Manuals when suitably 
factored by the fixed mandatory factors it is usual to apply considerable effort to 
produce minimal distances consistent with the defined technique, and on some occasions 
this technique will require more than the usual standard achieved in the Service 
unless specific attention is drawn to this aspect. 

the required runway length based on landing performance would be about double using 
B.C.A.R. factors and performance measurements compared with the military standard and 
factors given in Appendix 2 (Strip A) for the Andover at a weight of 45000 lb. 

Basically military performance data presented in an O.D.M. (Operating Data Manual) 

Removing the factor in B.C.A.R.'s for the effect of a wet surface on ground roll, 

3 .  Optimum Flight Path Control 

to control speed using the throttle. This system appears to give generally the best 
overall control, but particular aircraft and systems must be assBssed theoretical1;y 
and preferably on a simulator to check the optimum technique. 

On conventional aircraft it is normal to fly the flight path on the elevator and 

4. Possible Handling Improvements 

To reduce air distance scatter, then in addition to using external glide path 
guidance, it would be possible to fly straight in but one would have to consider the 
weight penalty with stronger undercarriage apart from possible passenger discomfort 
aspects. Radio altimeter call-out o r  HlTD presentation could be used to give pilot 
better indication of precise flare height. A large part of the scatter on the total 
distance to and from the screen height is due to speed variability and this could 
probably be improved with an auto-throttle system. Complete auto-pilot system may 
give more precise control of take-off manoeuvre but could be worse from a landing 
scatter point of view with similar systems to those at present in use. Director if3 no 
good for Andover type situation, as manoeuvre is too rapid, but could be of use for 
slower types of manoeuvre. 

5. Distance Factor of 1.6 in Strip a Landing Case 

This covers touch-down variability combined with variability in ground stopping 
distance. 
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6. Pilot Technique Aspects Affecting Performance Factors 

Includes any complex technique demanding a high degree of training to ensure 
repeatability; the pilot should not be reauired to make selections during a very 
short time take-off run without very precise information on when to make selections 
(e.g. deflecting flaps or nozzles), or make rapid manoeuvres without the ability to 
monitor the effect of his inputs continuously. Also, judgement aspects with in- 
adequate visual o r  other references; (e.g. approach path assessed without external 
glide path, flare height without accurate height infwrmation, etc). 

7. Instrument Presentation of Glide Path. e.g. On Head-up Display 

The glide path could be given to the pilot on instrument presentation, possibly 
by measuring ground speed and vertical velocity; but this is more complex than with, 
an external aid because of wind effects and extra head down or up instrument required. 
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In Part 1, interface problems between engine and airframe associated with the achievement of short 
field performance are described. 
civil SML. A range of possible lift augmentation devices is considered, and their effect on engine 
design i s  shown. 

In Part a., optimum engine designs and their particular characteristics for various systems are 

Civil and military aircraft are treated with the main emphasis on 

The associated problema of noise and performance axe a l s o  considered. 

then described i n  some detail. 

The authors wish to express their gratitude to members of the New Projects Area of Rolls Royce, 
Bristol Engine Division for their help in preparing this paper. 

The authors also wish to thank Rolls-Royce Limited for permission to publish this paper and 
emghasise that the views expressed therein are their o m  and do not necessarily reflect the views of 
the C o m p a n y .  
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PART 1:- -ACE PBOBLEMS ENGINE ANI) AIRFRAME 

by J. HOOPER 

1. INTBODUC‘I?ON 

This paper is divided into two  parts. 

Part I considers the interfaoe problems between eerie sad airRgme assooiated with the aohievement 
of short field performance. 
S.T.O.L. 

C i v i l  and military aircraft are treated, but the main emphasis is on o iv i l  

Current civil S.T.O.L. requirements are considered, and the need for some form of engine powered 
lift augmentation device is  demonstrated. Lif’t augmentation devices are treated in a fsirly d d e  
meaning of the term, in the sense of aqy means of providing more lift ran- f r o m  b l m  f laps  t a  direot 
j e t  lift. Various possibi l i t ies  of providing engine power for lift augmentation are oonsidered. 
Propulsion and lift may be provided by a single multiple--tion parer unit, or by separate propulsion 
and lift units. The ”um safe number of engines, and of o o w e ,  mini” number of types of an&e 
must o l e a r b  be a desi@ aim. The problem is therefore approached by first oonsidering the propulsion 
engine, optbised fo r  S.T.O.L. from the point of viea of performance and noise oonsiderations. The 
compatibility of t h i s  engine wi’th the demands imposed by forms of Uft augmentation system suoh aa 
external and internal-blown f laps  is then considered. 
multiple funotion engine, other systems such as separate engine bAowing units and sepruute lift englnes 
are considered. 
oombinations, and the establiahment of oertain basic engine design oriteria.  

H a v i n g  thus b e s t i g t e d  the possibil i tg of a 

The remilts of t h i s  snalysis lead t o  four separately identifiable enghq/ahfra=e 

Milit- eircraFt requirements are treated fairly briefly, following much the same approach. 

- Part 11 of the paper C O M ~ ~ W S  the effeot of the desi@ criteria established i n  Part I OIL the 
thermoqynamios of the enm, and describes various engine aolutions appropriate t o  the engine/drfraw 
combinations arrived a t  in Part I. Multiple m o t i o n  poaerplaats are desoribed, and the penalties 
associated with n o w p t i r r ”  designs compromised for speaial purposes are shain. S-e funotion p e r  
plants are then considered, and engines optinised for pmpuldon, direct lift and blarring air supply are 
described i n  detail .  

2. C M L  S.T.0.L. 

2.1 Eiaaio Beai”ents 

attention is being paid t o  the possibi l i t ies  of V/STOL. This haa led in both the U.K. and Ge- t o  
government issued requirements for V.T.O.L. 
Europe, the emphasis haa been placed on S.T.O.L. 

specification in mid4969 for a STOL a i d .  
proposals. Rolls Royce engines were includes in these proposals, snd a separate ER response was also 
made. The results of Eastern’s analysis of these proposals are errpeoted t o  be made pubuc t o  the 
participants within the next month or so. 

Because of increasing air and grot& congestion, particularly i n  the United States, Increasing 

I n  the U.S. where the problem is much more pressing than in 

Eastern Airlines, a major U.S. oamier t ha t  operates in the NE Corridor area idsued a &“t 
Host major o o q m i e s  respombd w i t h  deai@ 

The basio Eastern STOL a i r c ra f t  r e w n e n t  is sham in Fig. 1. 

The main points t o  note which are signifloant in  t h i s  context, are the 1500 ft. f l e l d  length md 
the 95 pNdB noise requirement. 
requirement. 

These two items provide the main technical dif’fiuultg in the 

2.2 H e l d  Perfonuanoe 

I n  order t o  understand the demands likely t o  be made on the engine, it is first necessaxy t o  
consider STOL field performance. 

systems representative of the three nrain tgpes, namely mechanioal flap, internal-blown flap, and 
externel-blown f lap.  Fig. J ahme two mpresentative direct  lift systems, characterised by vectored 
thrust  and lift fan. 

Some possible lift aupentation deviaes are shown in Figs. 2 and 3. Fig. 2 s h m  a e r d p u d c  Ilft 

Fig. 4 shows F.A.B. take-off distanoe versus thrust/rei&t r a t i o  for these rarloua qpstems. 
Internal or demal  blown f l a p  systems requi2.e a to t a l  installed thrust/rrei&t r a t i o  of up t o  0.55, 
meahdcal flaps w i t h  thrust veotoring a thrunt/reight r a t i o  of 0.57, and meobdopl flaps and lift 
engines a t o t a l  instal led thnwt/rei&t r a t i o  of approximately 0.62. 

is orit ioal .  It is not possible to achiere 1500 it. lsniling f ie ld length with nechardoal flaps d o n e .  
Fig. 5 ahom landing performance. This figure shows that  landing periommnce rather than take-off 

Fig. 6 i l l u s t r a t e s  this more clearly, showing that  the shortest praotioable field length available 
d t h  mechanical f laps is of the order of 2ooo ft. plm. 
some form of engine augmented lift is necesserg. 

To achieve shorfer f l e ld  lengths than thi8, 
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figs. 4 - 6 assum an i n i t i a l  a i roraf t  take-off w i q  loading of 70 lb/ft2 as be- oompatible dth 

It is concluded that additional l i f t  must be supplied other than that  available from oonventional 
The e n e r g  required t o  produoe this lift 

acceptable ride charooteristios. 

aerodynamio means i n  order t o  achieve 1500 ft. f i e l d  length. 
must be generated by some type of engine system. 
internal f l ap  blowing, en@ exhaust air for external f lap b l d n g ,  or a direct  lift thrust input. 

This may take the form of high pressure air for 

2.3 How is this Additional L i f t  Obtained From the EDcdnes am3 how is the Propulsion U n i t  Affeot& 

There are various possibil i t ies,  of whioh the following are considered: 

Bleeding HP, IF or LP sir. 1 (a) 
Propulsion (b) High mass flow engine exhaust. 

( 0 )  Veotored thnlst. 

(a) Separate bleed engine. 

(e) Separate lift en@.=. 

Items (a) and (e) do not significantly affect  the propulsion engine; i n  the next sub-seotlon 2..4 
therefore, only (a) (b) and (c) are considered. 

2.4 The SmL Propulsion mine 

I n  oonsidering the propulsion engine it is not sufficient t o  oonsider performanoe alone; noise is 
I n  this section, the a b i l i v  of the oonventional engine design t o  of equal if not greater impartanoe. 

supply f l ap  blow 
performance and 3 for minimum noise. 

air  is oompared d t h  the oapabili t ies of propulsion engines designed (a) for optimum 

It is first neoessary t o  oonsider how moh bleed air I s  l h l y  t o  be r e q u i d .  Flg. 7 shows a 
typical curve of Cp* against ACL. 
vary acoording t o  the partioular f lap confi@ration eta, The band of C,, aham on the kgure is taken t o  
be representative of that  required t o  aohieve the CL neoessaxy for 1500 ft. f i e ld  performanoe. 
there is a possible trade-off between mass f l o w  and pressure r a t io  i n  order t o  aohieve a des- mV. 
Fig. 8 shows an important consideration which m u s t  aluays be borne i n  mind when oonsidering pressure 
ratio,  namely the ning volume which w i l l  be taken up by duoting. 

The aotual value of &L for a partioular value of C rill obviously 

Clearly 

Fig. 9 shows the areas P r o m  which bleed air is typically extraoted and the older of preesure r a t i o  

fig. 10 shows the approximate limits of bleed d r  whioh mey be taken and the effect  on thrust for a 
The gas generator oannot in generel supply more than about 15% of i t s  to t a l  flow, 
It is  poss ib le  t o  rematch the engine t o  take up t o  about 25% I P  bleed a t  the 

and temperature l ikely t o  be encountered. 

bypass-ratio 3 e@e. 
either IP or HP bleed. 
expense of some performance penalty. 
be taken. 
with more fully in Part I1 of the paper. 

oompared with the flow required as shown previously i n  Fig. 7. This Figure assume8 a fixed overall 
th-t (including bleed thrust)  a t  0.7 unstiok speed. It is clear  that  conventional englnes of bypass 
r a t i o  of 3 or above are unable t o  supply sufficient hi& pressure air from Ip or  HP oompressoia. Only 
bypass a i r  oan be used. 

exhaust gas velooities and temperatures on the flaps. Fig. 12 shows Jet  core temperatures versus A fo r  
a f l ap  12 ft, from the j e t  nozzle. 
probably required, w i t h  consequent weight penalty. 

There is no effeotive limit t o  the amount of bypass air whioh oan 
This question i s  dealt However, l o w  pressure r a t io  bypass air may be a problem a t  high h,s. 

Fig. 11 shows the m a x i m  bleed flow available f r o m  the engine for a range of bypass ratios,  

!humlug LIOW t o  externally-blown flaps, hi&er bypass-ratio is clearu advantageous in 10uerbIg 

Below a bjrpass-ratio of 9 approximately, a steel f l ap  structure is 

The oonolusion reached is therefore that, for internal f l ap  bloalw, suffioient Hp or LP bleed i s  
only available up t o  bypass-ratio 3 or SO. 
bloning, bypass-ratios of above 9 are desirable. 

2.4.2 BnRLM Optimism3 for STOL from Performance Considerations 

Bleed is unrestricted from the  LP. For arternal f lap 

This motion oonsiders a propulsion englne optimised for STOL solely from the point of vias  of 
providing m i n i m u m  airorspt take-off weight and d iwot  operat- costs. For the purposes of arriving a t  
representative weights i n  the study, it is assumed that lift; augmentation is provided by intenrally- 
blown flaps supplied with air by separate blowing englnes. 
compromised by flap bloaing oonsiderations. 
operation in this study. 

Thus, propulsion englm design is not 
Flg. 13 shows the typioal f l i gh t  p r o m e  assumed for STOL 

Fig. 14  shows a typloal STOL Siraraft design as  used i n  this study. 

mv 
* cp =z where M = b l d n g  mass f low,  V = e x p d e d  j e t  velocity a t  blowing s lot ,  

q = Qnadc pressure, S = Gross wing area 
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STOL oiroraft w i l l  tend t o  be more expensive t o  operate than CTOL airoraft. Themfore, aohievement 

Fig. 15 shows the o p t h  oruise speed f o r  minimum direot operating oosta plotted e t  stsge 

of "um possible direot operating o o s b  is of p a t  Importanoe. 

length. Sensitivity is  also aham. This Figure waa obtained by desi- a series of aimraft a t  eaoh 
stags length for  the speed range show, and then oalouhting direct  opera- oosts. For STOL 
operations the  main stags-length ia l ikely t o  be of the order of 200 nm w i t h  some routes up t o  500 nm. 
This is .typioal of both the U.S. a d  U.K. A oruise speed of 0.72 is therefore oonsidered t o  be a 
reasonable oomprodse for  STOL operation for  dnl" D.O.C. 

Fig. 16 ahms the r a t i o  of take-off t o  oruise thwt required f o r  1500 f't. and 2OOO f't. f ie ld  
length, and the way in which the r a t i o  available f r o m  the -ne varies with bypass-ratio. 
height of 25,OOO ft. i s  assumed. The en- ra t io  i s  ahown as a band rather than a line, beoause the 
choice of e- T.E.T. oan affeot t h i s  ratio. For optimum -st match f o r  1500 ft. STOL and 0.72 Y 
oruise, bypaar-ratio should olearly be of the order of 9 t o  12. Bypaas-ratio dll reduoe i f  inoreased 
onrise s p e d  is  required. 

fig. 17 shows the variation of sfo dth by aas-ratio, both bare engine and installed (including a 
faotor of 1.5 for airoraft b t a l l a t i o n  af feo ts~ .  Fuel oarrled is approximately 13% of airoraf t  T.O.W. 
Fig. 18 ahoaa the overi l l  result in t e m s  of relative take-off might  and relative h o t  operat* 
oosts versua bypass-ratio, for an airoraft desigued t o  Ailfill the 500 na stagelength Eastern miasion. 
Again bypaas-ratios between 9 and 12 are indicated f o r  minimum take-off might  and direot operating 
oosts. A 0  m a t  sensit ivity t o  bypaas-ratio is shown, there being only some 2@ differenoe in D.O.C. 
b e t "  A P 6 and X = 10. 

It i s  therefore oonoludd that  prf~rmanoe oonaiderations indioate a bypass-ratio of between 9 and 
12 f o r  "m direot operaUng oosb.  However, D.0.c.'~ are relatively insensitive t o  bypass-ratio in 
the region k = 4 to 12. 

A cruise 

2.403 EnRLne ODtinised f o r  H i R h l l U  Noise 

Noise is beooming inomaaingly importent in dictating engine design. The conruunity in general is  
beginning t o  m o t  against all fonns of pollution of the environment - t o  w h h h  noise is a signifloant 
contributor. 
inaide or verg olose t o  den8el.v populated areaa, it is  of over-riding significance. This  i s  reflected 
in the target  nobe levels proposed by various bodies f o r  V/STOL compared with oonventionel ainuppt. 

Pig. 19 shows tar@ noise levels for CTOL and STOL airoraft. The CTOL levels ahown are the l a t e s t  
U.S. Unilateral itqplati0r.u (FAA Dooument Docket 9337, Nov. 3rd. 1969) and are referred t o  a loo0 ft. 
sideline distanee for  oomparative purposes. The STOL level is a tentative FAA proposal; Faatern suggest 
this level at 500 ft. sideline. 
simple terms, about half the aanoyanoe noise level of the CTOL. Since mauy present airoraft are above 
the CTOL levels ahom, the magnitude of the step foxward in technology that  i s  required oan be 
appreoiated. 
possible. 

medn souroe of noise. Fig. 20 ahons noise aouroes f o r  a turbojet and high bypass-ratio turbofan ensine. 
"be main souroes of noise i n  the turbofan are the fan, the turbine, and the j e t  exhaust. 
the variation with bypass-ratio of the noise produced by these souroes f o r  a representative range of 
engine designs. 

The present s ta te  of ert is such that  turbine noise production is imperfectly unierstood and is 
therefore d i f f icu l t  t o  silenoe f o r  that reason. Jet silenolng other than by reductiona i n  j e t  velocity 
is difPioult if only beoauae of the &as tenperatures enoountered. 
amenable t o  treatment a t  the present time. In desi- f o r  minimum noise them are many faotors which 
must be oonsidered. There are f o r  E-XNII~~~, design oonsiderations suoh as rotor/stator spacing, blade 
chord, t i p  speed and number Of fan stages M shown in fig. 22. 

noise, with turbine and fan noise levels superimporred. 
f o r  possible imprcwements in fan and turbine noise attenuation, that Jet velocities of l ess  than 
900 W s e o  should be aimed for. 
i e  d e r  control. The fan mise is  l e f t  dominant and this oan then be reduoed by us- noise 
attenuating linings i n  the areas as ahown in Fig. 24. 
noise solution, !l!ypitd noise contributions of the three main sources and the effeot of noise 
attenuation is ahown in Fig. 25 for  a high 1 eq#.ne. 

Big. 26 shows the effeot of bypose-ratio on lo00 ft. sideline noise for both unsilenoed and 
silenoed e w e s .  This Figure assumes present day teohnology in noise attenuation, and ahom l i t t l e  
diffumme in noise between 1 = 6 and X = 12. However, there are believed t o  be possibil i t ies of further 
improvements in s ta te  of a r t  of fan attenuating materials, having an ePfect ae indicated by the tentative 
dotted lines ahom in Flg. 26 and ah- the poasibility of pexbaps a further 5 PNdB reduotion in noise 
a t  A = 10 to 12. 

I n  the 0-8 of o i v i l  vehioles desieped for  STOL or  VTOL, whioh by implioation rill operate 

The mein point t o  note is that the pmposed STOL noise levels mean, in 

This seotion gives a vsrg simplified desoription of some of the noise reduction methods 

In  order t o  understand the problem of engine noise reduotion it is  f i rs t  neoessary t o  identi@ the 

Fig. 21 shows 

This leaves the fan noise aa the most 

Fig. 23 is verg important i n  i ts  influence on STOL en-e desi@. This shows j e t  velooity versus 
It is c h a r  from this Figure, maksng alloaanoe 

This ensures that  the noise source probably leas t  amenable t o  treatment 

The aim is thus t o  obtain a balanced nrbi" 

S b e  at present it is excerdiq ly  difYioult t o  meet target STOL noise levels, th i s  is of 
oondaerable sismifioanoe. The oonaluaion is therefore drawn that the optimum bypass-ratio f o r  
noise is of the or(ler of I O  t o  12. 
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2.4.4 Thrust VeotOring 

Thrust veotoring rill be mentioned only br lef ly  here, s b e  it is disoussed mom fully in Part I1 
of the paper which deals with some of the detailed engine problem meas. Ae bypass-ratio is  inoreared, 
fan pressure rat ios  deorease in order t o  maintain the opti” thermodynamio cyole. This in turn mema 
that  duct losses beoone muoh more important, and results i n  siepiMoant inoreases i n  cruise sfo due t o  
noztle losses as  bypass-ratio is inoreased. I n  addition nozole sizes tend t o  beoome very unwieldy, a d  
oan glve rise t o  signiploant drag and migh t  penalities. 

t o  be a verg at t ract ive solution. 
For bypass-ratios of the order of 10 or 12 therefore, thrust veotoring does not at present appear 

Bringing the conclusions of 2.4.1, 2.4.2, 2.4.3 rud 2.4.4 together therefore gives the following 
results. 

For a minimum noise and best operating eccm~aics the propulsion engine should have a bypass-ratio 
between 10 adl 12. 
than 12. 

To minimise instal la t ion problems t h i s  should clearly be biased t o w d s  10 rather 

If bleed air is  requhed f r o m  the propulsion engine, only Le air i s  l i ke ly  t o  be available in the 
quantities required. Beoause fan pressure r a t i o  is fairly low (Fan P.Bsl.5 at these high bypaes-ratios 
f o r  optimum thermodynamic efflcienoy), some compromise in engine desi@ and efficiency wi l l  be neoessary 
t o  prOaae the bleed pressure rat ios  of the order of 2.5 or more which are likely t o  be required. 
i s  disousred more Fully i n  Par t  I1 of the paper. 

This 

Gas gemrator exhaust velcoit ies must be kept below 900 ft/sec. 

Lift e@no requirements are f a i r l y  clear and can be stated muoh more simply. They should be as 
hi& a thruat/weigllt r a t i o  aa possible, have low specifio fuel oonsumption, and have noise levels 
compatible w i t h  the requirements apecifled above. 
RB 202 l i f t  fan engine which is d e s i p d  t o  f ’ u l f i l l  these requirements, and it is described nore f u l l y  
in Par t  I1 of this  paper. I n  essence it is very similar t o  the propulsion ooneept described above, in 
that  it haa a bypaas-ratio of about 10, a single-stage fan, and l o w  exhaust veloci.tp. 
emphasis on thnret/aei&t r a t i o  it has, however, a nuoh loser pressure ratio. 

Most people will be familiar w i t h  the Rolls Royce 

Beoauae of the 

2.7 B l e  U 6 

B l W  engine requirements are aa f o r  lift engines in terms of high thrust/weight ratios,  low sfc 
end low noise levels. 
reasonable duct sise i.e. PR = 2.5+. 

They should also, however, provide air a t  a pressure r a t io  oonaistent with a 

2.8 Possible STOL ent#ne/sirffsme Combinations 
i 

From the above considerations it is‘possible t o  rationalise four types of engine (derived f W m  
three basic types) w h i o h  i n  oorrect combination would provide the STOL solution. 

These are shown in Fig. 27. 

sin& -tion propuhion unit optimised for  performance aud -mum noise. 

Multi-function unit oonpromised t o  provide Le bleed air as well as propulsion. 

Single funcltion optimised lift unit. 

Single -tion optimised blowing sir supply unit. 

Possible engine/airffame oombinationa ( w i t h  the “um safe number of engines quoted) fbre then as 

(1) 

(2) 

(3) 

(4) 

ah- in Eries. 29 t o  32. 

1. 

2. Internal-blown f l ap  

using (a) 2 optiwised propulsion and 2 separate blowlng units. 

or  

3. 

W e d - b l o w n  f l ap  uaiag 4 optimised propulsion engines. 

(b) 4 multiple function propulsion units. 

Fan lift aircraft using 2 optinised propulsion and 4 optimised lift engines. 

3. MILITARY STOL 

3.1 Introduotion 

Militarg STOL w i l l  be mentioned only very br ief ly  s h e  problems of national seourity intrude when 
discussing military airoraft .  
militazy STOL vohiole is likely t o  be a derivative of a c iv i l  machine. 

On the subject of transport airoraf’t present indioationa are that sqy 
The ooments given above on 
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c i v i l  airaraf't therefore apply. 

00~traint11 affecting civil STOL no longer apply. 

3.2 Combat Aircraft Field Performance 

Combat aimraft w i l l  be treated very superf'icielly. A t  the present 
tFme mise oonsiderations are not important, performance be- the main consideration, SO that maw I 

Follaning the approach used i n  c i v i l  SWL, Fig. 28 shows the areas i n  which engine poraered lift 
augmentation is required, for fixed wing and variable geometry airoraft .  
roughly lo00 ft. ground run, the average fighter can be served f a i r l y  adequately by meohanioal devices. 
The appcrrent difference between this  result and the oivi l  STOL resul ts  is due entirely t o  the different 
rules of operation and safety factors involved between c i v i l  and military operation. There has been 

ssure t o  reduce these distances in oonventional fighters, probably beoause the hi& installed 
littlr thrus wei&t rat ios  of around 0.8 t o  1.0 now oommon in advanced designs give a fdrly balanced TOO./ 
landing f i e l d  performanoe of around lo00 ft. ground run. 

are Phantom, F'lob, and Buccaneer. 
been solved satisfactorily i n  proctioe. 

This Jholpa that, down t o  

Recent oombat airoraft which have used boundary-leJrer control by f lap  blowing for various reasons 
Bleed sir extraction has caused various d e t d l  problems w h i o h  have 

When veery short or vertioal take-off and larding perfonnanoe is required then the simplest solution 
so far proposed is engine liit provided by the veotored thrust engine. The Hauker Siddeley Harrier is 
the  well-known and very successful example of t h i s  concept. 

speoiflo exoe8s power are required. 
known 88 plenum ohamber burning, in  which the oold flow f r o m  the LP fan is burnt in the front veotoring 
n o d e s  t o  p r i d e  considerable thrust or lift boost. This oan Qpically augment lift off thmst by 
some 3& umi has a s i m o a n t  effect  on spacifio exoess power. 

A flarther development of this concept has been proposed, when supersonic oapability or hi@ 
This  envisages the adoption of a further lipf augmentation device 

I 

\ 

Combinations of vectored thrust  engine a d  lift engine have also been proposed, as i n  the German 

I n  a oonbat airorapt, lift engine volume and thrust/vsight ratio are 

YAK 1 9  prototype nor under eonstruotion. 

levels and l a  speciflo fuel oonawnption are relatively unimportant, and t h i s  leads to  the adoption of 
a turbojet design such as the RE 162 or the XJg9, in oontraat t o  the k = 10 RB 202 civil desiep. 

important. Low noise 

I 
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PAY LOAD 100-200 PASSENGERS. 

DESIGN STAGE LENGTH 500 N.M. 

FIELD LENGTH 1500 FT. (S.L.90"F) 

CRUISE SPEED 350-500 KTS. T.A.S. 
ISA+lO"C 

CRUISE ALTITUDE 15000 - 30,000 FT. 

NO1 SE 95 Pndb. 

T I  ME SCALE 1973-1975 

Fig. 1 Typical STOL requirement (Eastern Airlines US) 

MECHANICAL FLAP 

CL 3 - 3.5 B 

INTERNALLY- BLOWN FLAP 

CL = 4.5-6 

9 EXTERNALLY - BLOWN FLAP 

Fig.2 Aerodynamic lift systems 

VECTORED THRUST 

LIFT FAN [ @ 

Fig.3 Direct jet lift systems 
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Fig.4 Take-off performance 
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Fig.5 Landing performance 

W I S  = 66.5 Iblft' 
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Fig.6 Effect of CLmax on landing performance 
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Fig.7 Additional lift generated by blowing 
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Fig.8 Influence of pressure ratio on duct area 
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Fig.9 Bleed sources - bypass engines 
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Fig. IO Effect of bleed on static thrust 
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Fig. I3 Typical STOL flight profde 

-n 

Fig. 14 Typical STOL design 

Fig. 15 Cruise speed for minimum DOC 
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Fig. 18 Effect of bypass ratio 
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Fig. 19 Target noise levels 
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Fig.20 Noise source distribution 
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Fig.21 Effect of bypass ratio on noise components 
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Fig.25 Effect of acoustic materials on total forward and rearward noise 
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Fig.26 Variation of noise with bypass ratio 
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Fig27 STOL engine types 
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Fig.28 Landing performance of combat aircraft 

Fig29 External-blown flap configuration 
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Fig.30 Internal-blown flap confmration (blowing air provided by propulsion engines) 



Fig.31 Internal-blown flap confiration (blowing air provided by separate units) 

Fig.32 Lift fan configuration 
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PAW a - THHU~ODYNAMC PROBLEMS AND som WSSIBLE SOLUTIONS 

by E.A. WHITE H.C. HILLIER 

1. INTRODUCTION 

This part  of the paper takes up the design oritefia established i n  Part I on the thermodpados of 
the engkms for STOL applioations, and le& 
w i t h  their assooiated advantages am3 disadvantages. 

t o  desoriptians of several possible enghe S O l U t i O M  

2. PROPULSION ENCINE WITH B L B D  AIR CAPABILITY 

Part I of the paper has already indicated tha t  the penalties aasooiated with providing lerge 
quantities of bleed air f r o m  a conventional propulsion ensine are severe, the severity increasing w i t h  
bypass-ratio. 

fig. 1 shows the take-off thrust  penalty f o r  IP delivery bleed up t o  25% of the gas generator flow 
and Fig. 2 shows silpilar data for  Hp delivery bleed, for an engine of l5OOO lb. thrust. 
for a given aimreft bleed requirement i n  actual pounds/second (typically 15 lb/sec. for a four e-ed 
100 seat airoraft), the penalties a t  quite modest bypass-ratios are unaoceptable. 
oould in aqy case give rise t o  flow matohing problems, losses in compressor efficiency arising from poor 
velocity profiles, and design problems in physioally extracting the bleed air. Fig. 3 shows how the g a ~  
generator air flow falls at a given thrust sise with inareasing bypass-ratio and hence i l l u s t r a t e s  why 
the bleed penalties are so crippling. 

These show that,  

Bleeds above 15% 

!l!he question therefore arises of u t i l i s ing  bypass bleed air. There is Virtuallg no restr ic t ion on 
the amount available, certainly where the primary and secondary streams are unmixed. 
already been said that  a bleed air pressure r a t i o  i n  exoeas of 2.5 is desirable i n  order t o  minimise the 
flow requirements and duot sizes. 
a bypass-ratio of about 2:l the bypass air pressure-ratio is inadequate. The engine cycle oould be 
oompromiaed in the interests  of maintaining the bypass pressure-ratio a t  the required level  but the 
performance penalties are again severe. 
specifio fuel consumption, stemming f r o m  t h i s  compromise at varloue bypass-ratios. Above a bypass-rotio 
of around 3.5 the cyole beoomes thermoqynamioally impossible orrlng t o  an insufflcienoy of enerff I n  the 
oom flow. 

It is reasonable t o  conolude that these penalties are unaooeptable at  the high bypass-ratios 
required f o r  optimum oruise performance. Hence the U e m m a  facing the engine desiigmr. A t  the hi& 
bypass-ratios required for cruise the penalties associated with bleed f r o m  the &as generator are hl@ 
and the bypass bleed air pressure-ratio is Inadequate, whereas the optimum engine w i t h  a high en- 
bypass pressure-ratio has an unat t raot ivdy loa bypass-ratio for cruise. 
another drawbaok, namely, a furdamentalb high j e t  noise level arising from the high velooity Of the 
primary stream efflux. 
noise level of 110 PNdB, lo00 ft. l a t e r a l  diatanoe with an airoraf t  speed of 200 knots. 

stream w i l l  not only drop the hot jet  velooity and therefore jet noise levels t o  aooeptable values, but 
rill inorease the thrust  of the complete powerplant and produoe an overall bypass-ratio giving low 
levels of cruise specific fuel  consumption. 
for suoh an engine, and shows that  it is possible t o  achieve a hot exhaust velooity of 900 ft/seo with 
local  bypass-ratios around 4:l and fan pressure-ratios around 1.45. Fan m a t o w  problems, the 
desirabi l i ty  of a single stage fan turbine for meohanieal simplicity and the need for a loa fan t i p  
speed (aroUna 1lO0 Ft/sec) from naolxhesg noise conaiderations dl1 together diotate the a o t d  ohoioe 

However, it has 

Fig. 4 shows optimum fan pressure-ratio against bypass-ratio and above 

Fig. 5 shows the  losses in thrust and Fig. 6 the inoreases in 

The l a t t e r  ah0 Suffers from 

Fig. 7 summarises these afflux oonditions and indicates the fgpioal sideline jet 

However, a neat solution t o  a l l  these problems is possible. Fitting an aft fan t o  the primary 

Fig. 8 outlines the design parameters of an a f t  fan unit 

Of aFt fan pa"0terS. These arS 8 d s e d  Fig. 9. 

The typical layout of a oonplete powerplant is shown in Fig. I O  and the performanoe of suoh an 
e-ne i s  summarised in Figs. 11 and 12. 
16500 lb., together with a to ta l  bypass bleed airflow of 80 lb/seo. a t  a pressure r a t io  of 2.75, 
assuming a basio engine t o t a l  intake & mass flow of 200 lb/seo. 
0.75 Mach number, 25000 ft., the t o t a l  propulsive thrust  assuming the bleed air is  capelled from a 
separate propelling nozcle is 4660 lb. and the resultant speoific fuel  oonsumption is 0.75 lb/lb/b. 

gas gsnerator fan and aft fan machinery noise oomponerrts. However, suitable treatment w i l l  reduoe the 
noise levels t o  values of around I 0 0  PNdB a t  the three measuring points as is  shown i n  Fig. 13. 'Phese 
values, whilst mea- B.A.A. regulations for conventional airoraft, are s t i l l  higher than the F.A.A. 
proposals for STOL airoraft which wil l  be extremely difficult t o  meet with q engine. 

The engine w i l l  provide a propulsive thrust a t  tske-off of 

A t  a typioal c d s e  condition of 

The en&e noise levels would still  be unacceptably high without aooustio treatment aVing t o  the 

3. PROPULSION ENGINE WXm BLEED A I R  CAPABILITY 'DESIGNED I N '  

Hitherto, we have been consideriw the penalties and problems of large air bleeds a t  take-off on 
engines without a basic bleed oapability inherent in the original design and w i t h  an o p t u s e d  oruiae 
performance, without bleed aa a prime consideration. 
suitable engine which appears t o  have several advantages is  the high bypass-ratio turbofan with an 
oversized Ip compressor fundamentally oapable of providing large Pirbleeds. 
the oompressor mia-matahing problems mentioned earlier and the perfomaxme penalties are oonaiderably 
reduced. 

An alternative solution t o  the ohoioe Of a 

Suoh an e m  would avoid 
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Fig. 14 shorn the losses in take-off thrust a t  various bypass-ratios w l t h  IP oompressor delivery 
bleeds up t o  25% of the primary flow for engines designed t o  this oonoept. 
benefits of this approaoh oompared t o  the en&lnes described earlier. A t  a bypass-ratlo of 611, for 
example, the loss  in take-off thnut is improved f r o m  35% t o  25% by this teohnique. Fig. 16 showa the 
l v u t  of a typical thrershaft englne desigzled on these prinoiples. Suoh an engine would naturally 
embody the levels of teohnology t o  be antioipated in the next generation of  large o i v i l  subsonlo 
transport propulsion engines. I n  partioular the fan t i p  speed would be kept down t o  around I100 f t / seo .  
or less,  t o  " i s e  the fan maohinerg noise pad the hot Jet velocity would be In t r lmioa l ly  low. The 
e w n e  oonf ' ipat ion would lend itself t o  oonventional aooustlo treatment of the fan inlet an8 outlet  
ducts. 

Flg. 15 highlights tho 

4. PROPULSION "S WIIM NO BL66D REQUIRE- 

We now consider the ohoioe of a STOL propulsion engine &ere there is no requlrentent for large Bir 
bleeds. 
landing would result f r o m  the use of separate blowing engines or direot lift eIl@.ne6 both of whiob a m  
desoribed in a l a t e r  seotion of t h i s  paper. 

J e t  velooity of any engine m u s t  be kept t o  900 W s e o  or 80 and in order t ha t  aooustic treatment of the 
fan w i l l  produae a balanoe between Jet  and maohlnery noise generation. FQ. 17 ehm hot jet  velooity 
against bypass-ratio for a range of turbofans with o p t i "  fan pressure-ratdos a d  i rdicates  that ~ M S -  
r a t i o  must be around a value of 1QI  in order t o  achieve the desired a i m .  Part I went on t o  coaolude 
that  a bypass r a t i o  of arolud 1O:l dl1 be optimum for STOL a i ro ra f t  when a l l  considerations are taken 
Into acoount and we now erambe the problems enoountered I n  the design of such an e a n e .  

layouts, both w i t h  d i r e o t l y  driven fans and with fons driven through a reduotion gear. 
t ha t  some configurations have dist inot  disadvantages. A *-shaft engine w i t h  d i r e o t l y  driven fan has a 
large number of LP turbine stases a t  a very large man radius. S h o e  the fan t i p  speed must be kept 
d o m  t o  around 1100 W s e o  or less the IP oompressor, which is oonneoted t o  the same shaft, would either 
have t o  be designed a t  very hi& hub:tip ra t ios  t o  achieve adequate blade speeds o r  a lor loading be 
aocepted and hence a low pressure-ratio. A h o t l y  driven three-shaf't e& would esoape the latter 
problem, but would requlre a f ive  stage LP turbine even when the mean radius is nearly double that  of 
the IP turbine. (If the IP turbine mean radius is maintained, the LP turbine would require mom than 

Clearly, in this oases the p r O V i d O n  of additional lift during take- and partioularly 

It is worth reiterating a conolusion f'rom Par t  I of the' paper, that for loa noise l w e l s  the hot 

Fig. 18 i l l u s t r a t e s  a number of possible engine Prrsngements embraolng two-shaft and three-shaft 
It is evident 

10 stages). 

Hen00 W e  Bt.B drswn t o  the attreotiveness Of the geared fan solutions. These have the Virtue O f  few 
LP turbine stages and by a suitable choioe of reduotion gear r a t i o  (around 3 : l )  the fan t i p  speed m y  be 
kept down t o  the desired levels without oompro~sing the design of the IP compressor. The three-shaft 
geared fan englne would enoounter shaf% w h i r l l n g  problems and seems mechanically unueoessarily oomplex, 
where- the two-shaft engine retains the advantages without the  meohanioal drawbacks and appears the 
best leyout. The advantages of the two-shaft geared fen oonoept 8 ~ )  summarised in Fig. 19. 

H a w  established the virtues of the geared fan engine a further possiblllty nm emerges. W i t h  
oomparatively l i t t l e  additional oompldty,  a fan variable pitoh mechanism mw be incorporated ahead of 
the reduotion gearbox and w i t h i n  the same outside diameter. Such a conoept has the merits of achieving 
Optimised fan operating conditions throughout the f l ight  envelope, without recourse t o  a variable area 
fan noesle which could otherwise be required a t  hi& bypass-ratios, and of modulating thrust  durlng the 
airoraft approach. 
pitch operation enabling fan thrust  reversal t o  be obtained down t o  cero airorapt speeds du- l a n a g .  
The l a t t e r  feature is highly at t ract ive fo r  STOL operations where, as has been shown in Part  I, the 
achievement of a short landing f i e ld  length is orit ioal .  Conventional thrust  reverser operation is 
typically not possible below airoraft speeds of 60 knots owing t o  re-Ingestion problems. 
because a t  bypass-ratio 10 the fan thrust is some 8 tisles the primary thrust  it is possible tha t  fan 
thrust  reversal would i t s e l f  be adequate without recourse t o  hot thrust spoiling and the w e r a l l  renult 
is a weight saving oompared with a conventional powerplant. 

It also offers the possibil i ty,  with a suitable design of fan blading, of reverse 

Further, 

The choice of a,var lable  pitoh geared fan, however, does Impose several constraints on the 
designer, not least  i n  the aohievement of a high enough fan pressure-ratio f o r  optimised cycle 
performance with blading suitable for  reversed pitoh operation. 
ooastraints d l  limit the fan pres su re ra t io  t o  a value around 1.25, but Fig. 20 shows t h a t  this is, in 
the event, very near optimum for bypass-ratios of  around 10 t o  12. 

Current teohnology suggests that  these 

It would not be true, a t  t h i s  point i n  time, t o  sw that  all the problems associated with varlable 
pitch fan blading with reversal capability have been solved and research programmes are even now under 
way t o  obtain the solutions. Nevertheless, the concept hold8 out real advantages for STOL applications 
which are summarised in pig. 21. 

Fig. 22 i l l u s t r a t e s  a typioal englne arrangement based on t h e  use of W&H gas generator oomponepts, 

The noise 
the l a t t e r  englne being a joint  R O U S  RoycqhNECbU turbofan now under development. 
the baaic engine lwou t  with no aooustio treatment as  might be used in military applications. 
levels are fludamentally low, but the englne conPlguration lends itself readlly t o  additional treatiwnt 
fo r  civi l  applications 88 is shown I n  Fig. 23. 
m e e t  F.A.A. STOL proposals as  is shown in Fig. wtth typical values a t  sideline, approach and flyqver 
of 88 PNdB, 93 PNdB and 89 PNdE respeotively. However, for a four engined aircraft the t o t a l  noise 
levels all1 be 6 PNdE higher than these values and will not quite meet the proposals at approaoh. 

a take-off thrust of 15,OOQb. and a ty-ploal oruiae specific fuel consumption of 0.60 lb/hr/lb. Part  I 
of t h i s  leoture has already established the good take-off t o  ontiae thrust  match of su4h an engine f o r  

This figure shows 

With this layout, the single e@ne noise levels w l l 1  

Fig. 25 shm the urbstalled performame of  a bypass-ratio 10 englne uslng conponents, giv* 
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STOL airoraft. We have said uninstdled perfonuanoe on this Figure advisedly, sinoe engines of suoh 
hi& bypass-ratio are c r i t i oa l ly  dependent on g o d  powerplant desi@ fo r  opt in” Installed p e r f o m o e .  
As bypass-ratio h r e a s e s ,  the influence of losses in gas generator component ePfloienoies on engine 
performmoe become increasingly less o r i t i d  s h e  the fan makee suoh a large oontribution t o  the total 
perforamme of the engine. 
fan duot pressure 10589s become mom severe the greater the bypass-ratio, as is ahom in figs. 26 and 27 
a t  take-off and cruise respectively. 
collaborate at an early stage in the achievement of a olean powerplant design rhioh is essential  for 
g o d  instal led performanoe f o r  engines of t h i s  type. fig. 28 ah- some t y p i o d  instal la t ion losses fo r  
an engine of bypass-ratio 10 assuming the aooustio treatment shown earlier and inoluding the t o t a l  
powerplant drags. These values foroibly underline the requi”ent f o r  good powerplant desi@. 

On the other had, the degradation i n  performanoe ate- from intake adl 

The onw is therefore on the aircraf’t and engine desig~lers t o  

5. B L O m G  mGINES 

Part I of t h i s  paper oomludes that, in order t o  operate frolp a i r a t r ip s  of 2000 f’t. and under, some 
form of blown liPt or  direot lift aupentation is neoessary. 
engine designed t o  produoe the large quantities of air required f o r  f l ap  blowing. 

used t o  drlve an axial blower. Weieht and volume of the complete assembly are all the mom Important 
because the engine is used during take-off and 1- only and is shut-down fo r  oruise. Qpioal en&a 
cycle, performance and weight data am given i n  Fig. 30. 

This section desoribes a typioal blowing 

Fig. 29 illustrates the l w o u t  of one such arrangement in which a low m i a t ,  lor volume en&e is 

As w i t h  Blowlng engines, weight, volume and noise are of paramount importance fo r  dimtot lift 
englnes. 
t h i s  subject in a y  great detai l  other than t o  point out that  the ayole is largely dictated by the need 
t o  achieve low noise end hence a low Jet  velooity. 

The oharaoteristios of lift fans are generally well known and it is not intended t o  dwell on 

7. CONCLUDING REMARKS 

This paper has described the interfaoe problems between aircraft and aero-en&e “ f e c t u r e r s  
result ing f r o m  the need f o r  lift augmentation. 
it is emphasised that  no attempt has been made t o  draw any o o n c l u d o ~  on the merits of o m  solution 
over another. 

Part I1 hss outlined some solutions t o  the problem, but 
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Fig. 1 Performance penalty for taking large bleeds from IP compressor 

BLCCDS QUOTED FOR KNGlNC OF 15000 0 
TAKE-OW TURUST. 

t 
0 3 6 0 I 

Br-PAes RATIO. 

Fig.2 Performance penalty for taking large bleeds from HP compressor 

TAKE- OFF T M R U ~ T  C O N S T A N T  AT 15POO Ib. 
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AIR 100 
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Fig.3 Typical variation of total engine airflow and gas generator airflow with bypass ratio 
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Fig.4 Optimum fan pressure ratio versus bypass ratio 

100 

80 

% 

80 

Fig.5 Performance penalty for maintaining fan pressure ratio constant at 2.5 
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Fig.6 Performance penalty for maintaining fan pressure ratio constant at 2.5 
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BY- PA33 RATIO a 0.62 

HOT JET VELOCITY I000 FT../SEC. 

HOT N o z z ~ c  P R E ~ S J R C  RATIO 2.6 

H 01 JET TEMPERATURE 910 O K  

TYPICAL SIDELINC Noisc LEVCL I I O  PNdB 
l,OOOn. No GROUND EFFECTO 

200 KTS A/C SPEED 

Fig.7 Hot jet conditions'for engine with optimum fan pressure ratio = 2.75 

Fig.8 Aft fan required to produce hot jet velocity of 900 ft/sec 

AFT F A N  T I P  SPCEo - 1100 FT./SEC. 

' AFT FAN BV PASS RATIO - 4.0 

AFT FAN P R C S S U R C  RATIO - 1.46 

R E ~ U L T A N T  HOT JET VELOCITY - 900 F-r/Scc. 
RESULTANT HOT NOZZLE PRESSURE RATIO - 1.2 

RCSULTANT HOT JET TCMPCRATURC - 780 O K  

Fig.9 Aft fan required to produce hot jet velocity of 900 ft/sec 

Fig.10 Typical layout of a split flow aft fan engine 



10-23 

SPLIT FLOW AFT 
FAN CNGINE 

P R O P U L 4 1 V C  THRUST AT TAKE OFF 

BLEED AIRFLOW (BY PAS5 AIR) 

16 ,500  

80.0 Ib/SEc. 

P R C S S U R C  RATIO O F  BLECD AIR 2.75 

TEMPE R A T U R C  O F  BLEED Atn 400 O K 

F.AA. PROPO~ALS 
FOR S.TO. L . 

Fig. 11 Performance of typical split flow aft fan engine 

A PPROAGH 

C R U l b E  T H R U 3 T  AT 0.75 M 25,OOOFT. I.S.A.+IO - 4660th 

(WITH BLEED A I R  PROPCLLINCT) 

600 FTALTITUDE 2OOOFT FROM 

P OIIJT: RUNWAY 
ABOVF MKASURlNG THRCgHOLD OF 

S P E C I F I C  FUEL CONJUMPTION .- 0.75 Ib/hr/lbF. 

F LYOV c R 

Fig. 12 Performance of typical split flow aft fan engine 

92 PNd6 95 PNdb 
1000 FT ALTITUDC 4000 FT. FQOM 
Aeovc MCASURING START OF ROLL 
POINT. 

lOOOFr. T O ~ I D E  I 92 lo00 FT pNdO To SIDE I 95PNdB 
Si DE L I M E  I 

Fig. 13 Estimated noise levels of typical split flow aft fan engine 
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THRUbT DE61GuCD FOR LARGC 6 L G C D 6 .  
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Fig. 14 Performance penalty for taking large bleeds from IP compressor 
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EFFECTS O ~ T A K I N G  15 Ib/SEc. BLCEO FROM 1.P. 
COMPRCSSOR ENGINE TAKC-OFF THRU~T 15,000 Ib. 
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00 

TnnueT 
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% 
70 
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-- 

ENGINC DESIGNCD FOR LARGE 

1 1 1 1 
0 3 6 a I 
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Fig. 15 Comparison of performance penalties for taking large bleeds from IP compressor 

U 

Fig.16 Typical layout of a 3-shaft engine designed for high 1P compressor bleeds 
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Fig. 17 Variation of hot jet velocity with bypass ratio 
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Fig. 18 Some possible engine arrangements for bypass ratio 10 engines 

k L.P. TURblNE 3PECD NOT ~ O M P ~ O M 1 4 E D  by FAN 
RCQUIRCMCUTS RC~ULTING IN MINIMUM N u M 0 C R  OF 
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Fig. 19 Summary of advantages of two spool geared fan engine 
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Fig.20 Optimum fan pressure ratio versus bypass ratio 
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FACIL I TATCS CONTROL OF THE FAN OPERATING 
CONDITIONS AND E LIMINATCS NECESS1TY FOR 
VARlA0LE COLD NOZZLE, 

f CAN BE USED To PRODUCK REVERSE THRUST DOWN 
To ZERO FORWARD SPEFD. 

THRUST RCVECISAL POSSIBLE WITH Low WCIGHT 
PCNALTY COMPARED WITH CONVCNTIONAL SYSTEMS. 

% CAN BE USED TO MODULATC THRUST ON APPROACH 
WHILE MAINTAINING HIGH ENGINE R.PM. 

CAN BE Usro To MINIMISC NoleE A T  PART T H R U ~ T  
C O N D I T I O N S  (ON APPROACH O R  AFTCR TAKE OFF) 

Fig.21 Advantages of variable pitch fan blading 

W~TWOUT A C O U ~ T I G  TREATMENT. 

Fig.22 Typical layout of bypass ratio 10 engine with geared fan and variable pitch blading 

AFTER ACOUZ.TIG TRCATMENT 

Fig. 23 blading 
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B.P R. IO 
Noise Levels 

1 

EA.A. Proposals 
For STOL 

88 PNdB 95 PNdB 
1000 FT. TO SIDE I 1000 FT. TO SIDE 

(SIDELINE I 
APPROACH 

93 PNdB 

500 F7: ALTITUX ABWE 
MEASURING POINT 

FLYOVER 

95 PNdB 

XXX>FT FROM 
THRESHOLD OF RUNWAY 

' 95PNdB 
4000 FT FROM START 
OF ROLL 

89 PNdB 
IOOOFT ALTlTUDE A W E  
MEASURING POINT 

Fig.24 Typical noise levels of bypass ratio 10 engine with acoustic treatment 

TAKE-OFF THRUST AT SEA-LEVEL STATIC ISA---- I5000 Ib 

MAXIMUM RECOMMENDED 

CRUISE THRUST AT =12M 2 5 0 0 0  FT ISA _ _ _ _ _ _ _ _ _  3650 Ib 

SPECIFIC FUEL CONSUMPTION AT CRUISE _ _ _ _ _ _ _ _  -60  Ib/ht/lbf 

Fig.25 Performance summary of typical bypass ratio 10 engine 

TAKE-OFF, 5 EA-L E V C L STATIC. 

I I 

IO 0 

I 1 

FAN DUGT 
INTAKE 

COMBINED 
EFFECT 

FAN DUCT 
INTAKE.  

Fig.26 Effects on  performance of intake and fan duct losses of 1% 
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Fig.27 Effect on performance of intake and fan duct losses of  1% 

TAKE OFF SEA LEVEL STATIC 
1. BASIC INTAKE AND DUCT LOSSES 

WITH ACOUSTIC TREATMENT 

2.POWERPLANT DRAGS 

3.ToTAL 

CRUISE MACH 0.72 25000FT 
1. BASIC INTAKE AND DUCT LOSSES 

WITH ACOUSTIC TREATMENT 

2. POWERPLANT DRAGS 

3. TOTAL 

O/o LOSS IN 
NET THRUST 

2.5 

1.0 
3.5 

4 . 0  

8-0 
12.0 

O/o INCREASE 
IN SEC. 

3.5 
8.0 
11.5 

Fig.28 Typical installation losses for bypass ratio 10 engine with acoustic treatment 
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6 L O W I M G  COMPRESSOR 
OUTLET AIR. 

t t  

G A 0  GCNERATOR INTAKE 
EXHAU97 AIR 

Fig.29 Typical layout of blowing engine 

GAS GENERATOR AIR MASS FLOW _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  85 Ibfsec 

GAS GENERATOR PRESSURE RATIO _ _ _ _ _ _ _ _ _ _ _ _  4.5 

BLOWING COMPRESSOR PRESSURE RATIO-,,,,, 2.0 

BLOWING COMPRESSOR AIR MASS FLOW,-,-,,, 105 Ibfsec 

TYPICAL ENGINE DIAMETER _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  36 ins 

TYPICAL OVERALL LENGTH _ _ _ _ _ _ _ _ _ _ _ _  _ _ _  _ _ _ _  120 ins 

TYPICAL OVERALL WEIGHT _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1370 Ib 

Fig.30 Typical cycle parameters and performance of blowing engine 





11 

OPTIMISING THE PROPULSIVE/LIFT SYSTEM FOR TURBOFAN STOL AIRCRAFT 

CONSIDERING COST EFFECTIVENESS 

H.T.Bowling 

Senior Aerodynamics Engineer, Lockheed-Georgia Company 
Marietta, USA 



11 

ACKNOWLEDGEMENT 

The author wishes t o  extend credit and appreciation to C.H.Hurkamp and R.M.Thornton 
of Lockheed-Georgia Company who made major contributions to this paper. 

I 
I 
1 

I 
I 
I 

I 

I 
i 
I 
~ 

, 
I 

I 

I 
I 
i 
I 

1 

i I 
I 

I 

I 

I 
I 
I 

I 



11-1 

OFTIMISING THE PROPULSIVE/LIFT SYSTEM FOR TURBOFAN STOL AIRCRAFT 
CONSIDERING COST EFFECTIVENESS 

H.T.Bowling 

1. INTRODUCTION 

There is now and will be a continuing need for cost effective STOL aircraft suitable for either cargo or  passenger 
transportation. This need exists for both military and commercial applications. There have been successful STOL 
aircraft designed using turboprop propulsion combined with a deflected slipstream high-lift system; however, the 
development of an aircraft which integrates the thrust and economical fuel consumption characteristics of  a high 
bypass-ratio turbofan engine with an efficient high-lift system remains as a goal for the aircraft and propulsion 
industries. It is generally agreed that high bypass-ratio turbofan engines must be considered for new STOL aircraft 
especially when high thrust levels, high altitude, and high-speed cruise is required. It is the primary purpose of this 
paper to  present the results of a comparison of three STOL high-lift concepts which have been integrated with 
bypass-ratio turbofan engines. Transport aircraft configurations have been optimized using these concepts and will 
be compared along with significant characteristics of each system. 

The purpose of this comparison was to  provide possible insight for future studies and testing. None of these 
systems have been subjected t o  a highly detailed analysis and d o  not represent completely optimized concepts. 
Every effort has been made to  make the comparison as consistent as possible. 

In the highly competitive environment of both commercial and military markets, it has become necessary t o  
consider cost effectiveness even in very preliminary design studies. A secondary purpose of this paper is the dis- 
cussion and demonstration of a study methodology which has been developed to  integrate cost effectiveness into 
the early technical development of new airplane concepts. This methodology will be primarily applied t o  a military 
STOL development program. However, there will be some examples shown of considerations of commercial cost 
effectiveness. 

2. SYSTEM DESIGN 

There are a number of alternatives for developing STOL performance, such as low wing loading with conventional 
flap system, high thrust to  weight ratio, and exotic mechanical high-lift systems. Low wing loading is perhaps one of 
the most straightforward of the approaches but exacts penalties in speed, weight and ride comfort. A promising 
alternative is t o  incorporate an effective high-lift system which utilizes the propulsion system as the source of energy. 
As shown in Figure 1, the combined actions of the wing and power plant t o  achieve high lift can take several forms. 
All of these are based on thrust vectoring and blowing over aerodynamic surfaces, either singly or  in combination. 
Some have achieved flight status, while others have not yet progressed beyond the wind-tunnel and the drawing 
board. They include the types of system listed in the central column. The first two systems consider the pure 
vectored thrust approach differing only in the source and angularity of the thrust vectoring and blowing. Each 
system has its own advantages, i.e. the lift engine approach utilizes the lighter weight of pure lift engines. The last 
three systems depend heavily on blowing over aerodynamic surfaces. Boundary-layer control, particularly by blowing 
over trailing-edge flaps, has been used extensively for lift augmentation. The internally-blown jet-flap represents an 
extension of BLC to higher energy levels. The externally-blown flap provides the combined action of thrust vectoring 
and blowing. 

The scope of this investigation was limited t o  promising systems which were determined t o  be both practical and 
within the present state-of-the-art. Three systems were selected for comparison. They represent the BLC and Jet- 
Flap Systems previously discussed combined with vectored thrust to  take full advantage of the propulsion system 
in the attainment of high-lift, and the Externally-Blown Flap System. The takeoff condition was found t o  be most 
critical for the determination of aircraft size for a given field length considering the ground rules utilized in military 
STOL studies. However, in this study recognition was given to  techniques for attaining the shortest possible landing 
distance. 

In most commercial STOL studies, experience has shown that landing field length is the critical design factor. 
What landing safety factors are finally adopted in design criteria and the use of reverse thrust in commercial STOL 
design have a significant impact on aircraft size and cost. All of the candidate systems include the same type of 
highly effective thrust reverser, which is designed to  minimise inlet contamination in the form of temperature rise 
a t  low forward speeds. 
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The investigation presented in this paper is the result of a part of a continuing inhouse study at  Lockheed- 
Georgia to  determine the optimum configuration for a STOL transport aircraft designed t o  perform short range 
STOL missions. Figure 2 presents a table of the design constraints used in this particular comparison. These con- 
straints are arbitrarily postulated for the purposes of this comparison; however, they d o  represent realistic criteria. 
Figure 3 shows the baseline aircraft design as configured for the Externally-Blown Flap System. A high wing 
position was selected for ease of cargo loading and minimization of lift losses due t o  ground effect. The four turbofan 
engines have a bypass-ratio of  6 and represent current state-of-the-art in the 40,000 to 60,000 Ib. thrust category. 
For  this study, an upper thrust limit o f  68,000 Ib. was established based on the maximum engine size presently 
proposed by any engine manufacturer. The large fuselage cross-section was optimized for military cargo combination, 
including large vehicles and double rows of pallets or containers. Moderate sweep and aspect-ratio were selected 
from prior analysis, and the tee-tail arrangement followed from consideration of high downwash angles generated by 
the lift systems. The multi-wheel landing gear reflects the need for flotation on  soft terrain. Figure 4 pre3ents a 
cross-section of the wing and nacelle as designed for the Externally-Blown Flap System. The engine is positioned 
close to  the wing for efficient interaction with the double-slotted trailing-edge flap. The configuration shown here 
is the result of analyzing both earlier NASA tests and more recent tests in the Lockheed-Georgia V/STOL Wind-Tunnel. 
Two features shown in this illustration are common t o  all three candidate systems. One is the Kruger type leading- 
edge flap, which provides a 10% extension of the wing chord, and the other .is the thrust reverser. The latter provides 
a forward vector of the fan thrust, inclined at  30” upward from the horizontal, by opening a scoop-type door and 
simultaneously closing a blocker in the fan duct. All of the trailing-edge flap systems are full span and utilize 30% 
to 40% of the wing chord. This arrangement is not necessarily optimum but should provide a reasonable and consis- 
tent basis for this comparison. 

Figure 5 is a similar cross-section which represents the combination of thrust deflection and blowing HLC. The 
thrust deflector is a hinged extension of the mixed flow duct, which at  its horizontal setting discharges the entire 
flow through its rectangular nozzle. Any downward deflection angle opens up  a passage for the flow of exhaust 
bleed into a spanwise duct for distributed blowing. The high location of the feeder duct assures the passage of a 
low temperature fluid, consisting primarily of fan air. The flow quantity is governed by the area of the spanwise 
discharge flow and is limited by an amount sufficient t o  create flow attachment. The thrust reverser differs from 
that of the previous example in that the two blockers, one in the deflector and one in the feeder duct, permit all 
of the exhaust flow t o  become reversed. Figure 6, representing the combination of  thrust deflection with an inter- 
nally-blown jet-flap, is quite similar t o  the foregoing system and differs only in the quantity of exhaust bleed and 
the design configuration of the flap. Approximately 35% of the fan discharge is fed t o  the flap, limited to  that 
amount only by the available duct area. The latter is created by the flap itself, the upper and lower elements of 
which separate progressively with flap deflection. An upper BLC slot is provided at  the “knee” and a main je t  slot 
near the trailing-edge, located below a narrow auxiliary control flap. The auxiliary flap is used for both flight path 
angle and roll control by deflecting the main je t  sheet. 

Figure 7 shows the wing and nacelles of the foregoing system in planform t o  illustrate the flow patterns of the 
ducted fluid as shown by the arrows. Of particular interest is the fact that a cross-duct is provided, connecting the 
right and left wings. This is accomplished by use of a flexible duct element between the flap and a fixed duct across 
the top of the fuselage. In the event of an engine-out condition, the rolling moment due to  asymmetrical deflected 
thrust can be counteracted by further opening the slot on the dead engine side, while closing it on  the other side and 
thus equalizing the total lift vectors on  each side. Differential slot opening can also be used t o  augment roll control. 
While the BLC system can function in a similar manner, it  is not capable of providing the same magnitude of roll 
control. 

There are of course many other combinations of thrust deflection and lift augmentation but only these three 
systems will be discussed in more detail here. 

3. METHODOLOGY 

It is not practically feasible for one particular technical discipline (i.e. aerodynamics, propulsion, structures, design, 
etc.) to  perform a meaningful analysis of a total aircraft design such as the one just described. In any successful study 
the talents of all groups must be utilized in a systematic manner. The study methodology discussed here demonstrates 
how the various disciplines contribute to  a preliminary comparison of candidate high-lift systems for a STOL aircraft 
powered by turbofan engines. Figure 8 presents a block diagram which shows how the various study inputs are co- 
ordinated. For  this study, operations Analysis/Research provided the operational inputs to this study scheme to 
include such items as mission profile, payload/cargo compartment matching, and field length requirements. Preliminary 
design, aerodynamics, propulsion, and structures share in the initial development of possible designs. There is a con- 
tinuous interaction between these disciplines as noted by the dashed line on Figure 8. This development work 
continues until sufficient confidence is achieved in a particular design for its inclusion as a candidate system. The 
aerodynamic, propulsion, and weight characteristics of each system are then input into parametric computer programs 
which size configurations t o  simultaneously satisfy the requirements of payload, mission profile and airport perfor- 
mance. Utilizing a rubberized engine concept permits a wide range of combinations of thrust and wing area all 
satisfying the requirements discussed above. These combinations are then costed and the minimum cost is considered 
in final configuration selection. 
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4. AERODYNAMICS 

The lift, moment, and horizontal force characteristics (including power effects) of these systems have been 
estimated and correlated with a significant amount of data from various sources including tests conducted at  
Lockheed-Georgia. These characteristics are typical of each system, but are not intended to  represent the maximum 
that could be achieved by a complete optimization of such parameters as flap span, chord, engine location, etc. 

The lift (C,) and horizontal (C,) characteristics of the externally-blown flap system have been estimated using 
the equations shown on Figure 9. The aerodynamic characteristics of the boundary-layer control/deflected thrust 
system have been estimated using the equations shown on Figure 10; in this system, which utilizes full-span blowing 
at  the knee of a simple slotted flap plus vectored thrust from quick acting nozzles, only the flow required for flow 
attachment is bled from the main propulsion engines. The aerodynamic characteristics of the jet-flap deflected 
thrust system have been estimated using the equations shown on Figure 1 I .  

Figure 12 presents a comparison of the trimmed aerodynamic lift characteristics of these three systems for 
typical takeoff and landing flap nozzle settings. The trim effects incorporated in these data are calculated from 
moment data estimated in a consistent manner with the lift and drag data. These data show that the jet-flap 
system develops higher maximum lift coefficients for a given thrust coefficient than the other systems. An additional 
comparison is presented in Figure 13 where an aerodynamic/propulsive efficiency factor for each system is shown 
as a function of thrust coefficient. In this comparison, recognition is given t o  the ability of each system to produce 
both lift and horizontal force. The actual efficiency factor is defined as the resultant aerodynamic force vector 
developed by power input t o  the system. As shown, both the externally-blown and jet-flap systems are significantly 
more efficient in producing lift and thrust simultaneously than the BLC system. 

4.1 Takeoff Performance 

Generalized takeoff performance data have been computed and optimized using the aerodynamic data previously 
described. For  this particular comparison, a military type takeoff distance (total distance over a 50 ft. obstacle) of 
1500 ft. was used consistent with the profile and speed margins shown in Figure 14. Ground roll is minimized by 
keeping the flaps retracted during the ground roll and than rapidly extending them at  liftoff for the externally-blown 
flap system. With the BLC system, quick deflection, quick deflection of the thrust nozzles a t  liftoff is used; and.  
with the jet-flap system, quick action of both flaps and nozzles are used. The results of these takeoff computations 
are presented in Figure 15 where thrust/weight ratio is shown as a function of wing loading for each propulsive 
system. 

Each point on these curves represents an optimized combination of flap deflection and/or thrust nozzle deflection 
for minimum takeoff distance. This comparison reflects again the efficiency of these propulsive lift systems. As 
shown, both the externally-blown and jet-flap system require a lower thrust/weight ratio than the BLC system. In 
turn, the jet-flap system requires a slightly lower thrust/weight ratio than the externally-blown flap system. 

5. CONFIGURATION SIZING 

The next step in the aircraft sizing process is the simultaneous consideration of both airport and cruise require- 
ments of aircraft which employ these systems. The weight aspects of each system will significantly influence the 
size of each aircraft and parametric weight equations were developed for each concept. Empennage sizes were 
selected, based on a brief analysis of stability and control power requirements. Cruise-matched configurations were 
developed as a function of wing loading and cruise power setting. From these configurations, selected aircraft were 
chosen which also meet the 1500 ft. airport requirement. This matching process is illustrated in Figure 16 where 
T/W required and available is presented as a function of wing loading. 

Figure 17 presents a summary of the characteristics of those aircraft (as a function of wing loading) which 
satisfy both cruise and takeoff requirements for all three systems. For  this study a wing loading range of 60-140 Ib/ft2 
was selected. Significant problems in obtaining acceptable levels of control power and ride qualities are encountered 
with very low wing loadings, while very high wing loadings result in thrust levels in excess of practical consideration. 
In observing these results, the expected trends of decreasing weight and increasing thrust with increasing wing loading 
are noted. Application of the externally-blown flap system results in lower weights and thrust than either of the two 
internally-blown systems. The jet-flap system has higher weights but lower thrust requirements than the BLC system. 
Noted on this figure is the maximum available thrust restriction previously discussed. There are three major factors 
that influence these results:- the aerodynamic characteristics (as indicated by Figure 12); the weight of the'wing and 
mechanical portion of the high-lift system; and the weight of the propulsion system and related control system. 
Because of loads and temperature effects, the externally-blown flap system has a higher wing weight per square foot 
of wing area. 

The jet-flap wing is next heaviest followed by the lighter BLC wing. However, the higher wing weight of the 
externally-blown flap is more than offset by lower propulsion system weights. Conversely, the higher propulsion 
system weights of the BLC and jet-flap system offset the lower wing weights. The inter-relationship of these factors 
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essentially determine the results shown in Figure 17. A configuration for each system must be selected from these 
data. However, in the methodology used in this study, the final selection of a configuration for each propulsive lift 
system is made only after considering cost. 

6. COST-EFFECTIVENESS 

The particular costing procedure used in this study was developed in response t o  requirements of the US military 
services where life cycle cost is the basic economic criteria. Most studies in response t o  commercial studies USI: direct 
operating cost as the economic measure, A typical example of this process will be shown later on. All aircraft 
evaluated in this comparison have the same design maximum payload, cargo compartment size, airport performance, 
and cruise speed. Inasmuch as each of the systems have equal capability, the effectiveness is the same excluding 
relatively small differences in reliability, and survivability. Thus, the measure of cost effectiveness t o  be used in 
comparing these aircraft can then be taken as the life cycle cost for a fixed fleet size. The most cost effective design 
is the one with the lowest life cycle cost. 

Life cycle cost as used in this study includes costs for Research, Development, Testing and Evaluation (RDT & E) 
plus Acquisition plus 10 years of Operating and Maintenance (0 & M). The (0 & M) costs shown in this paper are 
for IO squadrons or  160 aircraft. The acquisition costs are for 208 aircraft, o r  30% more than the operational 
squadron level to account for command support, training and attrition aircraft. The life cycle costs represent total 
costs t o  the government, including all support costs. These costs were calculated using a computerized cost model 
in conjunction with a Value Engineering analysis of  airframe manufacturing and tooling cost differences. The cost 
model incorporates Cost Estimating Relationships (CER’s) taken from three sources:- 

(a) A RAND study on airframe costs. 
(b) A cargo aircraft cost model developed by the Advanced Systems Cost Analysis Group within the Air 

Force Aeronautical Systems Division. 

(c) Lockheed experience on  previous transport aircraft. 

The model has been validated for that portion of aircraft life cycle costs which include airframe development plus 
production costs, by comparing model results with Lockheed historical cost data on the C-130A and C-141A aircraft. 
The model results were lower than the actual costs on both aircraft, but by less than 10%. The STOL turbofan 
aircraft in this study depart significantly from the conventional construction methods and in distribution of weight 
among the various airframe components, therefore a modification in the model is required t o  properly account for 
this added complexity. To account for this, an analysis was performed t o  determine “complexity” or “cost increase” 
factors t o  multiply times the basic code-generated costs. 

This study showed that these STOL aircraft differ significantly in construction cost from conventional aircraft 
in the wing trailing-edge fixed structure and in control surfaces. These differences are primarily in the quantity of 
mechanism and the temperature environment in which the structure operates. The complexity factors for this study 
were derived by dividing the estimated production cost (considering the above factors) by the estimated production 
cost the cost model would predict for a conventional aircraft of the same size, Tooling cost factors were estimated 
considering required construction methods. The derived factors are not universal, but should be reasonably accurate for 
a range of aircraft sizes near the point designs evaluated. The results of this Value Engineering Study were airframe 
manufacturing cost factors of 1.5 to  1.7 and tooling cost factors of 1.3 to 1.4. 

For  each of the propulsion/lift system concepts examined, life cycle cost as a function of design wing loading 
was computed using the design characteristics shown in Figure 17. Figure 18 presents the results of this study. These 
cost curves are used to aid in the selection of the preferred point design among the several generated for each of the 
three propulsion/lift systems considered. The three driving factors in determining the shape of these curves are air- 
frame weight, fuel consumption rate and engine thrust requirements (see Figure 17). As wing loading increases, 
aircraft weight decreases while engine size increases. While airframe and propulsion costs are not linearly related t o  
weight and thrust, respectively, they d o  increase as these two parameters increase. The behavior of the fuel consump- 
tion rate vs. wing loading curve depends on engine thrust requirements, while fuel costs are, of course, linearly related 
to consumption rate. 

In Figure 18, the cost curve for the externally-blown flap system is minimum at  approximately 110 Ib/ft2 while 
the jet-flap/deflected thrust system cost is minimum at  approximately 95 lb/ft2. However, the curve for the BLC/ 
deflected thrust system does not show a well-defined minimum within the wing loading range considered. The 
behavior of the externally-blown flap and jet-flap curves can be understood by referring t o  the variations of airframe 
AMPR weight, engine size and fuel consumption rate in Figure 17. For  the externally-blown flap system, the weight 
decreased in going from 90 to 1 12 ft/lb2, while the engine size increased and the fuel consumption decreased slightly. 
When the costs driven by these three aircraft characteristics are combined, a minimum occurs a t  110 Ib/ft2. For  wing 
loadings greater than this, the increase in propulsion costs combines with an increase in fuel costs t o  overcome a slight 
decrease in airframe costs. For wing loadings less than 90 lb/ft2, the large increase in airframe costs is the controlling 
factor. 
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For jet-flap system a minimum cost occurs, but a t  a lower wing loading than for the externally-blown flap 
system. Primarily, this is because the reduction in weight as wing loading increases is not as pronounced as for the 
externally-blown flap. 

The lack of a well defined minimum cost for the BLC system is due t o  the fact that the airframe weight does 
not decrease rapidly with increasing wing loading as it does for the other two systems. This, in turn, increases engine 
thrust requirements. The net result of these changes is that life cycle cost for the BLC system is fairly insensitive 
to wing loading, a t  a cost level slightly higher than the minimum costs of the other two systems., 

7. SELECTION 

A configuration for each high-lift concept has been selected and significant characteristics of each configuration 
are presented on  Figure 19. Several criteria were considered in this selection process, including stability, control, 
control power, ride qualities, and thrust availability as well as cost. In this particular comparison, selection of minimum 
cost points represented a reasonable compromise with other criteria and minimum cost was used t o  make the final 
selection for each component. A comparison of the major cost components for each configuration is presented in 
Figure 20. From this final comparison the Externally-Blown Flap System is selected as most promising concept. 
This final selection is the result of  an overall comparison of the three systems in several categories, with associated 
ratings in order of merit as shown on Figure 21. 

Life Cycle Cost comparisons show the Externally-Blown Flap System with a cost approximately 2.5% lower 
than the Jet-Flap System and 3.5% less than the BLC System. The number of unknowns and assumptions inherent 
in a cost analysis such as this lessens the importance of the absolute value of these cost results, and the total spread 
between the absolute cost data is only 3.5%. However, this could represent a difference in 300-400 millions of 
dollars in relative cost and it is in  this context that these data are most meaningful. 

Handling Qualities include stability and control characteristics, and the ranking is based on very limited test 
data and analysis. One-engine-out operation is the major consideration in this ranking and favors the Jet-Flap System 
because of the cross-ducting feature, which enables the pilot to trim the aircraft laterally by differential adjustment 
of the blowing slot areas. This operation can be performed manually or made automatic by a pressure-sensing device. 
The control margin of the Jet-Flap System, after trim, is considerably higher than that of the other two systems. 

Operational Qualities include reliability and maintainability. Here, the ranking is based on apparent complexity 
differences. Although the Externally-Blown Flap is ranked highest in both categories, the effect of engine exhaust 
impingement on  t h e  wing and flap structure is largely unknown. Even though heavily reinforced in the blast areas, 
the structure will be subject t o  sonic and lower frequency fatigue cycles. The other two systems are faced with 
possible failure of the ducts and thrust deflectors. Short of operational experience, studies in much greater depth 
are required t o  achieve credible ranking. 

Associated Engine Development Risk is ranked in the reverse order of thrust required. Although an upper limit 
was established on the basis of engine manufacturer’s- proposals, the risk involved in developing a new engine is 
inversely related t o  the degree of thrust extrapolation required over that of the highest rated, present generation 
engines. 

Finally, the matter of available test data must be considered. Since BLC systems have been extensively tested 
in flight and in the wind-tunnel, the data credibility can be considered very good. Externally-Blown Flap configurations 
have been tested in the wind-tunnels of NASA and aircraft manufacturers. Jet-Flap Systems of various types have had 
extensive wind-tunnel testing, but only limited flight evaluation. The Jet-Flap System described in this paper has not 
been tested but appears t o  have very promising lift augmentation effects. This system is scheduled for testing at  NASA 
Ames within the next year. 

Recommendation as t o  which system should be selected depends on the operational time frame. For  operation 
in two t o  four years, the Externally-Blown Flap System would be a logical choice. Beyond this point, however, 
analysis and development testing in greater depth may well point to  the Jet-Flap System. This particular study is 
presently being refined t o  incorporate recent wind-tunnel test results and expanded t o  consider other concepts. Cost 
effectiveness will surely be considered in these studies. 

8. OTHER APPLICATIONS 

As previously mentioned, cost effectiveness for commercial STOL application uses another approach than the 
military procedures just discussed. Direct, indirect, and total operating costs are essential t o  the determination of 
system economic feasibility. It is therefore necessary for an aircraft manufacturer t o  consider these costs even in 
the early stages of aircraft development. The indirect operating costs are related t o  the service an airline choses t o  
offer its customers and therefore is difficult to  consider in a parametric analysis. However, direct operating costs 
can be related t o  configuration studies. 
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Figure 22 presents a summary of those items which go t o  make up direct operating cost. The equations which 
permit the calculation of these costs are generally based on historical data with the exception of the airframe and 
engine costs. The airframe cost is a function of the airframe weight and the estimated production run, whereas the 
engine cost is a function of the engine thrust and the estimated number of engines t o  be produced. All of  these 
factors can be made a part of early parametric studies. 

A recent study was made of a commercial passenger STOL aircraft in which direct operating cost was considered 
from the beginning of the program. This study considered such variables as number of passengers, field length, cruise 
speed, and range. The externally-blown flap high-lift system previously described was chosen as the basic lift system. 
In this particular study the cost effectiveness aspects of the design were carried to  an even greater depth. Data was 
generated t o  compute the indirect operating costs as well as the direct operating costs. 

A particular passenger demand was established in order to  provide a revenue model. With a method now 
established t o  predict both cost and revenue, the analysis could now be extended t o  analyze profit. Figure 23 presents 
some typical results of this study which shows aircraft weight, direct operating costs, and finally profit as a function 
of design cruise speed and field length. These data are relative just as was the life cycle cost discussed earlier. The 
absolute level may not be extremely accurate, but if the selection of aircraft characteristics can  be related t o  profit 
the exercise is well worth while. 

9. CONCLUDING REMARKS 

A comparison has been made of various high-lift systems integrated with turbofan propulsion. In selecting a 
configuration for each concept and in the final comparison, consideration was given t o  the aerodynamics, propulsion, 
weight, and complexity aspects of each system as well as cost. A specific study methodology was used in this com- 
parison which introduces cost effectiveness into the early phases of system development. This work is really just 
begun and much testing, analysis, and development must.occur before a system is evolved and manufactured. 

The cost of an efficient STOL system will be fantastic and such a system will have a widespread effect on the 
environment in which it must operate. There are indications that any STOL system developed in the United States 
will have t o  recognize the requirements of the military and commercial customers simultaneously. This will mean 
that the cost effectiveness of such a system will have to  be analyzed using both approaches just discussed. However, 
this system will come and the development of an operational turbofan STOL transport which utilizes a well inte- 
grated propulsive high-lift system must be considered as one of the real challenges to  the airframe/propulsion 
industries. 
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Fig. 13 Aerodynamic/propulsive efficiency 
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REFERENCE 

A NEW TECHNIQUE FOR AEROFOIL LEADING-EDGE STUDIES 
. .  

by 

J. HONNERIE; O.N.E.R.A. ,Chatillion-sous-Bagneux, France ~ 

The connection of flow sepa ra t ion  bubbles which develop near  an  a e r o f o i l  leading-edge 
wi th  t h e  behaviour of a wing a t  l a r g e  ang le s  of a t t a c k  i s  now we l l  known. To s tudy  i n  
d e t a i l  such bubbles and more gene ra l ly  a l l  flow conf igu ra t ions  occurr ing  i n  the  nose region, 
a s p e c i a l  type of mounting base has been developed r e c e n t l y  by E r l i c h  and Cabot (1)  a t  
O.N.E.R.A., fo l lowing  a sugges t ion  by Poisson-Quinton.' They have exp lo i t ed  as f a r  as poss ib l e  
t h e  o l d  idea  t h a t  t h e  flow nea r  t h e  leading-edge is p r imar i ly  governed by t h e  l o c a t i o n  of 
t he  s t agna t ion  po in t ,  and t h e r e f o r e  by t h e  c i r c u l a t i o n  around t h e  model. 

I n  t h e  upper h a l f  of Fig.  1 ,  we have drawn t h e  whble of t h e  a e r o f o i l  p r o f i l e  whose 
l eahng-edge  i s  t o  be s tudied .  The a e r o f o i l  t o t a l  chord is  three-quar te rs  of a metre, i.e.. 
t h e  maximum s i z e  normally t e s t e d  a t  h igh  ang le s  o fga t t ack  i n  our Cannes wind-tunnd. 
corresponds t o  a maximum Reynolds number of 2 x 10 when r e f e r r e d  t o  t h e  chord. I n  the  lower 
h a l f  of Fig. 1, the  lea&ng-edge region of t h e  p r o f i l e  has been enlarged nea r ly  by a f a c t o r  
of 4, t o  make up a new model; t he  c i r c u l a t i o n  around t h i s  t runca ted  p r o f i l e  i s  produced by 
a j e t o f l a p  o r  a blown f l a p ,  while an appropr i a t e  o u t l i n e  j o i n s  the  f o r e  and a f t  pa r t s .  

This  

The s i m i l i t u d e  of t h e  two models has  been v e r i f i e d  f i r s t l y  i n  the  rheo -e l ec t r i c  tank; 
t h e  v e l o c i t y  diagram i n  Fig. 2 shows t h e  i d e n t i c a l  na tu re  of t h e  two d i s t r i b u t i o n s  f o r  t he  
case  of a p r o f i l e  wi th  a Handley Page slat. Secondly, t h e  s i m i l i t u d e  has  been a l s o  
e s t a b l i s h e d  i n  t h e  Cannes wind-tunnel; t h e  comparison presented  i n  Fig. 3 f o r  two inc idences  
shows t h a t  t h e  correspondence is  q u i t e  good, d e s p i t e  t h e  d i f f e rence  i n  Reynolds numbers. 
The t h e o r e t i c a l  curve corresponding t o  a c a l c u l a t i o n  of t h e  p o t e n t i a l  flow a t  zero  Mach number, 
t oge the r  wi th  t h e  t y p i c a l  p l a t eau  of s h o r t  bubbles on t h e  experimental  curve,  can also be 
u s e f u l l y  noted. This  t o o l  of r e sea rch  ham not  y e t  been used very i n t e n s i v e l y ,  bu t  t h e  following 
r e s u l t s  may be of i n t e r e s t .  

( a )  
information about t h e  flow nea r  t h e  leading-edge, provided t h a t  a cau t ious  i n t e r p r e t a t i o n  is 
made. 

(b )  
upper diagram shove t h e  i so-ve loc i ty  curves  i n  t h i s  reg ion;  t he  lower diagram shows t h e  
t y p i c a l  development of t h e  form f a c t o r  H which is  t h e  r a t i o  between t h e  displacement-thickness 
and t h e  momentum-thickness. H v a r i e s  from t h e  va lue  2.6 i n  t h e  laminar reg ion  t o  a va lue  nea r  
1.4 a f t e r  t r a n s i t i o n ,  pass ing  through a maximum QaPue a s soc ia t ed  wi th  t h e  separa t ion .  

( c )  Fig. 6 summarises complementary s t u d i e s  i n  t h e  water-tunnel;  f i r s t ,  t h e  model wi th  i t s  
blown f l a p  which we c a l l  a 'Te tard ' ,  i.e. a l l t adpole t t  i n  Engl i sh ;  then a longer  bubble wi th  
laminar reattachment;  a s h o r t  bubble wi th  t r a n s i t i o n ;  and f i n a l l y  a pe r spec t ive  view showing 
t h e  r eve r se  flow and t h e  reattachment flow. 

Fig. 4 demonstrates t h a t  surface-flow v i s u a l i s a t i o n  a t  t h e  l a r g e  s c a l e  can f u r n i s h  v a l i d  

Fig. 5 confirms t h a t  t h e  bubble reg ion  can be t r ave r sed  very accu ra t e ly  wi th  probes; t h e  

E r l i c h ,  E Fxemples de Recherche6 s u r  l e s  p r o f i l e s  dans la  s o u f f l e r i e  S.10 du CEAT 
a Toulouse. 
O.N.E.R.A. TP 766; 1969. 



12-2 

ONERA P R O F I L E  "0" 
I.FULL PROFILE 

t = 0,75 m 

I I I I I I , I  I I I I 

- II.CURTAILED PROFILE 
C = 2,851~l  

I Fig. 1 I 
RHEO ELECTRICAL TANK MEASUREMENTS 

-0- FULL PROFILE (a ,= 36.2' 01.:~') 

.-.. + .... CURTAILED PROFILE ( 6 ~ =  60') 



12-3 

10 i- CP 
5 I M I LA R I T Y  0 ET W E E fl 

THE FLOW5 O f l  
THE TWO MODEL5 

G . O . 7 5 -  

. 
'\ 



124 

0 



13-1 I 
SOME COMMENTS ON CHARACTERISTICS OF HIGH-LIFT WINGS 

by 

D. N. FOSTER; R.A.E., Farnborough, U.K. 

1. WING WITH PLAIN HINGED FLAPS WITH BOUNDARY-LAYER CONTROL 

Wind-tunnel tests, under as near to two-dimensional conditions as possible, have been 
carried out on a wing section with 2lain leading and trailing-edge flaps having boundary-layer 
control by blowing at the flap knees. 
presented here forothe condition with no leading-edge flap deflection and with the trailing-edge 
flap deflection 20 In addition to inviscid flow calculations of the pressure distribution 
around the isolated wing section at zero Maoh number, calculations have been made for the 
isolated wing at the Mach number of the wind tunnel tests (0.13) by the method of Sells ( I ) ,  
and for the section in the presence of the tunnel walls, since the ratio of wing chord to 
tunnel height (4:13) was large. 
although large suction peaks (Cp,min ~3 -15) were measured at the leading-edge at high angles of 

incidence. The tunnel wall effect was, however, of some signifiuance, and therefore the 
results calculated with wall effects have been taken as representing the inviscid values for 
comparison with the wind-tunnel results, 

A range of flap deflections were tested; results are 

The effect of compressibility on lift was found to be small, 

This comparison has been made in Fig. 1 ,  where these results have been superimposed on 
some of a series of experimental results for different momentum coefficients. 
boundary-layer control, the experimental lift-curve slopes are lower than the inviscid values, 
SO that the momentum coefficient to achieve the inviscid lift increases with angle of incidence. 
Fig. 2 shows a typical comparison of the inviscid pressure distribution with that measured 
experimentally. 
considered in the inviscid calculation is of necessity different from the actual contour. 
Fig, 3 shows the results of measurements of the sectional drag by the wake survey technique. 
These curves suggest an almost constant thrust recovery of 70% of the momentum coefficient. 
Also superimposed on the carpet is a line corresponding to the values of angle of incidence 
and momentum coefficient at which the inviscid lift coefficient was achieved; this line ie 
seen tb lie close to zero wake drag throughout. 

Even with 

The agreement is very good, except near the flap knee where the contour 

To summarise, these results would suggest that the inviscid lift is achievable with a 
momentum coefficient which is dependent on the angle of incidence ( o r  the lift); that under 
these conditions a pressure distribution will be measured which is very similar to the inviscid 
predictions; and that sensibly zero drag will result. 

2. DRA6 WITH HIGH-LIFT DEVICES EXTENDED 

For a given wing at a given angle of incidence and with a given flap deflection, planar 
theory ( 2 )  can predict a total lift coefficient CL and a total vortex drag coefficient Ch. 
These can be expressed as 

?TA CDv = K C 2 + K2. ACE, + 2 K3 CL. hCLf 
1 L  (20 

where aCLd is the lift increment due to wing incidence change from the zero lift angle 

ACLf is the flap lift increment, 

K1, K and K are constants, all dependent on the wing planform, 
2 3 and 

with K and K also dependent on the flap planform. 
2 3 

It can be ahown that, within the same linearized framework, the profile drag may be 
expressed as 

ACEf + 2 J I 2  CL. CLf (3)  
% = 1 + J  C 2 + J 2 .  

1 L  
'Do 

where is the profile drag coefficient due to the thickness distribution, without 
incidence o r  camber, 

J1, J and JI2 are constants related to the chordwise velocity perturbations due 
2 

and 
to incidence and flap deflection. 
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Equation (3) may be rewritten as 

Whilst the validity of applying the results of the linearized approximation to a real 
case is, perhaps, in question, it is of interest to consider what follows from their application 
to some existing test data (I). 

The configuration to be cogsidered is shown in Fig. 4. The wing, of aspect-ratio 8.0 
and quarter-chord sweep-back 25 was tested with and without a fuselage, and had Fowler flaps 
extending from the fuselage side (10% semi-span) to 65% semi-span. 
have been ahalysed by subtracting from the measured drags a vortex drag derived from equation (2), 
using predicted values of K1, K2 and K and measured values of C and AC 

wing + fuselage cases, any contribution to the lift and drag from the forces on the front 
and rear fuselage sections has been ignored, and only the lift and drag due to the loading 
across the wing and fuselage at the wing-fuselage junction has been considered. The difference 
between the measured drag and the theoretical vortex drag is shown (Fig. 6) in the form 
suggested by equation (41, i.e. relative to a lift coefficient for a minimum value of this 
difference. The value of E and the slopes of the lines shown in Figs. 5 and 6 were derived 
by fitting a "least-squaresk'parabola to that portion of the data which was considered to 
correspond to well-attached flow, 

The experimental results 

For the 3' L Lf' 

Fig. 5 shows results for the wing with the flaps retracted. Two points are noteworthy: 
first that the lines with and without fuselage are parallel, and secondly that at the take-off 
condition, (0.7 CLmax) the departure of the experimental points from the straight line is in- 

significant. 
I 5  . Again the lines with and without fuselage are parallel, the increment due to the addition 
of the fuselage ( A[CD - C D d  = 0.0115) being slightly larger than for the flaps-up case 

( 

flaps-up case, and now the take-off condition is well within the points lying on the line. 

Fig. 6 shows the results of the analysis when the flaps are extended and deflected 

AbD - CDI;] = 0.0100). The slopes of the lines on Fig. 6 are some 204'0 higher than for the 

The main inference that can be drawn from these results is that, at least to the point; 
CL = 0.7 CLmx, the drag can be adequately described by equations (2) and (4). 

REFERENCES 

1. Sells, C.C.L Plane subcritical flow past a lifting aerofoil, 

R.A.E. T.R. 67146; 1967. 

2. McKie, J. The estimation of the loading on swept wings with extending chord flaps 
at subsonic speeds. 
R.A.E. T.R. 69034; 1969. 
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THE HUNTING H.126 JET-FLAP RESEARCH AIRCRAFT 

K.D.Harris 

1. FUNDAMENTAL CHARACTERISTICS OF THE JET-FLAP 

The jet-flap principle, and the possibilities of applying this principle to a jet-propelled aeroplane, were first con- 
ceived at the National Gas Turbine Establishment, UK, in 1952. The concept was made public in 1955 in a lecture 
to the Royal Aeronautical Society by I.M.Davidson, the leading protagonist of the scheme. The pioneer investigations 
at NGTE and NPL during this early period were followed over the next decade by extensive experimental and theo- 
retical studies, in Britain particularly at the RAE and Huntings. (A. comprehensive list of published British References 
has been added for completeness at the end of this Seminar Contribution - Editors). 

The aerodynamic characteristics which in principle made the jet-flap attractive to the aircraft designer, particularly 
the designer of STOL aircraft, are of course:- 

(i) the ability to develop very large lift coefficients and 
(ii) the high level of thrust recovery which is 100% in ideal inviscid flow however great the jet deflection angle 

to the direction of flight. 

It is beyond the scope of the present contribution to discuss these characteristics at length. However, many 
wind-tunnel tests have substantiated that very high lift-coefficients can indeed be generated. With regard to the thrust 
recovery hypothesis, it should be mentioned that the division of the streamwise force into thrust and drag components 
must always be arbitrary, and this inevitably introduces difficulties into the question of how much thrust recovery is 
obtained. If the jet flux is taken as that leaving the trailing-edge of the wing, and appropriate allowance is made for 
the trailing-vortex drag and the profile drag, then experiment shows that full recovery of the jet momentum flux as 
propulsive thrust is obtained quite closely at least for moderate jet angles. However, from the point of view of the 
aircraft designer it must be remembered that owing to ducting/slot losses, and to skin-friction/turning losses over the 
mechanical flap which forms an essential part of any practical system, the jet momentum flux leaving the trailing- 
edge will be appreciably less than that which would be obtained from a conventional engine installation with a short 
jet-pipe. Indeed, if all or a large percentage of the total engine efflux is discharged in the form.of a jet-flap, these 
losses will inevitably be fairly large. It is these viscous ducting and jet deflection thrust losses, together,with the 
space occupied by the ducting system, which reduces the otherwise attractive properties of the jet-flap to such an 
extent that it no longer remains an obvious choice for even a STOL aircraft. 

2. DECISION TO BUILD A PILOTED RESEARCH AIRCRAFT 

The exceptionally high lift-coefficients that the jet-flap offered, together with the remarkable promise of substantial 
thrust recovery, led to the early decision in 1956 by the British Ministry of Aviation to order a piloted research air- 
craft. The H. 126 jet-flap research aircraft was then designed and built by Huntings (Luton UK) under contract, for 
a flight research programme at the Royal Aircraft Establishment. This work was intended not only to ensure essen- 
tial flight research to complement wind-tunnel and theoretical studies, but also to provide flight-handling experience 
of value more generally for STOL aircraft with high-lift wings. 

The desirability of a piloted vehicle was obvious, if only because of the very large CL-range that would be 
made possible. However, it was also envisaged that, novel means of aircraft control entailing deflection of the jet-flap 
and variation of the jet-flap thrust might be investigated, and these considerations made a piloted vehicle essential. 

In the 1950’s by-pass engines had not been developed, and it was quickly realised that a major problem would 
be met in ducting the very hot and relatively ,low-pressure gas from the engine(s) to the trailing-edge of the wing. 
In view of the extreme cost of developing a new type of engine, it was decided that the research aircraft would have 
to be powered by an existing unit of proven reliability. This meant that the aircraft would inevitably have a very 
poor overall performance when judged against contemporary aircraft. This fact must always be kept in mind, and 
no deductions regarding the potential performance of the jet-flap should be drawn from the H. 126 without making 
full allowance for this very severe handicap impbsed on the research aircraft. 
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3. PERFORMANCE SPECIFICATION OF THE RESEARCH AIRCRAFT 

When the specification for the research aircraft was being drawn up, the highest landing C, for most je t  
aeroplanes was about 1.5, a value not greatly exceeded even today. The bold decision was taken t o  aim for a usable 
C, of 7 t o  8, t o  exploit fully the research possibilities. Eventually, when the difficulties attendant on using an 
existing pure turbo-jet engine were better appreciated, it was specified that the aircraft should be capable of developing 
a usable lift coefficient of a t  least 6 with:- 

(i) a 20% speed margin from the Ig stall, and 

(ii) the ability t o  vary tlie flight path from at  least level flight to an angle of descent of a t  least 5” 

The flight control system was to  be designed so that the trailing-edge flaps could be geared t o  the control column, 
thus permitting investigation of the novel form of control already referred t o  in Section 2. 

4. BRIEF DESCRIPTION OF THE AIRCRAFT 

4.1 General Arrangement 

A general arrangement drawing of the aircraft is shown in Figure 1. The main features are the fairly large aspect- 
ratio, shoulder-high wing; the large fin and high-set tailplane; and .the rather deep fuselage housing an Orpheiis turbo-jet 
engine under the single seat cockpit. The tricycle undercarriage was not made retractable because interest was mainly 
in low-speed flight. 

With a maximum all-up weight of about 10,700 Ib. (47,600 newtons) and a wing area of 217 ft2 (20.1 mZ) ,  the 
wing loading is about 50 Ib/ftz (2,370 N/m2). To keep the engine jet temperature t o  not more than 620”C, the 
basic Orpheus engine had t o  be de-rated from a test-bed thrust of about 5,000 11) (22,200 N) to  about 4,300 Ib 
(19,100 N). However, since 15% of the engine efflux is continuously used for control hnd autostabilisation purposes, 
and because of the large thrust losses incurred in ducting the efflux through the fuselage and wings, the effective 
propulsive thrust from the nozzles is slightly less than 3,000 Ib (13,300 N). 

The use of only a single engine in an aircraft so vitally dependent on powered lift calls for some comment. In 
all the early project work two engines were used, but lack of availability of suitable engines coupled with the diffi- 
culties of designing a suitable ducting system led ultimately to the decision to use a single engine. Safety for the 
pilot was t o  be assured by provision of a “zero-zero” ejector seat; whilst the risk of losing the aircraft, in the event 
of an engine failure during critical stages of the landing and take-off manoeuvres, was accepted as a necessary price 
to  pay for the other advantages in using a single engine. 

4.2 Wing 

A high wing configuration was chosen t o  minimise the loss of CLma and other adverse interference effects 
produced by ground effect under high-lift conditions. The aspect-ratio of about 9’ was estimated t o  be the optimum 
compromise between a high aspect-ratio t o  minimise trailing-vortex drag, and a low aspect-ratio to  minimise ducting 
losses. Zero sweepback on the flap hinge line was chosen since interest was primarily in low-speed flight. 

The most abnormal characteristic of the wing is the thickness of the aerofoil section. The section is NACA 
4424, having a thickness-chord ratio of  24%. One major reason for such a high thickness was t o  accommodate the 
large diameter ducts which are required t o  keep the ducting losses to  an acceptable level. The large thickness-ratio 
and camber were also favoured to permit the development of very high lift-coefficients without the additional need 
for leading-edge devices such as a slat and/or boundary-layer control by nose blowing. A further advantage is the 
large nose radius of the trailing-edge flap which reduces the losses incurred in turning the je t  sheet. 

4.3 Ducting System 

The ducting system is illustrated in Figure 2. Division of the engine efflux is as follows:- 

Jet-flap 
Direct thrust nozzles 

Pitch control jets 
Yaw control jets 

i.e. 85% for,propulsion 30% 

used for control purposes 5% 

Roll control jets 5% } used for auto-stabilisation 

In the early project schemes all the propulsion was t o  have been supplied in the form of a jet-flap, as in the 
original NGTE concept. However, it was found that the overall propulsive efficiency could be much improved by 
restricting the jet-flap t o  a strength just sufficient t o  generate the specified lift-coefficient. The je t  flow released by 
this was ducted to direct thrust nozzles positioned at  such a distance below the centre of  gravity that a nose-up 
pitching moment was produced approximately cancelling out  the nose-down moment of the jet-flap. 
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5. THRUST LOSSES 

Despite the use of the largest possible ducts that could be accommodated in the thick wing, the loss of gross 
thrust from the engine turbines exit t o  the jet-flap nozzles amounts t o  about 22%. A further substantial loss occurs 
owing t o  skin friction over the 14% chord mechanical flap. 

Whilst this very severe loss of gross thrust arising from viscous ducting and turning effects is not necessarily 
typical of jet-flapped aeroplanes, it nevertheless seems likely that this will always remain a major problem in any 
design whick seeks t o  exploit the jet-flap t o  a significant extent. 

6. STABILITY AND CONTROL PROBLEMS 

Several severe stability and control problems were revealed by analytical and wind-tunnel studies during the 
design stage. These arose primarily from the very large incidence and lift-coefficient range for which the aeroplane 
was designed. 

The longitudinal problems included the following:- 

(i) A large nose-down pitching moment from the jet-flap; 
(ii) A large variation in restoring margin over the incidence range owing t o  the high location of the wing 

relative t o  the centre of  gravity; 
(iii) A strong nose-down change of trim on landing owing t o  the large reduction of downwash at  the tailplane; 
(iv) Flight a t  speeds far below the minimum drag speed. 

Had nothing been done t o  alleviate the large nose-down pitching moment produced by the jet-flap, there 
would have been a substantial loss in trimmed lift-coefficient. It would also have led to  a large static margin in 
relation t o  the manoeuvre margin, and to  a highly unstable phugoid mode. All of these problems were much dimin- 
ished by the re-division of the propulsive flow which has already been referred t o  in Section 4.3. It was planned t o  
tit infinitely variable thrust spoilers t o  the direct thrust nozzles, so that the propulsive thrust could be modulated t o  
give the required angle of descent for landing, and t o  control the flight path. 

Further improvements in both stability and control were effected by suitable gearing of a pitch je t  t o  the all- 
moving tailplane and geared elevator. 

The lateral and directional problems involved:- 

(i) A stongly unstable spiral mode at  high CL’s , the time to double amplitude being about 2 seconds at  a 

(ii) A large reduction in weathercock stability when spoiling the thrust from the direct thrust nozzles. 
(iii) A large adverse yawing moment from the ailerons at  high C,’s . 
(iv) Low damping in yaw under certain conditions of flight. 
(v) Poor entry into banked turns a t  high C,’s . 

CL of  6. 

With regard to the spiral stability problem it is well known that the criterion for positive stability is 

I, n, - nv 1, > 0 
. I  

For satisfactory characteristics in the other lateral and directional modes of motion it is necessary that n, shall be 
negative, and nv positive. Now 1, is naturally positive, and this always makes the second term destabilising. Since 
1, tends t o  be proportional t o  C, , the destabilising influence increases continuously with increase of C, . In 
the normal way, spiral stability is achieved by using wing dihedral t o  make I, negative. However, in the present 
instance 1, tended t o  become progressively more positive with increase of incidence, flap angle and je t  momentum 
coefficient. Attainment of a sufficiently negative value of 1, at  high C, would have required extremely large 
dihedral leading t o  a grossly excessive negative value at  low C,’s , and t o  quite unacceptable characteristics in the 
other lateral and directional modes. 

Theoretical and experimental work showed that the observed tendency for 1, t o  become positive a t  high values 
of C, is a fundamental feature of wings of  high aspect-ratio. I t  was therefore decided that autostabilisation would 
have t o  be used t o  overcome the spiral instability problem. Essentially this was done by reducing 1, t o  make the 
second term in the above criterion less destabilising. Detailed calculations were made t o  optimise the overall perfor- 
mance of  this system, and it was found that the use of a roll je t  t o  provide the required rolling moment would be 
simpler and much better than using the ailerons. 
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The reduction in weathercock stability with spoiling of the direct thrust was not studied in detail, bu t  was 
probably due t o  a je t  efflux interference effect over the rear part of the fuselage and the fin. Positive weathercock 
stability is usually a fairly fine balance between a stabilising fin effect, and a destabilising fuselage effect. A relatively 
small interference effect can then have a significant influence on the overall balance of moments. 

Compensation for the adverse yawing moment of the ailerons was provided by gearing the yaw jets to  the 
ailerons. 

7. STALLING CHARACTERISTICS 

The most important single factor t o  merge from the flight tests was the severity of the stalling behaviour.. Early 
wind-tunnel tests had in fact exhibited abrupt and large decrease in lift a t  the stall for high momentum and lift 
coefficients. 

With the engine fully throttled the stall was quite gentle, as expected. However, with somewhat increased engine 
thrust, and a momentum coefficient C, of  only about 0.1, the stall became'very sharp with no natural warning. 
Wing drops of up t o  60" were experienced, with either the port or starboard wing dropping. With further increase 
in Cw the stall tended t o  become even more violent, still with either wing stalling first. 

Flow visualisation in flight, by means of surface tufts, showed that the stall commenced with separation of the 
flow on the inner part of either the port or starboard wing at  about mid-chord. The separation then spread almost 
instantaneously over most of that half of the wing, whilst the opposite wing remained unstalled during the whole of 
the ensuing motion. 

Wind-tunnel tests made t o  study the stall behaviour showed, despite a low Reynolds number of about 0.5 x lo6 
(based on wing mean-chord) an almost identical behaviour to  that a t  full scale. An increase of incidence of 2" t o  4' 
was necessary t o  make the other half of the wing stall. It can only be presumed that the discontinuity produced by 
the fuselage provided an effective barrier t o  the spread of the initial separation. The redistribution of the spanwise 
loading resulting after the stalling of one-half of the wing would then have induced an increase in downwash over 
the unstalled half of the wing, thus leading t o  the observed increase in stalling incidence. 

When the model stall characteristics were found t o  be similar t o  the full-scale characteristics, it was decided t o  
use the model to study how the behaviour could be improved. Devices which caused the flow t o  separate early over 
the inboard part of the wing proved useless, as the separation (once provoked) still spread almost instantaneously 
over the wing on which it started. Fences of various shapes and sizes were tried, but these proved equally ineffective. 

Much the most effective device that was found was a leading-edge slat covering the outer 90% of the exposed 
wing span. A very strong vortex was shed from the inboard end of the slat. This caused the inner unslatted portion 
of the wing to stall early, but it was successful because it contained the separation for several degrees of incidence. 
As a result of this the ailerons retained much of their power, and tests showed that they would have been able t o  
overcome the rolling moment due t o  asymmetric stalling of the inner part of the wing. 

8. CONCLUDING REMARKS 

It must be stressed that the H. 126 aircraft was conceived and designed over a decade ago, essentially for the first 
flight research on jet-flaps and not for project development. Naturally, it has been possible t o  discuss only briefly here 
some of the extensive flight experience obtained by RAE and Hunting Aircraft - BAC during the period 1963-67, 
as well as t o  refer only briefly t o  the extensive complementary studies (wind-tunnel and analytical) conducted during 
the design, constructional and operational phases. 

Unfortunately, the flight test programme had t o  be curtailed due t o  financial restrictions and lack of  practical 
interest in jet-flap applications at the time. In particular, although the ultimate fitting of thrust reversers to  the 
direct thrust nozzles had always been envisaged, these were not in fact fitted, so that landing approaches under 
high-lift conditions and associated ground effects could not be explored in flight. It is worth adding that some full- 
scale wind-tunnel tests have recently been carried out  by NASA on the unmodified aircraft in their Ames 40 ft. x 80 ft. 
tunnel. Also, it is still t o  be hoped that the unmodified aircraft may yet be used for flight investigation at the fairly 
high lift-coefficients which are likely to  be employed in the not too distant future with STOL aircraft. 
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Fig.2 H. 126 Exhaust system 
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AERODYNAMIC RESEARCH ON HIGH-LIFT SYSTEMS 

Fotis Mavriplis 

1. INTRODUCTION 

Research on  high-lift systems is part of an overall effort at Canadair t o  develop aerodynamic technology for 
future applications t o  advance aircraft. The objectives of this effort is t o  develop analytical and experimental methods 
for dealing with complex aerodynamic problems representative of realistic situations of flight vehicle operations. The 
work is carried out  under two programs which are funded jointly by Canadair and the Defence Research Board of 
Canada: 

(a) Mechanical High-Lift Systems Research and Development - DIR Project A-I 1. 

(b) Mathematical Applications in Aerodynamic Design and Analysis Procedures - DIR Project A-1 5 .  

Some aspects of two-dimensional flow research on  high lift systems carried out under these projects are discussed 
herein. 

First, a theoretical method is described which was developed for calculating two-dimensional potential flow 
about multi-element high-lift airfoils. The method is based on the distribution of  vorticity on  the airfoil contour. 

Second, a wall blowing technique is described which was developed for testing effectively complex high-lift 
models in the wind tunnel. This technique is essential for obtaining true two-dimensional data for airfoils in the 
high-lift condition. I t  was used in a series of tests carried out  to  study the effect of leading-edge and trailing-edge 
devices on  the aerodynamic characteristics of a 17% and a 10% thick airfoil. 

Finally, comparisons of calculated and experimental data obtained on  some of the complex configurations tested 
are presented t o  demonstrate the usefulness of the methods described here. How these methods can be  used t o  
design better high-lift systems is shown by discussing a Kriiger leading-edge device which was designed with the aid 
of the vorticity distribution computer program. As predicted, significantly better high-lift performance was achieved 
with this device than with a slat which was designed by conventional methods and optimized in the wind tunnel. 

2. A VORTICITY DISTRIBUTION METHOD FOR CALCULATING TWO-DIMENSIONAL 
POTENTIAL FLOW ABOUT MULTI-ELEMENT AIRFOILS 

For  the study of high-lift systems, a method was developed at Canadair which can calculate potential flow 
pressure distributions on airfoils of arbitrary thickness and camber with deflected leading-edge devices and multi- 
slotted flaps’. The method uses a continuous vortex distribution on  the contour of each airfoil and is basically 
exact. 

The two-dimensional inviscid incompressible flow around the airfoil is represented by superposition of  a uniform 
flow U_ at  an angle a t o  the x-axis and the flow induced by  an infinitely long closed vortex sheet having the air- 
foil contour as a cross section (Fig. 1). The distribution of vortex density y ( ~ )  along the contour is determined so 
that the resulting velocity from the superposition is tangential to  the exterior surface of the contour a t  all points. 
The airfoil contour is assumed t o  be composed of small flat vortex sheet elements, each with a uniform density yv 
which may vary from element t o  element. 

A solution is obtained by  specifying zero internal tangential velocity a t  the midpoint of each surface element 
s . This tangential velocity is the sum of three components: the free stream, the integrated effect of all flat vortex 
s teet  elements sv on p and the velocity induced by  the vorticity of element sc( at its own midpoint. Martensen’ 
has shown that for a closed body represented by a continuous vortex distribution on the surface, the condition of 
zero internal tangential velocity is equivalent t o  that of zero external normal velocity, and that the external tangential 
velocity v(s) is equal t o  vortex density y(s) . Martensen’s approach leads t o  the following integral equation for 
the unknown velocity distribution on  the airfoil surface: 
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For the numerical solution of Equation ( I ) ,  Martensen replaced the continuous vortex distribution by isolated vortices 
at contour points chosen at equal intervals of an angular parameter. The same approach is used also by Jacob3 who 
improved Martensen's method and developed the method for multiple airfoils. 

In the present method, Equation (1) is first written as 

-v(s,) + $v(s)K(s,,s) ds = -U_ 
2 

Equation (2) is replaced by a set of M linear equations for M flat vortex sheet elements representing the airfoil 
contour 

M 

V = l  
c K-,vvv = R, , p = 1,2,3 ... . M  , (3) 

where 

KPu is an influence coefficient which is derived by considering the tangential velocity at the midpoint of element s, 
induced by a flat vortex sheet element % of unit vortex density, 7, = 1 . From Figure 2 we obtain for the tan- 
gential velocity 

v,,, = (vtV cos p + vvv sin p) cos 6 + (vvv cos /3 - vtv sin 0) sin 6 , (4) 

where 

(Reference 4). Tu rl 
loge - v = -  TU 

( A l  - A z )  = - € 9  

- T U  
v t v  - - - 2n " 2n rz . .  277 

For 7, = 1 , Equation (4) gives the influence coefficient 
7 - 

KPv = I- 1 Fog, fi cos p - e sin p sin 6 + log, - sin p + e cos p cos 6 
2n r2 1 [ : :  1 1  ( 5 )  

L 4 

All the terms of Equation ( 5 )  can be calculated from the known x- and y-coordinates of elements s, ,and s, . 
For U = p , the velocity induced by a uniform vortex sheet element at a point close to its interior surface is --y,/2 , 
so that the theoretical value of influence coefficient K,, = -1/2 . This means that one half of the total external 
tangential velocity at p is due to the vorticity of elements s, alone. Therefore a simple way of improving the 
accuracy of the method is to adjust the K, values by accounting for the curvature of the elements. By taking 
the midpoint of the curved rather than the /at element as the control point, we obtain 

l e  
? r - ,  K,, - -- - 

2 4n 

where 0 is the subtending angle of circular arc s, . The positive sign is for convex and the negative for concave 
elements. 

The system of Equations (3) is solved for three basic flows, two translatory and a pure circulatory flow, i.e. 

(a) for U_ = 1 , CY = 0" and v, = 0 (no circulation) 

(b) for U_ = 1 , a = 90' and v, = 0 

(c) for U_ = 0 , v, = 1 (pure circulation, uniform velocity distribution) 
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This results in three sets of velocity distributions, i.e. $1 , vsb) and v t )  . These are superimposed after being 
corrected for the proper angle of attack a and proper circulation, to obtain the total tangential velocity distribution 

vu = v t )  cos a + vsb) sin 01 + vf)cr , (7) 

v = 1,2 ... M . 

The correction factor C r  for the proper value of circulation is determined by satisfying the Kutta condition 
as follows: the tangential velocities at the midpoints of the upper and lower surface elements adjacent to the trailing 
edge are set to be equal, i.e. 

-vl = VM or v1 +VM = 0 . (8) 

Applying this condition to the three basic flows gives 

(vl + vM )(a) cos a + (vl + vM sin a + (vl + vM )(c)cr = o ; 

The velocity distribution is then used for calculating the pressure distribution, 

cp = 1 -v;  , 

and the lift coefficient for reference chord C , 

v = 1,2 ... M , 

(9 )  

The x- and y-force coefficients and the moment coefficients are obtained by numerical integration of the 
pressure distribution. 

For multiple airfoils the number of flat vortex sheet elements is increased to represent each airfoil by a closed 
contour and the approximate Kutta condition is applied to each airfoil. In addition one must consider the influence 
of all the circulations on the Kutta condition of each airfoil. 

The method has been programmed in Fortran IV for the IBM 360 digital computer and is now being used for 
the analysis and design of complex high lift configurations. For input, the program requires only the coordinates 
of the airfoil contour and the angle of attack. With additional 'input information, it can also transform, translate 
and rotate the coordinates of each airfoil to achieve the desired geometry of the configuration. The program output 
consists of tabulated velocity and pressure distributions, forces and pitqhing moment and two graphical representations, 
the input geometry of the configuration and the plotted pressure distribution. 

The program can handle problems with up to 8 airfoils and 500 coordinate points. Typical examples are 30 to 
70 coordinate points for single airfoils, 130 points for a three-element airfoil and 200 points for a five-element airfoil. 
Computation time ranges from less than one minute for the first example to two minutes for the last example, and 
increases only insignificantly if calculation of more than one angle of attack is required. 

Figure 3 shows a comparison of the present method with exact theory for a 13% thick, high camber airfoil, 
derived by Karmin-Trefftz transformation, at a 10" angle of attack. It can be seen that the pressure distribution and 
the lift coefficient obtained with the present method agree very well with the exact values. 

The capability of the computer program to handle up to 8 airfoils is demonstrated in Figure 4 which shows ' 

the calculated ground effect on the pressure distribution of a real arbitrary four-element airfoil configuration. The 
first element consists of a truncated NACA 4417 airfoil with a Kruger flap leading edge device. The remaining 
elements form a 35% triple-slotted flap deflected 70 degrees. The dotted line shows the pressure distribution calcu- 
lated for this airfoil configuration alone at zero angle of attack. The pressure distribution for the same airfoil con- 
figuration near the ground was calculated by using for input an 8-body system consisting of the four-element airfoil 
and its reflection in the ground plane. 
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3. WIND TUNNEL TESTING TECHNIQUE 

One of the objectives of  the Canadair high lift research was t o  obtain reliable experimental data, representa- 
tive of true two-dimensional flow, for airfoils with various leading edge devices and trailing edge slotted flaps. 
These data were needed for comparison with calculated results in order t o  check the accuracy of the multi-element 
analysis method described above and t o  establish its range of applicability. 

Wind tunnel testing of high lift systems presents problems that are caused first by  the presence of high 
aerodynamic loads and second by  the complexity of the model. Large pressure gradients created by the airfoil 
in the high lift condition cause separation of the wall boundary layer. This separation and the resulting system 
of trailing vortices affect the two-dimensionality of the flow around the airfoil and create a'large increase in 
induced drag, thus making the test data doubtful. Additional problems are introduced when a large span high 
lift model is used. Slats and vanes of such models being very thin may bend easily under aerodynamic forces, 
thus distorting the geometry of  the gaps and, therefore, the flow in the slots. The alternative is t o  provide such 
elements with intermediate supports but these again are undesirable because they obstruct the flow in the slots. 
Finally large span models which may consist of up  t o  five airfoil elements are difficult t o  handle and, therefore, 
time consuming when many configuration changes are t o  be made in the tunnel. On the other hand, a small 
span model, although desirable from a practical point of view, is unfavourable for two-dimensional high lift testing 
because of the wall flow separation problem. By using a blowing technique, it is possible to  prevent flow separa- 
tion from the wall and t o  obtain good two-dimensional data by using a small span model. For  this purpose a 
wall blowing facility (Figures 5 and 6) was designed and built by Canadair for testing 2-foot chord by  3-foot 
span high lift models. 

The walls are provided with fixed slots ahead of the model and rotatable slots arranged vertically to the 
upper surface of the airfoil. Compressed air is blown through the slots t o  help the airflow along the wall into 
a curved path parallel t o  the  upper surface of the airfoil and prevent it from separating from the wall. With 
this facility, rapid changes of slot geometry and flap angle can be made in the tunnel so that the effects of such 
changes on  high lift performance can be studied in an efficient manner. 

Canadair has conducted extensive wind tunnel testing with the wall blowing facility installed in the test 
section of the NAE 6-foot by %foot Low Speed Wind Tunnel of the National Research Council in Ottawa. 
Twenty configurations including single, double and triple slotted flaps in combination with leading edge slats, 
droop noses and Kriiger flaps were tested with a modified NACA 4418 and fifty five similar configurations with 
a NACA 64A210. 

Figures 7 and 8 show typical data obtained from these tests. They are balance measurements for two 
configurations with a triple slotted flap, one with the cruise leading edge (slat in retracted position) and the 
other with extended slat. The data with no blowing shows a reduction in lift slope and CLmax associated with 
a large increase in drag as a result of the wall boundary-layer separation. With wall blowing on, the lift slopes 
agree well with those of potential flow calculated with the method described above. Also the drag polars display 
true two-dimensional flow characteristics as they remain vertical over a larger range of C, with wall blowing. 

4. COMPARISON OF CALCULATIONS WITH EXPERIMENT 

The capability of the potential flow method and its usefulness as a design tool may be demonstrated by  
comparing the calculated pressure distributions with experimental data obtained during the wind tunnel tests. 

Figure 9 shows how well the present method can predict the real flow pressure distribution at  20" flap 
deflection. Notice that both theory and experiment show that the changes at  the leading edge have practically 
no effect on  the pressure distribution from 40% chord downstream. 

For  configurations with highly deflected flaps and slats as in Figure 10, the experimental data shows separa- 
tion from the upper surface of the rear flap, and separation and reattachment a t  the lower surface of the slat. 
In the regions of separated flow, the calculated pressure distribution does not agree with the experimental data. 
Also on the upper surface of the slat there is n o  agreement between calculated and experimental pressure distri- 
butions. Between the slat and the rear flap separation point (approximately at  90% chord), the experimental 
data follows the potential flow pressure distribution although at  a much lower value. The experimental and 
potential flow lift coefficients for this configuration are shown in Figure 8. 

It is difficult t o  explain the differences between the experimental and potential flow pressure distributions in 
Figure 10 without examining also the results a t  various other angles of attack. The analysis of such data indicate: 
that the rear flap flow separation causes a reduction of the effective angle of attack which affects the pressure 
distribution on  the slat and the main section. For  the case of Figure 10, for example, the experimental pressure 
distribution agrees well with that of  potential flow at 0" angle of attack. The  pressure distribution on the fore 
flap and the vane, however, is not affected directly by  the rear flap flow separation and the associated reduction 
in effective angle of attack. 
interaction of the boundary layers of the fore flap and vane with a rather thick wake from the main section. 

The difference between experiment and theory in this case may be due to the 
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5. DESIGN OF A LEADING EDGE DEVICE 

A specific attempt t o  demonstrate the usefulness of the Canadair potential flow program as a design tool was 
successful. A leading edge device was designed which is superior t o  any other leading edge device designed by  con- 
ventional methods and optimized in the tunnel. The geometry of this leading edge device was derived by using 
initially a conventional design of a 20% Kriiger flap in conjunction with a 35%-chord double slotted flap deflected 
at  a 55" angle. The velocity and pressure distribution'for this configuration were computed for O", So, lo", 15", 
20" and 25" angle of attack. The results were then examined to  determine the change of peaks, gradients and 
overall smoothness of distribution with angle of attack. Using an iterative procedure, the camber and leading edge 
diameter of the Kriiger flap were then increased methodically in order to  lower the peaks and obtain a reasonably 
smooth velocity distribution throughout the a-range and particularly a t  an a of 20". The final geometry was obtained 
after eight consecutive computer runs resulting in a configuration with a higher theoretical lift coefficient than the 
original one. This Kruger flap was tested also as a Kruger slat in the wind tunnel along with a 30" droop nose, a 
conventional slat and a rotatable nose slat. The  latter was derived by  rotating the nose of the conventional slat 
about 60" down in order t o  increase the camber. Both the conventional and the rotatable nose slats have been 
developed earlier and are now used on  an advanced type aircraft. Figures 1 1  and 12 show the effect of the various 
leading edge devices on  the lift and drag of a NACA 64A210 with a double slotted flap deflected at  37.5" angle, as 
measured in the tunnel. As predicted, the Kriiger flap and slat designed with the aid of the potential flow method 
show significantly better high lift performance than the rotatable nose slat which was the best of the leading edge 
devices developed by conventional methods. 

Figure 13 shows a comparison between experimental and computed potential flow pressure distributions for a 
NACA 64A210 with the Kriiger flap described above and a triple slotted flap deflected 40", at 16.36" angle of attack. 
The close agreement of the experimental and theoretical.pressure distributions at  such a high angle of attack and lift 
coefficient (CL = 5.0) indicates an efficient leading edge and trailing edge flap design. For  example, the lift coefficient 
measured in the  tunnel for this case was 94% of that calculated for potential flow, as compared with 81% for the 
case of  Figure 10. At the nose of the Kriiger flap, the disagreement of experimental and calculated pressure distribu- 
tions indicates local flow separation and reattachment, i.e. the formation of a bubble, which has little effect on the 
pressure distribution and lift coefficient of the entire configuration. 

6. CONCLUSIONS 

Comparisons of calculations with experimental results show that potential flow agrees well with real flow over 
a large range of conditions. Viscosity does not significantly affect the surface pressure distribution except in the 
region of separation. Local flow separation and reattachment has a negligible effect o n  the pressure distribution of 
a high lift Configuration. Flow separation from the rear flap of a multi-element airfoil appears t o  cause a reduction 
of the effective angle of attack which lowers the potential flow pressure distribution on  the leading edge element and 
the main section. The difference between experimental and theoretical pressure distributions on  the flap elements 
upstream from the separation region may be due t o  the interaction of the boundary layers of  these elements with the 
wake from the main section. Since compressibility effects on  the surface pressure distribution are negligible for flight 
Mach numbers below 0.3, it is concluded that for the range of flow conditions which is of interest t o  take off and 
landing, potential flow is a useful approximation. The vorticity distribution computer method described here is 
therefore a useful means for the analysis and optimization of high lift systems. The method can also be used for 
the design of  high lift configurations as it was demonstrated here with the example of a Kriiger flap with which lift 
coefficients in excess of 5.0 were achieved in the wind tunnel. 

Wind tunnel testing of high lift systems requires boundary-layer control of the flow along the walls t o  assure 
good quality experimental data. Experience with the Canadair flowing wall facility shows that the wall blowing 
technique is an essential and effective means for two-dimensional wind tunnel testing of multi-element high lift 
airfoil models. 
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NOTATION 

reference or chord length 

correction factor for circulation 

lift coefficient 

pressure coefficient = (p - p,)/(p/2)Ui 

influence coefficient (matrix element); influence of vortex sheet element 
control point p 

% on tangential velocity a t  

influence coefficient (diagonal matrix element); influence of vortex element sp on tangential velocity 
a t  control point p 

number of  vortex sheet elements representing the airfoil contour. Number of control points 

distance between two points 

righthand member of a system of linear equations 

distance round the airfoil surface 

lengths of vortex sheet elements with midpoints p and v 

free stream velocity 

velocity tangential t o  surface at  control point 1.1 (positive direction counterclockwise) 

tangential velocity distributions obtained from three basic solutions: (a) parallel t o  x-axis, no circulation, 
(b) normal t o  x-axis, no circulation, IC) pure circulation I 
total tangential velocity distribution 

Cartesian coordinates 

free stream angle to x-axis 

angle between x-axis and influencing vortex sheet element (s,) 

vortex strength per unit length of  perimeter 

vortex strength of flat vortex sheet element 3 

angle between x-axis and surface element of control points (s,) 

angle between the two limiting radii r l  and r2 from vortex sheet element % t o  control point p 
(Fig. 2 )  

subtending angle of a circular arc approximating airfoil curved element sp 

A , ,  A, angles between surface coordinate ,$, of element and radii rl and r2 

P , V  

5 9 7 7  

P fluid density 

Subscripts 

w free stream 

midpoints of  elements sp and 3 

surface coordinates, tangential and normal 

1 first point on  airfoil surface starting from trailing edge counterclockwise 

2 second point on  airfoil surface counterclockwise 
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Fig. 1 Representation of airfoil section by vortex sheet elements 
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Fig.2 Velocities induced at  control point by vortex sheet element 
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Fig.3 Theoretical pressure distribution on a 13% thick high camber Karmin-Trefftz airfoil, 01 = 10' 
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Fig.4 Theoretical pressure distributions on a modified NACA 4418 with deflected triple slotted flap and Kriiger 
flap close t o  the ground and out of ground effect 
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Fig.9 Theoretical and experimental pressure distributions on NACA 4417 with deflected triple slotted flap - 
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Fig. 10 Theoretical and experimental pressure distributions on NACA 441 7 with deflected slat and triple slotted flap 
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Fig.11 Effect of leading edge devices on  lift of NACA 64A210 with double slotted flap. Canadair 2-D wind 
tunnel test results 

Fig.12 Effect of leading edge devices on drag of NACA 64A210 with double slotted flap. Canadair 2-D wind 
tunnel test results 
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