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SUMMARY

In the first part of this paper it 1s shown by means of an example how
small modifications to the leading-edge profile of a sweptwing can result
in large effects on lift performance at the stall in the higher range of
subsonic speeds. The basic types of leading-edge pressure distribution for
any one fixed geometry over the whole range of subsonic speed are discussed
and the difficulties in designing a profile shape which gives a satisfactory
compromise 1n wing performance across this range is emphasized.

In the second part of the paper, two types of variable-geometry device
at the leading edge are discussed, each of which allows some degree of
optimization in the shape required for good aerodynamic performance across
the range of Mach number. The first of these, the leading-edge slat, is
shown to work in quite a different way at high speeds from that in its more
conventicnal role at landing and take-off conditions. Recent UK research
work is used to demonstrate some important aerodynamic features of slats
when used at high speeds 1in near-optimum positions. The second type of
variable~geometry device is a new one, recently developed within the UK.
The essential feature is a linkage system, entirely contained within the nose
of the profile, which can be used to change the shape of the leading edge
of the 'clean' wing in such a way to improve performance over a range of
aerodynamic conditions. The aerodynamic possibilities of the use of this
device in the higher subsonic speed range are demonstrated by reference to
some recent UK wind-tunnel tests.

Thie Report gives the written version of a lecture prepared for presentation
at the AGARD Specialists' Meeting, "Fluid Dynamics of Aircraft Stalling",
Lisbon, April 1972

* Replaces RAE Technical Report 72099 - ARC 34097
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1 INTRODUCT ION

In the design of sweptwings one of the choices which has to be made at
an early stage 1s the selection of the wing-section profile shape (or shapes)
to be used. This selection is made very often with the help of theoretical
work and two-dimensional wind-tunnel tests, having due regard to the operational
requirements of the project throughout the speed range and to the various
constraints imposed by structural considerations. The design requlrements are
usually 1n conflict and as a result the final choice of profile to be used 1s
generally a 'best compromise' which can have serious deficlencies at one or
more tmportant points in the flight envelope. Considering the design of the
profile at the leading edge, variable—gecometry in the form of slats, Kruger
flaps or other such devices 15 generally found essential to meet the particular
deficiency which arises at low-speed, high-lift conditions (for take-off and
landing), and recently the use of these devices set at intermediate angles has
been resorted to 1in order to improve stalling characteristics at high subsonic
speeds (for high-speed manoeuvres). But a high price is paid for the use of
leading-edge devices af high-speeds. The higher loading conditions imply extra
weight to be carried and the need to specify precisely extra settings implies
complications to the structure and control system. Also some of the aero-
dynamic effects can be adverse. Because of the extra drag involved for instance,

performance at 'cruise' can be sacrificed in some important respects.

Two points therefore need to be stressed at the start of this discussion.
Firstly, 1t is important to increase cur understanding of the particular
sensitivities of stalling characteristics at high speeds to small variations in
leading-edge profile shape, and secondly 1t 1s necessary to be more aware of
the aerodynamic situations which arise when devices such as leading-edge slats
are used to i1mprove maximum—usable-11ft at high subsonic speeds. 1t 1s hoped

that this Report will contribute a little on both these 1ssues,

1.1 Basic types of pressure distribution at the leading edge

In the higher-subsonic speed range, the stall of sweptwings is primarily
assaciated with the development of flow separations due to the interaction of
the shock wave system on the upper-surface of the wing with the boundary-layer.
The situations which arise at flow separation can be extremely complex even in
two—dimensional flow, particularly when there is interaction between these

. . . 1
shock induced separations and separations near the trailing-edge . On the



complete sweptwing the flow fields are affected by root and tip effects and

the interference from the body, the nacelles and stores (if any). With

)

increase of Mach number these three—dimensional effects are aggravated as the

effective aspect ratio 15 reduced. However, provided the leading-edge sweep

is not excessive and the leading-edge radius is not so small that leading-edge
separations of the slender-wing type develop, a viable approach to the problems
of separation can be made by considering the flows as quasi-two-dimensional in
the first instance, taking account of the three-dimensional implications

subsequently.

Thus we may start by considering three main types of upper—surface pressure
distribution near the leading edge, which can occur at conditions just prior to
flow breakdown on a particular aerofoil (Fig.l). Three examples are shown with
approximately the same shock strength. At the lower end of the high subsonic
range under discussion, say at speeds near M = 0.5,the flow usually separates
at the shock which is very close to the leading edge and which increases in
strength as li1ft is increased. At higher speeds, however, a nearly constant
velocity supercritical region tends to develop over the*forward part of the
wing upper—surface, terminating in a shock wave which moves further aft and

increases in strength with increased 1ift until the separation of the flow

L7}

from the surface is induced. At still higher speeds the supercritical region
may extend as far back as 557-65% of the wing chord and the shock, when strong
enough to cause separation, is typically preceded by a progressive increase in )
local velocity. In all these phases of development, each culminating in the

stall, the geometry of the leading edge plays a critical part, either directly

because of local effects on the shock waves, or i1ndirectly because of effects

on the general state of the boundary-layer and thus on its tendency to

separate further aft on the wing upper surface. Bearing these three main

types of leading-edge pressure distribution in mind, three specific examples

of leading-edge geometry changes will be presented and discussed 1n this paper.

1.2 Specific examples of leading-edge geometry changes

Using the first of these examples, described below in section 2, it is

shown how a small modification to the leading-edge profile can cause large

)

effects on lift performance which are only beneficial at one end of the high
subsonic speed range. The need for a satisfactory compromise across the whole
range is thus emphasized. In the second example given in section 3, the use of

leading-edge slats at high subsonic speeds 1s discussed and by reference to
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some recent UK research studies these devices are shown to work inm quite a
different way from their more conventional use at low speeds. Finally,

section 4 describes the use of a new type of variable-geometry device, recently
developed within the UK. The use of this device to improve lift performance
across the whole of the high subsonic speed range will again be demonstrated by

reference to some recent UK test data.

2 WING-SECTION PROFILE CHANGES

The first piece of work presented concerns a modification made to the
leading-edge profile of a variable-sweep research model, Details of the
complete model configuration used in the investigation are given in Fig.2.
Two sweep angles for the wings were used in the 1nvestigation and the appropriate
values of aspect-ratio and wing-twist ('wash—out') are noted on the Figure,.
One model was used for the measurement of forces (presented in Figs.7 and 8)
and another rather larger version of the same configuration was used for the
measurement of pressure data, (quoted in Figs.9 and 10). The wing-section
employed is also shown in Fig.2, designated as 'basic wing-seection 'A'',
Two—-dimensional tunnel data for this section and for the modified section ‘B’

is quoted in Figs.l and 3-6.

2.1 Two-dimensional considerations

The basic section 'A' used on this model was a comparatively thick one
(about 137 thick, perpendicular to the wing quarter-chord line) and had a
reasonable degree of rear loading and a fairly small leading-edge radius.

Fi1g.3 shows the stall boundary obtained for this profile as obtained
from two-dimensional tests and the criteria used to define this boundary are
also 1ndicated by means of inset sketches in the Figure. The three types of
pressure distribution shown in Fig.l have been taken from this same set of test
data. As will be seen the boundary 1s fairly flat from M = 0.4 up to M = 0.58
and over this range of Mach number we have the first type of pressure
distribution mentioned previocusly with a very sharp suction peak and a strong
shock near the leading edge at conditions before flow breakdown. In the region
0.6 <M<0.65, however the second type of pressure distribution applies, with a
nearly-constant-velocity supercritical region developing over the forward part
of the profile upper-surface terminating in a strong shock. At higher Mach
numbers, the third type of distribution shown in Fig.l is apparent, velocities
building steadily from the leading edge to form a triangular type of super-
critical distribution culminating in a strong shock much further back on the

chord. Fig.3 also includes a sketch showing in what manner the leading-edge



profile was modified to form the second profile designated as wing section 'B’,
The modifications of most significance were the increase in nose droop and the
change to the local surface curvature round the leading edge. The effect on
the sectional stall boundary 1s given alsc in Fig.3 and shows that the maximum
11ft of the profile has been raised at the low end of the speed range without
apparent harm to the performance at the higher Mach numbers. The marginal
improvement at high speeds is possibly due 1n part to the small change 1n
section thickness (about 0.3%Z) also included in the modification, so no credit
can really be taken for this. It is of course all too easy to modify the
leading-edge shape of a profile to improve the maximum lift developed at low
speeds at the expense of performance at the high end of the range, so this
particular modification very much represents a compromise solution. Also, as
anyone acquainted with so-called 'supercritical' types of aerofoils will know,
it is all too easy (but not necessarily inevitable) to devise sections with
substantial improvements in maximum 1ift at high speeds at the expense of
usable lift at low speeds. Before leaving this figure attention must be drawn
to the scale of equivalent Mach number 1ncluded for the wings of the complete
model when set at 27.2° sweep. As will be seen the benefits of the sectional
modification reduce with increasing Mach number becoming virtually zero at a
Mach number of about 0.7 for the wing at this sweep setting. For the wing

swept at 42.2°, this Mach number would be in the regilon of M = 0.85.

Before discussing the actual effects of this sectional modification on
the measured lift coefficients for the complete sweptwing, it is worth
considering briefly how these benefits in 1ift coefficient have materialized.
Fig.4 shows the lift-incidence curve for both the basic section 'A' and the
modified section 'B' at M = 0.5. There 1s a change in the lift developed at
constant incidence before the stall, mainly due to the change in overall
chordwise camber, but of more significance is the increase in the maximum 1lift
developed. From the measured pressure data there i1s evidence of a reduction
in suction-peak height, and thus a reduction in shock strength, for the same
lift at conditions prior to flow breakdown (a comparison at CL = 1.14 is shown

to demonstrate this in the inset diagram). Since the maximum 1ift attained is

by and large governed by the strength of the shock reaching some critical value,

the result is an overall increase in maximum lift-coefficient in favour of the
modified section (0.09 at this Mach number). At high Mach numbers a different
flow situation arlses and it is 1nstructive to consider in this case the
comparison of pressure distribution at high 1ift when the shock terminating
the supercritical region on the two profiles 1s likely to have the same effect

on the boundary-layer behaviour. Fig.5 shows what the comparison between the
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i1ft-incidence curves looks like for the two sections at M = 0.7, and the 1inset
diagram shows the comparison of upper-surface pressure distribution at an
1ncidence of about 3.5° when the shock has about the same strength and peosition
on the chord. Marginal benefits to usable 11ft at this Mach number partly arise

from the section modification due to 1ncreased suctions being induced aft of

the leading edge in the supercritical region.

Fig.6 demonstrates some extra important effects of this section modifica-
tion 1n two-dimensional conditiens. Firstly, there was a general tendency for
the upper-surface shock on the modified section to be a little further aft when
compared on a CL basis, except at M = 0.66), Secondly, the forward movement of
the shock as flow separations developed tended to be more abrupt on the modified
section. As may be seen from the typical pressure distraibution in Fig.5, the
more triangular form of the supercritical pressure distribution on the original
section would tend to make the shock weaker as it moved forward. The resultant
stabilizing effect on the stall development would not have been present on the
modified section with its much flatter supercritical pressure distribution
ahead of the shock. Thirdly, at the higher Mach numbers, the shock strength
as compared on a CL basis tends to be weaker on the modified section at
conditions before the onset of flow separations. However, as flow separations
develop, the shock grows in strength much more rapidly and this trend is
reversed (case for M = 0.7 is shown). We shall refer to these points later

1n the discussion.

2.2 Application to the complete model configuration

Turning now to the lift-coefficients measured on the complete model of
Fig.2 before and after this leading-edge modification was incorporated, we
see that the promise of i1mprovement from the two-dimensional tests has not
entirely been fulfilled. 1In Fig.7a the lift-incidence curves for the
configuration with wings set at 27.2° sweep are shown. Whereas the leading-
edge modification has improved the maximum lift at the lower Mach numbers, at
the higher speeds positive harm is done, the C

Lma
appearing in the curves. The benefits at lower speeds reduce to zero by

x being lower and early breaks

M= 0,70 and it is interesting that this at least was predicted from two-
dimensional tests (equivalent M = 0.63). Before discussing the reasons for

the losses in maximum lift at the higher speeds, it is instructive to note some
similarities with the lift-incidence characteristics measured at the higher wing
sweep of 42,2° (Fig.7b). The benefits of the modification made to the wing
leading edge are not so marked at the lower Mach numbers even allowing for the

normal sweep effect, and there are indications in the more gradual nature of



the loss of li1ft at high incidence that the stall is altogether more three-
dimensional 1n character than at the lower sweep. However, there 1s once more
0.85, 1.e.

a tendency for these benefits at low speed to disappear at about M
at virtually the same equivalent two-dimensional Mach number found at the lower
wing sweep, M = 0.65. At the higher Mach numbers, 1.e. above M = 0.70 at the
lower wing sweep and M = 0.85 at the higher wing sweep, an early break develops
in the 1lift curves when the modified section is used, due to premature flow
separations outboard on the wing. Thus the value of usable lift has been made
worse rather than left unchanged as demonstrated in the two-dimensional data
(Fig.3). Taken as a whole we would say that the leading-edge modification

made to the basic wing section, although restricted in the improvement achieved
at low speeds in order to maintain performance at the higher speeds, has only
shown benefits up to M = 0.70 at the wing sweep of 27.2° and up to M = 0,85 at
the wing sweep of 42.2°. Above these points in the subsonic speed range

positive harm has been done to the stall boundary.

The reasons for this state of affairs at the higher Mach numbers is
explained by reference to some pressure measurementg made on the complete model.
Fig.8 shows for a Mach number of 0.80 with the wings swept 27.2° the development
of the local chordwise lift-coefficient at two spanwise stations as incidence is
increased. A comparison is shown with the equivalent two-dimensional data, due
allowance having been made for induced incidence and body-upwash increments at
each position. The figure shows how at 607 semi-span the development of local
lift is at least as great as, if not greater than, the sectional characteristic,
but at stations nearer the tip there is an early break, (a = 250), in the
development of life resulting in significant losses over this region of the wing
at the final stall boundary (o = 70, see Fig.7a). At inboard chordwise stations
{not shown) very much better lift-incidence characteristics than those found in
two~dimensions are developed and the general picture which emerges at these
higher subsonic speeds 1s of strong three-dimensional effects on the spanwise
loading and on the character of the flow development up to the stall, biased
against good performance at the tip. It is worth noting from this figure that
the order of wing twist needed to postpone flow separation at the tip is large,

even were this permissible from other (aerodynamic) considerations.

It is useful to look at the chordwise pressure distribution at these two
spanwise stations, and this has been done in Fig.9 for those points in the lift
development indicated by the 'diamond' symbols marked in Fig.8. Comparison 1s

made with the equivalent two-dimensional pressure distributions marked similarly

m
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by 'circle' symbols., For each spanwise station the comparison 1s made at about

the same lift-coefficient and i1n each case the conditions taken are those just
before the break in the local 1ift development with incidence (in either the
two-dimensional or the three-dimensional data). This comparison shows, that
although agreement i1n the pressure distribution at 607 semispan 1s fairly goed,
at 90%7 semispan the shock terminating the supercritical region is both stronger
and further forward on the complete medel and that there is a tendency for
increased suctions to develop over the forward portion of the supercritical
region resulting in a higher, flatter roof-top type pressure distribution.
These observations are entirely compatible with the classic situation which
arises on straight-tapered sweptwings of constant chordwise section2’3.

At the tip, thickness effects cause local reductions in isobar sweep, towards
the leading edge, and a little further inboard, (say at 2/3 to 3/4 semispan),

a maximum in the spanwise loading gives rise to comparatively higher local
lift-coefficients. Taken together these two factors induce a shock front at
high-subsonic speeds which is of reduced sweep over the whole outer portion

of the wing upper-surface and shocks which are thus further forward and of
higher strength than elsewhere on the wing. The result is that shock-induced
separations generally ocecur first near the tip and progress inboard as incidence

is increased.

Thus we may obtain some 1insight into why the leading-edge modification
applied to the basic wing section did harm on the complete model in the
higher range of speeds. The situation is summarized in Fig.l10. In the lower
half of the diagram attention is drawn to the classic three-dimensional effects
on shock position, and in the upper half the effects of the section modification
are shown. At mid-span, at near-two-dimensional conditions, we can see that
the expected increase in suction at the forward end of the supercritical region
due to the modification, (see Fig.5), can easily be accommodated with some
benefit and the tendency for a further aft shock (see Fig.6) will do little
harm locally and even some good. However, this further aft position of the
shock locally at mid-span indirectly has an adverse effect because 1t makes
worse the basic tendency for the shock to become less swept over the outer
portions of the wing. At the wing tip adverse effects are more obvious, The
increase of suction forward on the profile will in this case cause adverse
pressure gradients to appear in the supercritical region resulting in the shock

moving forward more abruptly at an earlier incidence and becoming stronger as

it does so, Thus the section modification will have aggravated the classic
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develeopment of shock—induced flow separations usual on sweptwings by a tendency

to reduce shock sweep and increase shock strength over the whole of the outer

wing. The features which bring this about are apparent 1n the sectional s
characteristics but do ne harm in two-dimensional conditions. It should be

noted that at low speeds in the range of Mach number under review, shock

[13)

inducing flow separations only occur at positions very close to the leading
edge so none of this argument about shock movements applies. The wing in three-
dimensions can thus take advantage of the gains demonstrated in the sectional

test data at these speeds.

2.3 The need for variable geometry

The foregoing discussion centred round the measured effects of a particular
modification to the leading-edge shape of a profile used on a sweptwing at high
subsonic speeds leads to two conclusions. Firstly, the requirements at the low
and high ends of the high-subsonic speed range are basically in conflict as
regards the improvement of usable lift. At lower speeds the strong adverse
gradient and/or shock strengths which develop at high incidences can be reduced
by the use of leading-edge nose-down camber, although 1in excess this can lead
to subsidiary problems at other flight conditions. However, at the high end of

this speed range, application of this nose camber can increase velocity, and

)

thus the local shock strengths, at critical conditions. Secondly, even when
great care is taken not to compromise the performance of the wing section at
high speeds by modifications made to improve the performance at the lower speeds, g
- and this can be first well established by two-dimensional tests — basic three
dimensional effects on the complete wing at the higher speeds can result in

strong adverse effects at the stall due to such modifications.

The case for variable geometry rests on the basic need to resolve the
conflicting requirements of leading-edge geometry across the high~subsonic
speed range. In the last section of this paper the possible use of wvariable
leading-edge profiles is presented as a means to improve performance over a
wide range of speed, but first the aerodynamics of leading-edge slats at high

speeds 1s discussed below.

3 THE USE OF LEADING-EDGE SLATS AT HIGH SUBSONIC SPEEDS

At moderate subsonic speeds such as M = 0.5, when the shockwave is near

the leading edge, the mechanism by which a leading-edge slat can give an

L

increase in usable CL 1s essentially the same as at low speeds. Deflection
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and extension of the slat can reduce the peak suction near the leading edge

and, so delay the onset of a shock-induced separation. Typically, the optimum
deflection is roughly half that used for landing. At higher subsonic speeds,
however, e.g. M = 0.65 for 25° sweep or M = 0.80 for 45° sweep, a slat can

still i1mprove the stalling characteristics but the nature of the improvement

and the mechanism by which it is achieved are not the same as at lower speeds.

A fair amount of research has been undertaken within the UK during the past

four years to show what factors then contribute to a good slat design for wings
of similar thickness to those discussed earlier and how to retain the effective-

ness up to as high a Mach number as possible.

Initially, tests were made on 2 high aspect ratio wing with 27° leading-
edge sweepback (not the same wing as that discussed earlier but of similar
thickness) with three slat designs A, B, C Fig.11)and one droop design B
formed by fairing over the slot of slat B. The leading-edge devices extend
over the full span of the nett wing but because the wing design includes three-
dimensional treatment with the section shape varying across the span, the slot
geometry also varies considerably as shown in Fig.l11. Overall CL - o curves
are shown in Fig.12 for M = 0.55 and 0.65 and typical pressure distributions
over the forward part of the wing at mid-semi-span at M = 0.65 are compared
in Figs.13a and b. It will be seen that at M = 0.55, slat A which is drooped
12.5° over most of the span improves the maximum 11ft by at least ACL = 0.2 but
it is the results for M = (.65 that are of more interest and which pose the
greater challenge. The first point to note is that the hiéh—lift performance
of the clean wing is particularly good at M = 0.65, the maximum usable lift
being assessed as CL = 1.04 as compared with CL = 0,84 at M = 0,55 or CL = 0.89
at M = 0.71. Pressure-plotting tests showed that a high lift at M = 0.65,
the local supersonic region over the forward upper surface of the clean wing
was well-conditioned with a peak suction near the leading edge followed by a
largely isentropic recompression back to a relatively weak shock. It was there-
fore realised from the outset that it might be difficult to obtain sizeable
improvements through the use of high-1ift devices and at first sight the results
in Fig.12 do not appear too encouraglng. Slat A is clearly deflected too much
and gives a reduction of at least 0.15 in usable maximum lift-coefficient,
irrespective of how this 1s defined. Slats B and C are more difficult to assess:

pessimistically, the break in the C. - a curve again occurs at a lower CL than

L

for the clean wing but with slat C at least, the ultimate C is higher. It

Lmax
is only droop B that gives a clear improvement, by about ACL = 0.09 of which
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only 0.03 can be ascribed to the extra wing area. Referring to the pressure

distributions 1n Fig.13, 1t will be seen that at moderate incidences, e.g.

»)

o = 8.7 1n Fig.13a, droop B produces two local supersonic regions, the first
near the leading edge and the second near 0.10c but at higher 1incidences,

e.g. o = 10.9° and 13.10, these link to give an extensive peaky supersonic

"W

region with considerable isentropic recompression ahead of the shock. The
results with droop B are therefore similar in character to those for the clean
wing but higher values of CL for separation-onset are achieved because the super-
sonic region as can be imagined, is more extensive. One should note however
that no results are presented for drocp B beyond a = 13.1°. This is because
severe model bounce developed and it was impossible to obtain any steady
readings. To judge from experience on other models, the likely explanation is
that the shockwave moved forward rapidly and the supersonic region round the
leading edge failed to develop over part of the span. This means that high
values of CL for separation-onset had been achieved at the expense of an abrupt
stall development; to make this acceptable, one would possibly have had to

introduce some variation in section shape across the span.

Turning now to slats B and C, neither of these proved to be an optimum
configuration but nevertheless, the analysis of the results leads to some import-

ant general conclusions. The shape and position of the slat itself 1s the same

)

in these two cases. It is merely the shape of the main wing upper surface near

and downstream of the slot exit that is different (Fig.ll). With slat B, there

I

is a rapid change in slope near 0.12c¢ and a forward facing step corresponding
to the finite trailing edge thickness of the slat; with slat C, the change in
slope is eased by a fairing undercutting the step. This change in geometry may
appear to be small but the consequences are significant. Fig.13a shows that
even at the moderate incidence condition of o = 8.70, C

L

0.1 in CLbeZow the CL for separation-onset for the clean wing, (Fig.12), a

strong shock is already present on the main wing upper surface with both slats

= 0.7, i.e, more than

B and C but it has been weakened considerably by the change from B to C. With
slat B, the suction reaches a maximum near the step and there is then some
recompression ahead of the shock whereas with slat C, the fairing has eliminated

the forward peak suction, and the local upstream Mach number (normal to the

>

shock) ahead of the shock is about 1.26 as compared with 1.4]1 for slat B. Even

with slat C however, a shock-induced separation is clearly imminent and so cne

!

must conclude that neither slat has been successful in postponing separation-

onset relative to the clean wing. It is arguable that some improvement would



v

w)

L}

)

13

have been obtained if the fairing of slat C had been gentler and had extended
over more of a chord. This has immediately highlighted two features of a good
slat design for high Mach number: the change in direction imposed on the flow
out of this slot exit and the curvature of the main wing surface downstream

of this exit should both be kept as small as possible., This 1s equivalent to
saying that the rear of the slat should be thin and that the slat trailing edge
should be positioned as far aft as possible e.g. at about 0.18c rather than
0.12c. It 1s quite understandable that the optimum curvature of the surface
between 0.2 and 0.3c¢ should ideally be less than for a good clean wing design;
in the latter case, when the flow is supercritical, the effect of the expansion
waves from this part of the surface tends to be offset by the incoming
compression waves reflected from the forward sonic line but at moderate
incidences with the slat extended, the forward sonic point is further aft and

these reflected compression waves will largely be absent.

It is clear therefore that it is difficult but not impossible to i1mprove
separation-onset at high subsonic speeds by means of a slat, Slats B and C
do not achieve this but they are effective in controlling the subsequent
development of the separation. As described in Section 2 above, with a clean
wing with no leading-edge devices, when the incidence is increased beyond that
for separation—onset, the shockwave moves forward towards the leading edge.
Considering the wing as a whole, inboard of the separated area the shock front
loses its sweepback, thus leading to an increase 1in shock strength and encourag-
ing the separation to extend inboard. With a slat extended, however, as shown
in Fig.13, the shock tends to remain in a position about 0.10 - 0.15¢ behind
the slot exit. At higher Mach numbers, when the shock prior to separation 1s
further aft, it moves forward under the influence of a separation to about this
position but then again remains stationary for a sizable range of incidence.
This is helpful in two senses: first, lift is maintained over the forward part
of the main wing ahead of the shock and second, the shock retains 1ts full sweep-
back. Also, as the incidence 1s increased, the lift on the slat itself continues
to increase. A separate supersonic region forms and between o = 10.9° and
13.1° this extends rearward towards the slat trailing edge. This rearward
movement occurs first with slat €, i.e., it is influenced by the shape of the
main wing leading edge. By o = 14.]0, Fig.13b, even with slat B the flow is
supersonic back to the slat trailing edge but there is still a two-shock system
with a pressure-rise ahead of the step on the main wing surface. With slat C

on the other hand, the slat shock moves onto the main wing surface and coalesces

o
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with the second shock. To judge from the C. - o curves in Fig.12, this is a

L
favourable development and so in these respects also, the shape of the main
wing surface for slat C represents a distinet improvement over slat B. It

should perhaps be mentioned however, that even here one has to compromise

i

between requirements for different Mach numbers. At M = 0.65, slat C is to
be preferred for the reasons stated; at lower Mach numbers, this applies to

a greater extent because the peak suction near 0.12¢ for slat B is even
greater and there is a premature separation due to the adverse pressure
gradient behind this peak suction; at higher Mach numbers, on the other hand,
the strongly triangular nature of the pressure distribution with slat C

leads to worse drag characteristics, the drag-rise Mach number at moderate CL

being typically about 0.02 lower with slat C than with slat B.

This brief discussion of the results for slats B and C 1in Figs.12,13
suggests that in any assessment of the effectiveness of a slat at high
Mach number, two incidences are of particular importance:

G, the incidence at which the shock-induced separation on the main

wing extends to the trailing edge, and

ap the incidence at which the supersonic flow over the slat upper

surface extends to the slat trailing edge.

[

For a good slat design, &y

should be nearly the same value, Slats B and C are poor in both respects,

should be as high as possible and ap obviously

Even with slat C, (aA

supersonic flow at the slot exit has appeared by about a,

would have been exercised over the subsequent development of the stall.

- aB) = -3° approximately and it is arguable that if

, Much better control

Further, if the supersonic flow over the slat can be achieved before ®y» the
total 1ift carried at &y would be greater. On these arguments, therefore,

one suspects that the optimum value for (aA - aB) should be slightly positive
and this tentative conclusion has been borne out by an extensive, systematic
research programme on different slat designs using the model illustrated in
Fig.14. This is a half-model wing-fuselage configuration where for engineering
convenience, the basic wing is untapered. The wing can be mounted at various

angles of sweepback but is shown in Fig.14 set at 35° sweep fitted with

]

the tip actually made for tests at 45° sweep. The slat supports are shown;

through the use of different supports and wedge packing pieces, a wide range

v

of slat deflections, extensions and gaps could be tested.
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The results obtained at 25° sweep are summarised in Fig.15. The increments
in maximum usable normal force ACN {(measured by the balance but assessed on the

pressure plotting evidence) are plotted against the product (x g) and curves

T.E.
drawn through points for a given slat deflection §. The symbols are defined in
the sketch 1in the figure. At M = 0.5, a reasonable correlation is obtained
showing that within the range tested, but not necessarily outside this range,
increasing deflection, extension and gap tend to 1ncrease ACN. At M = 0.65,
however, it is a more complicated story. The best results, ACN = (0.2 are
obtained as suggested above for configurations giving (aA - aB) in the range

o
0
(a,
the slat effectiveness then decreases. This is shown particularly by the

to 2°. Increasing the slat deflection and extension are only helpful while

- aB) remains in this range; ultimately, (aA - uB) becomes negative and

sequence of results for (xT B g) = 16 showing a reduction in ACN as § is
increased from 50 to 150, this increase 1in § reducing the loading on the slat

at a given incidence, thus increasing a, and reducing (aA - ). The best slat

c
designs give improvements of about ACN = 0.2, a notable achiegement relative

to the results for slats B and C discussed earlier since we are still consider-
ing the same Mach number (0.65), the same sweepback (250) and a similar thick-
ness/chord ratio. Another interesting point of detail about the results in
Fig.15 is that the reduction of the slat gap has apparently produced an improve-
ment. Analysis of the pressure plotting data showed that this was because the
only significant change as the gap was reduced was 1in the pressures on the lower
surface of the slat. These pressures increased thus giving more lift on the
slat, but presumably, 1f the gap were decreased further, adverse effects would

begin to appear. Thus once again, the lesson is that at the higher Mach numbers,

the changes with any geometrical variable are no longer monotonic.

In the discussion in this section so far, the results have been analysed
on a quasi-two-dimensional basis. With increasing Mach number and/or sweepback
however, three-dimensional effects become important and this can be illustrated
by presenting some results for the same model at 35° sweepback. Tests were
made on the slat and droop (slat, slot closed) configurations shown in Fig.l6.
Results for the mid-semi~span pressure-plotting station A are presented for
slat | in Fig.17 and in general terms although not in detail, this again
illustrates the ability of the slat to control the development of the flow
separation. A shock-induced separation bubble at the foot of the shock is first
observed in condition 2; this extends back to the trailing edge by condition 3;

the supersonic region on the slat extends back to the trailing edge of the slat
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by condition 4; the coalescence of the two shocks occurs near condition 5 and
some lift is maintained on the main wing ahead of the shock up to beyond
condition 6. The shockwave is held behind the slot exit and thus retains a
sweep near 350; the shock—-induced separation tends to roll up into a swept
bubble or vortéx—type flow and this leads to an improvement in the pressure
recovery near q = 14° between conditions 5 and 6 and thus to the increase

in lift-curve slope in this range. The important extra feature in these
results for 35° sweep however 1s the spanwise variation in slat effectiveness
as shown in Fig.18. At the lower Mach numbers such as M = 0.5, it is not
expected to find that the slat is successful in coping with the premature tip-
stalling tendency of the clean wing but the more surprising results are those
obtained at high Mach number where the slat is relatively ineffective near
the tip but strongly effective near the root. Extending a slat can therefore
be used to control not merely the forward but also the inward development of

the area of flow separation.

The reasons for the variation in slat effectiveness across the span at
high Mach number are not entirely clear but analysis of the pressure plotting
results has shown that again, the trend can be interpreted in terms of the
parameter (aA - aB). As noted earlier, o, depends primarily on the suctions
generated in the supersonic region aft of the slot exit but typically, ahead
of the wing maximum thickness. The suctions in this region are likely to be
higher and as a consequence, o, lower on the outer wing. Also, the results

A
have shown that a_ is lower on the inner wing; the impression seems to be that

on the outer wing? the rearward movement of the slat shock towards the trailing
edge is delayed by a local flow separation over the rear of the slat. It
follows that on both counts, (aA - aB) tends to be positive on the inner wing
and negative on the outer wing. Clearly, one would welcome a better result

on the outer wing than that obtained with slat 1 because separation-onset for
the wing as a whole will be at a lower CL at high Mach number than for the
clean wing, but on the other hand, even when this happens, the slat still

retains its ability to control the development of the separation as shown

graphically by the shape of the €, - « curves for M = 0.80 in Fig.18.

The overall results for all the configurations at 35° sweep are presented
in Fig.19. It will be seen that substantial improvements are achieved at

M = 0.50 and even more so, in the case of slat 1, at M = 0,65 but there is then

a deterioration at the higher Mach numbers. This figure has however been included

»
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not so much to show the actual increments 1n useable lift due to each configur-
ation but 1llustrate that with the slats particularly, because of the gradual
development of the flow separations, it may be impossible to quantify these
itncrements merely on the basis of the breaks 1in the overall CL (or CN) curves.
To take for example the results for slat | at M = 0.75, one would certainly not
expect the maximum usable CN to be better than about CN = ].18 just past the
major break 1n the CN - o curve but an analysis of the pressure plotting data
and the unsteady output from wing root bending moment gauges suggests that
moderate buffet, and hence possibly an operational limit, may be as low as

CN = 0.97 or only 0.10 above the assessed value for the clean wing. Setting
the limit at this point would imply reverting to condition 3 on Fig.17. This
may appear contradictory in that one is not taking advantage of the ability of
the slat to maintain 1ift over the forward part of the wing up to condition 6
but this is not so because the performance of the wing as a whole is being
degraded by what is happening outboard of station B. It is worth pointing out
that the adverse effects on the outer wing may be particularly pronounced in
this example because the results have been obtained for an untapered wing with
a far from 1deal tip shape. In practice, with a real aircraft having a tapered
wing, some twist and a properly designed planform and section shape near the
tip, the adverse effects could be much less pronounced and then one would be

able to capitalise on the separation control evident at station B.

To summarise, a slat designed with careful attention to the shape of the
main wing surface near and downstream of the slot exit can improve separation-—
onset except possibly near the tip up to quite high Mach numbers but the main
virtue of a slat at high Mach number is in controlling the forward and inward
spread of the flow separation and thus, improving the buffet penetration
qualities. The more it is sueccessful in this aim, the more uncertain becomes
the assessment of the true maximum usable 1ift. More research is needed on

this point.

4 THE USE OF VARIABLE GEOMETRY WING PROFILES

After all that has been said in the preceding sections the advantages of
being able to change the actual profile shape at will to suit the wvarious
aerodynamic conditions as they arise at different points in the flight envelope
are fairly obvious. We are a very long way off from this ideal situation, of

course, but a small advance has been made by the recent development within
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the UK of a linkage system able to control surface shape locally from within
the wing. This device has been called the 'Royal Aircraft Establishment

Variable Aerofoil Mechanism' or 'RAEVAM' for short.*

4.1 The RAEVAM device

The starting point for this 1dea was the development of a new type of
variable liner for the working section of a supersonic tunnel at RAE4 to meet
a requirement for a fast and accurate system to use in conjunction with a
'dynamic 51mulator'5. Fig.20 shows the finished system now in operation.
The flexible walls of the working section are positioned by a large number of
stiff links pivoted at one end at points along the walls and at the other on
rigid earth-frames. The forward and rear ends of each flexible wall are free
to slide fore and aft at the points where they blend with the fixed walls of
the nozzle, and suitable sliding joints have been designed to aveoid any disturb-
ances locally. The lengths of the links and the position of the pivots on the
earth frame were chosen so that as the flexible walls are moved fore and aft
by means of a hydraulic jack, the required range of liner shapes is formed. The
geometry of the linkage system is in fact completely determined by specifying
the exact shape of the walls required at three specific points in the range,
but choosing these points with care it was found in practice that the liner
shape between these design polnts gave as good quality tunnel flow at inter-—

mediate Mach numbers as achieved normally with fixed liner blocks.

This principle has now been applied to the surface profiles of wings.
In this paper we are concerned with changes of profile at the leading edge,
and 1n particular with the need to vary the shape in this region through the
high subsonic speed range to improve lift performance at the stall. A typical
installation is shown in Fig.21. The leading edge is conveniently left solid
and is constrained by the arm 'A' to rotate about some point P. The rest of
the skin is made flexible and is constrained in shape by means of a series of
links pivoted at the underside of the skin at one end and at various points on
an extension to the main spar at the other. The ends of the flexible skin
slide in sealed joints where they blend with the main fixed parts of the wing
profile. Variation of the profile shape is achieved by means of a single
jack, 'J', rotating the leading edge frame, pivoted at P. As with the wind-

tunnel liner, the lengths and pivot positions of the links are determined by

*patent rights have been filed under Patent Application No. 27787/69

1*

I
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spec1fying three precise nose shapes required. In the studies we have made so
far, we have generally taken one of these shapes as that extreme droop position
needed for low-speed CLmax and the other two as those needed to meet two
particular requirements of high-1lift performance at high speeds. The variation
of profile shape between these design points is, of course, always smooth and
progressive and appears to raise no problems in practice. There are, however,
some practical constraints to consider. For instance, the position of the
pivots at the fixed ends of the links must lie within the profile, but the
links can be allowed to cross each other so there is a surprising amount of

design freedom to accommodate the types of profile change typically required.

Several variations to this first simple mechanism described above are
possible, but need no more than a mention here. It 1s perhaps worth noting
that the system shown in Fig.2] always implies a shortening of the chord as
profile nose-down camber is increased. The installation shown in Fig.22 how-—
ever, shows how with the small extra complication of an extra motion controlled
by a second jack, some forward extension of the leading-edge can be included in
the variable geometry. Other subsidiary motions can include rotation of the
whole leading edge about a second pivot as shown in Fig.23. 1In this case only
one sliding joint 1s needed at the blend point between the flexible and fixed

areas of the skin. '

4.2 Aerodynamic considerations

If we refer back for a moment to Fig.l in this paper it is interesting to
speculate on what a variable-geometry device such as RAEVAM can do to improve
performance at the stall over the high~subsonic speed range. The three typical
pressure distributions quoted before are given again in Fig.24 and the
diagramatic effects of nose droop are sketched in with dotted lines. At the
low end of the speed range, the height of the leading-edge suction peak and
the strength of the associated shock wave can be effectively reduced by nose-
down changes to the leading-edge profile. This, as we have seen previously
is beneficial since the incidence for the stall 1s increased and hence the
value of CLmax achieved. At the high end of this speed range the application
of small nose—up changes in profile can counteract the basic tendency for
triangular types of supercritical pressure distribution to arise, Not only can
prescribed peaks at the start of the supercritical region be induced to appear

to improve the local 1ift directly, but the whole of the development of the

supercritical flow up to the shock can be manipulated by this means. For the
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same shock strength considerably more lift can thus be carried by the proper
use of such profile modifications. At intermediate Mach numbers, however,
provided the original profile design was a reasonably good one, there is
probably little that can be done directly by the use of shapes generated by the
RAEVAM device. Down-droop of the leading edge will basically tend to strengthen .
the shock (at fixed incidence); the opposite will tend to make the supercritical
pressure distribution too 'peaky', the latter resulting perhaps in multishock

systems and (at best) worse boundary-layer conditions at the main shock and

further aft along the wing chord, In practice it has been found that the

benefits of nose-down droop at the lower Mach numbers and of nose-up changes at

the higher Mach numbers can overlap in the speed range, thus avoiding these

difficulties at intermediate conditions.

On the complete wing, as we have seen in earlier parts of this paper, there
1s not only a need for a variation of leading-edge profile with Mach number, but
variation is also desirable across the wing span to cope with the strong three-
dimensional effects which can arise at near-stalling conditions. This raises
engineering complications in the use of any moving leading-edge device, but
1t 1s comforting to note from the preceding discussion on the use of slats that

leading-edge devices can change, and thus be used to control, the spanwise

-

development of flow separation even when no spanwise grading of the geometry is
employed. Perhaps the best approach to the problems of spanwise variation in
stalling behaviour at high speeds lies initially in the spanwise variation of .
the shape and thickness of the basic profiles used in the wing design coupled

with some incorporation of wing twist and a proper use of the 1nevitable effects

of aercelastic distortion. However a limited degree of spanwise variation in

the settings of variable-geometry devices may be desirable in additien to this.
Continuous variation of such settings across the span should not be ruled out

in the future as we become more and more able to cope with the engineering
complications involved, but for the present we probably have to content ourselves

with discontinuities across the span which bring with them their own problems.

4.3 Recent test results at high speeds

The data shown in Figs.25, 26 and 27 have been included to demonstrate

o

the use of the RAEVAM device at high speeds to improve the stall boundary of

a wing profile. The section used with the leading-edge modifications tried is

(v

shown at the bottom of Fig.25. The solid leading-edge piece was restricted to
2% chord in this case and a blend-point with the main profile shape was selected

at 187 chord. The shapes, which were tested in the 2ft x 1ift tunnel of RAE,
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were coumpatible for the pivolt position shown with a practical linkage system
of the type shown i1n Fig.21. The results of the 5°-down and lio-up
modifications to the section are given in the top figure and show how the
benefits achieved at low speed and high speed overlap in the speed range near
M = 0.65. The inference from this figure is quite clear: the whole boundary
has been improved over all the range of high subsonic Mach number from M = 0.5

to M = 0.75.

Figs.26 and 27 show some samples of the pressure distributions measured
during these tests. In Fig.26, the small 150 nose-up variation was adverse
at M = 0.6 as expected, the shock being strengthened and moved forward on the
chord (note also the deterioration of the trailing-edge pressure). At
M = 0.75 this change 1in the profile geometry was beneficial, extra suctions
being developed before the shock which itself was virtually unaffected in
strength. In Fig.27, the 5° down—-droop variation in geometry both lowers and
spreads the suction peak as expected at M = 0.5 resulting in an increase in
stalling incidence and CLmax' At M = 0.7, however, the effects are adverse
gsince the main shock is comsiderably strengthened at constant incidence

resulting in earlier flow separations as incidence is increased.

From this initial pilot set of measured data, 1t can be said that the
use of this variable-geometry device shows great promise in the context of
the aerodynamic problems discussed 1in this paper. Studies in connection with
the use of the device to improve CLmax at low speeds are proceeding in parallel
with further work at high speeds, and a review is being made of the structural
problems likely to arise in the incorporation of the device on an actual

aircraft wing.
5 CONCLUSIONS

This paper has emphasized by means of some recent examples of research work
the critical importance of the geometry of the leading edge as regards the
stalling characteristics of wings at high subsonic speeds. To match performance
over a range of these speeds some use of variable geometry 1s needed and the use
of devices such as leading-edge slats raise their own problems of making
compromises across the speed range. More work is wanted to enlarge our under-
standing of the particular supercritical aerodynamic flows associated with the

use of such devices in both two-dimensional and three-dimensional situations.
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In parallel with this is the need to develop better devices fundamentally more
suited to the basic design processes of wings and more able to cope with the
complexities of the flows which develop near leading-edges at high incidence

at these high speeds.
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sweepback angle of wing

chord of wing section

mean chord of wing
normal-force coefficient

1ift coefficient

surface pressure coefficient
static pressure

total pressure, free stream
Mach number

angle of incidence

distance along wing chord
proportion of wing semi-span
angular rotation of slat, deg
slat gap, at slat trailing-edge, % chord

forward extension of slat trailing-edge, 7 chord

23



24

Author

H.H. Pearcey
J. Osborne

A.B. Haines

E.W.E. Rogers

I.M. Hall
E.W.E. Rogers

D. Pierce

L.J. Beecham
W.L. Walters
D.W. Partridge

REFERENCES
Title, ete.

The inter—action between local effects at the shock
and rear separation - a source of significant scale
effects in wind-tunnel tests on aerofoils and wings.

AGARG CP 35, Paper 11 (1968)

An introduction to the flow about plane swept-back
wings at transonic speeds.

J. Roy Aero Soc 64, 449-464 (1960)

Part I: The flow pattern on a tapered sweptback wing
at Mach numbers between C.€ and 1.6.

Part 2: Experiments with a tapered sweptback wing of
Warren 12 planform at Mach numbers between 0.6 and
1.6,

ARC R & M 3271 (1960)

A simple flexible supersonic wind tunnel nozzle for

the rapid and accurate variation of flow Mach number.

ARC CP No.865 (1965)

Proposals for ar integrated wind tunmel - flight
dynamics simulator system.

ARC CP Fo.789 (1962)

a

*

A

I



*)

L 1

o2

~. M=0e2 M=0-74

IO | | ] |
o] o2 0-4 Ob (o] - -
X/ e
Wing seaction ‘A
M=0'50 d,:eo CL=|-°6
0 62 6° |02
074 2° 054

L}

Fig. | Basic types of upper-surface pressure distributions
at super-critical conditions before flow breakdown



o

\ _ Model centre-line

/Pivot. of variable —sweep wing

© Body side

60% s2mi-span

90 % semi-span —_ .

Scales i~
Pressure model
_— 42'2° sweep
I00mm ) aspact ratio 5-48

1

o [~]
Forces model wash~out 1-2

27'2°Sweep
aspect ratio 703
wash-out 0-8°

Besic wing saction'A’ (perpendicular to quarter-chord line)
< . > 1295 % thick

Test Raynolds numbers, based on mean chord, 27-2° sweep :-
pressures, 2:4 X 10°: forecas, 14 X 10°: 2dim tests, 6'5 X 10°

Fig.2 Details of the geometry of the variable-sweep wing
used to obtain the data of figs7 and 8

%

<)



)

.}

LM

-4

\\ [
~ Wing section '®
CL { 9
N — -
-~
~N
-2 F
Basic wing
Section 'A
o CL y
M comst
F
©-8
oL

o-6
|'/
CL -

AL

Equivalent
Mach numbar

C-4r M for wings
swept 27 2°
: &
)’ (os) (o0 7)(0735)(08) (0 8s)
Ty ' ' ! 1 )
O©-4 -5 o6 o-7 0-8
Mach No.

02

Basic wing section Al
\12-95 % thiek

—

Wing section 'e'
t12-63 %Y, thick

Fig.3 Stall boundaries from two-dimensional tunnel tests
on wing section 'A' and on the modified section 'B



wing section 'B‘

Upper-surface praessure

CL=1“4—

wing saction ‘A

4 «—— Suction peak, section ‘A
| «—— Suction peak, section ‘|

distributions for C_=1-14
1 L L | )
(o] 0-2 04 0-¢ 08 10
x
C
P
'r ’Ill_ | L ] | i 1
4 6 o’ 8 0 12

Fig.4 Characteristics

of wing sections'A’ ond

‘B ot M=0'50

Ll

(L]

L4l

[t

iw



1]

-

(3]

- 1

wing section ‘g

Wing section ‘@

wing section ‘A il

- *¥Crit
o-6J
o .8 o
Upper - surface pressure
distributions ot o~ 3-5°
-0 | 1 ] |

0 0-2 04 06 0-8 10

0|8

Fig. 5 Characteristics of wing sections ‘A’ and ‘B’ at M=0-70



Note:
Bracketed ﬂgure.s

10 give equivalent Mach
number for complete
wing swept 27 2°

O 9l -

c, \
osgl + Onset of fiow
’7 Separation
I © 70
o711 [ (©77)
O&6f
Section 'A'
os| ———— Ssection ‘B’
P
1 i 1
O O 1 o-2 o3
Q Upper-surface shock position
-1a8f'5
M
CPshocK shock \ M=0:-70
- 1-4 \
_'.6 al \
\
/ .
-1 3 ﬁ
=14+ 1t
section A
L .2 onset of flow
- 12 separatiomn
Section'B'
.//V/I‘ ] / 1 [ ] | ]
” o5 o©os 07 oe 09, {0

D Upper-surface shock strength

Fig.6 asb Upper-surface shock position and strength from
two-dimensional tests on wing sections Aand B

)

i

i



i)

1-0 _ M= Q-40
X (-5¢)
060 (-e3)
CL xﬁm-x'i( o 70 (. 68) (. 72) (. 77)
o8k ’x’ : erse X -BO 0-8%

06 ’— /

ool [/

' l , | )
/ l I l I x/ 1 S x°
e/ J ° ° © © (/ O Angle of incidence

-02L
Approximate equivalent 2 - dimenstonal Mach number given in brackets
—©— : Wing section ‘A’ —x— : wing section '8

Fig.70 Lift-curves for complete model with wings swept 27-2°



(7@

(79" %2
(+6) CeD (65 (69 g.9¢
08 _ - : 0-90
e |
06| f
oa| /
02 / f

L 1
-5 o
o
/ Q Angle of incidence
02 /

Approximata equivalent 2-dimensional Moch number given in brackets
B - Wing section A —x— Wing section ‘B

Fig-7b Lift-curves for complete model with wings swept 42-2°



1)

08 Wing sweep 27-I2°
Wing section ‘A

M=08
Complete model
o 7F ///
/
“t Local e
/,— S .
o 6l yd Equivalent
60 % Semi-span ,~ ;-;v:- dimensional
a
Ve
05t //\
/ e
/

\ -
—— """'E;rnplete mode!

——
"

0% Semi-span

¢ and O refer to pressure
distributions givert ir ﬂg. 9

o
n
o
s
A
o~

Complete model with wings swept 27:'2% M=0'8
Two-~dimensional data at M=0'72 shown for comparison

*thc.'-Thc. twe-dimensional data includes alloworces
for body-upwash and induced incidence

Fig.8 Comparison between local-lift curves at M=0-80
for the complete model configuration and for the
equivalent two-dimensional data at two spanwise positions



wing section ‘A

Compiete model with wings swept 27-25 M=0 8
Two ~dimensional data at M=0-72 shown for comparison

a

T4
Cp -¢- Complete mode! at x = 2-75° )
T2k 60 /o semi-span, CLigcal = ©°55 i
_ -0~ Equivalent two-dimensional data
|'0 = CLLOCO' = 0'56
-8
e
4
=2
o
O ! o

. Complete modal at o= 216"
T2 90 %0 semi-span, C =037

)
o
it

_ O~ Equivalent two-dimensionat doto
I'O —'4__-0“"4 q C "0'36
Liocal ~

Fig. 9 Comparison between chordwise pressure distribution
at M=0-80 for the complete model configuration and the equivalent
two-dimensional distribution at the same local lift-coefficient



EFFECT OF CHANGE OF PROFILE SHAPE ON

2-D PRESSURE DISTRIBUTIONS AT
LOCAL CONDITIONS

P/H

Shock position and
strength aggravated

N by change of profile
R ""\/ shape

T~ o E——— _Shock position on the

3-D swept wing

Position of shock in
quosi—2-D conditions

Spanwise loading " distribution

Tip effects on isobar Sweep
BASIC 3-D EFFECTS ON SHOCK POSITION

FiglOEffect of the profile modification on upper surface
shock position (Diqgrammatic only)



7l - 10°’o

---- SLAT A
—— SLAT B

SLAT C
(SLAT B POSITION)

- - - DROOP B

{ SLOT FAIRED IN)

FIG. 11

SLAT DESIGNS' DIFFERENT STATIONS
ACROSS SPAN OF 3D SWEPT WING

r



v)

CLEAN WING

081

o6

o2

TEST OU LIMITED BY SEVERE MODEL BUFFET
CLEAN WING, SLAT A AND DROOP B

M=055
FI1G. 12

ol

o
9

N

O

M=065

EFFECT OF SLATS AND

DROOPED NOSE ON OVERALL LIFT OF 3D WING




m
m
TCP
° P A_Nm 4
O..v \m 1 ﬂn..... 1
0\.. )Ty e ﬂ.u:
o,/ | o 1]
f] 1 | m\_..
! 1t !
o # t x 0 oF
rft __ /
__..._h. 1 3 /
/
/
@
!
.._\
i
!
i
o¥ 4
F
R
ox +
v

1

30
FORWARD PRESSURE DISTRIBUTIONS:

40

10

10

-30

1
Q
i

-10

FIG. 13a

0-65, 05 x SEMISPAN

M



-30
Cp !\
A
e
-20F / .
\
o \
1 A
') kY
r\ | \
‘I. : L \\
Vi \.
| ‘x\
] \
_1.0— i L \\‘-t-\
N A
f \\%"
0
Y
P ‘ —-4--- SLATB|
R - -o - DROOPB
i Te
1Y _a
-2.0} I ‘.‘
{ ‘\
| “
! Y
| ‘\+
i
!
-0
0 L 1 1 1 1
10 0 5 0 X0 W 0 0 x
FIG. 3b FORWARD PRESSURE DISTRIBUTIONS:

M= 0-65, 0-5 x SEMISPAN



SLAT SUPPORT SYSTEM

SLAT SUPPORT

FiG 14

PRESSURE PLOTTING
STATION B -

ki

//////T////
BALANCE
¢

|

[

VARIABLE SWEEP WING FOR SLAT/ FLAP RESEARCH

"

(L0

o



o6
05
ACy
04
O3fF
02
o1
0 | ] 1 J 1 L l '
5 4 7 § 8 1 2 1 16
Xvg* 9
(Q) M= 050
(0L -0Lg)
SEE TEXT
5 5" SMALLER GAP
/ o 5
021 ki =R
=TT
syl T 19 )
N l,';-’ ————————————— d 3‘00 \\\
01} e RS -\3‘5 10-6°
hY
N\
\
0 L 1 ] i 1 A —1— ’
4 6 8 10 12 % N8
red N 153
(b) M=0-65 e
-01F

FIGIS ESTIMATED INCREASE IN USABLE Cpn DUE TO SLATS
UNTAPERED WING A =25°



CLEAN WING

SLAT 2

DROQP

FIG.16 TYPICAL SLATS TESTED ON RESEARCH

e

WING

4.4



= mm———)

———————————
-

e -
|

—_ 1 &x=168"

“.F

CN
(5TNB)

]
1
i
i
)
[}

T e e

-~ —1L=148"
SLAT Uyg !

—_10=138"

_J10L=a28’

=18’

oL=108°

M=075

L *=88"
050 x4 100

T

(=2

SLAT1T SIN B
35’ SWEEP

e ——

FIG 17 FLOW DEVELOPMENT NEAR MID SEMISPAN
WITH TYPICAL SLAT



18

16 f Y T T T T T T T

CN

12

08

404

E)

16 , T T T T | | | T 16
Y Cn
12 +12
08 —H08
04 104

,/,:‘ =

FIG 18 EFFECT OF SLAT ON SPANWISE DEVELOPMENT OF STALL 35° SWEEP



N /POSSIBLE MODERATE BUFFET CN
(BAL) — CLEAN e el o
_ a2
II“’
-:,f
-08
—0-4
NORMAL_FORCE FROM
BALANCE MEASUREMENTS
i L
10 5 o 20

FIG. 19 EFFECT OF SLATS (AND DROOP) ON USABLE LIFT 35° SWEEP



iftl-Jj ‘ o, & « .

e, - o
2o -0
' ¥
{e
= f
\
- LI 1AL
- \
1 o fut b 110
-

Q [

.\\\\\xxmmmw -

P
-

-

Flexible walls set at shape for M<Z|

[ / i
(

't_’!”’

«
‘e!:i;-
AR

Al

L g
I

{

ey
§

Flexible walls set at shape for M=2-3

Fig.20 Mechanism used in RAE 18ins x 18ins supersonic tunnel
for the rapid and accurate variation of mach number
(Based on the RAEVAM principle)

[&3

{e>

[

i




Alternative to

siiding trocks T,

for Junction petwom

fixed and figurbie
plates

A Actuating orm
] Front

cL' Track of actucting orm
F Fixgd fromzg

J Actuoting jock

Lyl SWII'\gmg Iinks

m,m,—- Attochment pomnts of links

to flexiblz plate \
Ny, Attachment points of links \
to fixed frams \\
P Pivot point of octuating arm A \
Q Point on actusting arm A \\\
S  Flenible plote AP

TT  Shiding trocks
w  Pivot point of plote onchoroge quadrant X
x Plate onchorage quadrant

Fig- 21 RAEVAM Mechanism for flexible leading-edge section of aerofoil



Frame corrying fixed pivot points My g
Actuoting jock for fink mechonism
Actuating jack for sliding movement.
Pivot point of actuating orm

Rotlers sttached Lo frame F'

Track for movement of freme F’
Track of point Q due to jack T

Track of point Q due to jock J* ~




K Frome on which complete nose is mounted
E-E' Track of pivot point P when frome K rotates
U Bearing about which frome K rotates

— T

N
<O\
AN .




o2
Lt
Ho
Nose-drooped Beneficial eftects at low
04 H Mach number (M=O-5)
A\
\
\ »
A - criv
0-6H
L
T Nose raised
O-2F Noseg-drooped
=]
Ho
Adverse effects at intermediate
Mach number (M=0-62)
-—*Cr'lt..
o6}l
15
02
P Nose raised Beneficial effects at high
Ho / Mach number (M=0-74)
; *orit
L | | 1 |
02 0 4 06 08 x4z 10

Fig. 24 The diagramatic effects of Raevam’ deflection
of the leading-edge on the basic lypes of
pressure distribution shown in Fig.|

{a

]

{&

f1

(w



12— Leading-edge deflection

~ +5° (down
~o. ( )
CN \!-..,__-
< Reynolds mumber=-0x 108
based on chord
sl
08
06
\
\
o4}
=z
/= I i ] ] Mach number

05 06 o7 08

Blend point

8% C

Flexible skim Basic winq

: Sohd leading -edge
back to 2% chord

wing section ', 12:91 % thick

Possible confiquration
for {ow-apeed CLmax

Fig.25 Stall boundary from tunnel tests on a family of

nose shapes generated from basic section 'C' using
the Raevam' device



Basic aerofoil, 0'droop, C\ = - 968

Raised leading-edge - l"z' odl‘Oop, Cn= 947
(Adverse effact)

B Basic aerofoll, 0°droop, Cy = -702
]
Raised leading-edge, -1z droop, Cy=-768
/ (8anaficial a.fﬁzct)

o
ni¥
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THE EFFCCT OF LEADING-EDGE GEOMETRY ON
HIGH-SPEED STALLING

In the first part of this t[:vaper 1t 15 shown by means of an examtple how small modifications
to the leading-edge profile of a sweptwing can result in large effects on hft performance at
the stall in the higher range of subsonic speeds The basic types of leading-edge pressure
distribution for any one fixed geometry over the whole range of subsomnc speed are dis-
cussed and the difficuities in designing a profile shape which gives a satisfactory com-
promis¢ in wing performance across this range 1s emphasized

In the second part of the paper, two types of vanablegeometry device at the leading edge
are discussed, each of which allows some degree of optimization in the shape requured for
good aerodynamue performance across the range of Mach number The fisst of these, the
leading-edge slat, 15 shown to work 1n quite a different way at high speeds from that in 1ts
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( more conventional role at landing and take-off conditions Recent UK research work 15

used to demonstrate some important aerodynamic features of slats when used at high

speeds 1n near-optimum positions The second type of vanable-geometry device 1s a new

' one, recently developed within the UK The essential featuze 15 a linkage system,
entirely contained within the nose of the profile, which can be used to change the shape
of the leading edge of the ‘clean’ wing 1n such a way to umprove performance over a
range of acrodynamic conditions The acrodynamic possibilities of the use of this device
in the higher subsonic speed range are demonstrated by reference to some recent UK
wind-tunnel tests
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