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Summary.—The longitudinal characteristics of the aircraft (Aspect Ratio 4-0) were investigated on a half-model
in the Royal Aircraft Establishment 10 ft x 7.ft Wind Tunnel at a Reynolds number of 1-3 million up to a Mach
number of 0-98, and at higher Reynolds numbers at low speed. The tests showed that the high-speed characteristics
at low lift were satisfactory, but that at all Mach numbers a severe instability occurred at moderate lift coefficients
(C;, = 0-45 to 0-6). Examination of tuft and oil-flow patterns established that for Mach numbers up to M = 0-8,
the tip stall began as a leading-edge separation at the outer kink ; at the highest Mach numbers the flow separation
was initially shock-induced.

Further tests were therefore made with leading-edge droop applied over the outer wing and with wing fences near
the outer kink. The ‘ pitch-up * at low Mach number was delayed by these means to C, = 0-8 (4AC, = 0-25), but the
stability at high Mach number was not improved. A further modification, in which the plan-form was changed to
eliminate the outer kink, brought a small improvement at high Mach number, the pitch-up being delayed to C, = 0-65
at M = 0-9. .

Lowering the tailplane had a much more powerful effect on the aircraft’s stability than these wing modifications,
and with the tailplane below the wing chord plane (where wake surveys showed the downwash to be greatly reduced),
the nose-up instability was almost eliminated throughout the test range of Mach number.

1. Introduction.—This report describes tests made in the Royal Aircraft Establishment
10 £t x 7 ft High Speed Tunnel on a half-model of an aircraft having a crescent wing designed
for flight at high altitude and transonic speeds. The model included a ‘ slab ’ flying tailplanet ;
this was justified by earlier tests which had shown a reasonable agreement between the tailplane
characteristic of a half-model and the corresponding full-span model.

The purpose of the initial tests was to investigate the longitudinal characteristics of the
model up to high subsonic Mach numbers. Following these tests a series of wing modifications
was ‘developed and tested, with the aim of improving the lifting characteristics of the basic
design, which experienced an unstable ‘ pitch-up’ at moderate lift coefficients. The modi-
fications were at first restricted to small additions to the existing wing sections, and took the
form of a drooped and extended leading edge which was also tested in combination with some
fence arrangements. A final wing modification examined the effect of removing the outer
kink in the crescent plan-form while retaining a leading-edge droop distribution closely similar
to the previous modification of the basic plan-form.

* Previously issued as R.A.E. Rept. Aero. 2562—A.R.C. 18,508.
1 7.e., the whole of the tailplane moving in one piece, with no elevator.



Tests were made with this last wing modification to examine the effect of lowering the
tailplane on its contribution to stability at high lift coefficients. The downwash field at the
tailplane was surveyed by means of a rake of yawmeter and pitot heads.

2. Experimental Detarls—2.1. Model Construction and Installation.—A general arrangement
drawing of the model is shown in Fig. 1, and Fig. 2 is a photograph of it installed in the tunnel
working section. Leading dimensions and details of the aerofoil sections are listed in Table 1.

The wing of this half-model was built up from a core of light alloy covered with a 0-04 in.
skin of Araldite, which was shaped to the required profile using normal wood-working techniques,
and painted with photographic matt-black paint; ailerons and flaps were not represented.
This wing construction proved very useful in the later tests, for the profile was easily changed
by building up the surface with more Araldite and re- shapmg it.

The half-fuselage, made of laminated teak, was given a black Pheenoglaze finish ; the air
intake was represented, but the duct was blanked off at about one entry height behind the entry
plane, and the fuselage lines were carried on beyond the jet exit to fair this over. The tailplane,
shaped from Tufnol, was mounted in position between blocks forming the rear fuselage ; no
representation of the fin was included. The wing and fuselage, bolted together to form one unit,
were mounted on the half-model balance with a small clearance between the half-fuselage and
the working-section floor. A mercury-filled labyrinth seal between the balance mounting plate

and the working-section floor prevented any flow of air between the balance chamber and the
working section. :

2.2. Range of Tests.—Lift, drag and pitching moment were measured at seven Mach numbers
from 0-4 t0 0-93, at a Reynolds number of 13 million, giving a dynamic pressure at high speed
of about 215 1b/sq ft. The basic design was tested with the tailplane set at - 1 deg, — 1 deg
and — 5 deg to the fuselage horizontal datum, and with the tailplane removed, but the tests
on the modified designs included only the cases with the tailplane set at — 1 deg and with the
tailplane removed. The maximum incidence available on the turntable was 24 deg; the
maximum incidence used was limited at the highest Mach numbers by the onset of tunnel
choking, and at moderate Mach numbers by the appearance of large fluctuations in the wind
speed, possibly due to fan stalling caused by the model wake. Forces were also measured at
M = 0-15 and Reynolds numbers of 1-3, 3-0 and 4-5 million over the full range of incidence,
and at M = 0-25 and R = 7-0 million when the incidence was restricted to 20 deg by balance
load limitations.

In view of the effects of wing surface roughness on the aerodynamlc characteristics, reported
in Ref. 1, tests were made on the basic design at M = 0-8 and 0-9 using three types of surface
roughness vz, :—(a) tuft remnants over both wing surfaces, the tufts (0-015 in. diameter silk
thread) held by overlapping strips of Sellotape which were painted matt black, (6) 0-010 in.
grains of carborundum embedded in Durofix along the leading-edge from 0 to 10 per cent on
both surfaces, (c) particles of dried matt black paint, 0-010 in. to 0-020 in. in size, painted on
both surfaces of the leading-edge from O to 10 per cent. In addition, the pltchmg -moment
characteristics of the modified designs with surface tufts were always recorded while examining

the surface flow at M = 0-4 and 0- 9 Apart from these specific investigations, all tests were
made with transition free. :

The flow over the surface of the wing was investigated by means of tuft observations at
M = 0-4 and 0-9, and by means of the oil-flow technique at M = 0-23 and R = 1:9 million.
Chemical sublimation patterns, indicating transition position, were obtained at « = 0 deg at
high speed as a check on the effectiveness of the three types of surface roughness.

2.3. Corrections to Measurements—Tunnel-constraint corrections were applied to the observed
drag coefficients and incidence, but the quoted tailplane settmgs have not been corrected,
since this correction is small (of the order 0- 1 deg) and its inclusion is not justified in the derivation
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of the downwash at the tailplane. Blockage corrections to the observed Mach number and
dynamic pressure were estimated by the methods of Ref. 2; no results are given where the
blockage correction to Mach number is greater than 0-03.

3. Presentation of Results.—Coefficients are based on the gross wing area of the basic design
throughout this report, and all pitching moments and Reynolds numbers are related to the
standard mean chord of the basic design. The pitching-moment axis is at 0-411 of this chord
(¢.¢., 21-400 in. from the leading-edge apex). Incidences are given relative to the fuselage
horizontal datum ; the wing-root chord line is set at - 1 deg 45 min (see Table 1).

The characteristics of the basic design are presented first, and then the effects of the modified
wing sections and the change in plan-form are discussed in comparison with these. Since the
characteristics of the first droop modification are very similar to those of the second, revised;
droop modification, only the latter are presented in detail. Finally, the improvement in the
pitching-moment characteristics resulting from the use of lower tailplane positions is discussed.

The effects of fixing transition by applying surface roughness are shown in Figs. 12 and 23.

4. The Basic Design.—4.1. Results. of Force Measurements.—The effects of increasing Mach
number upon the characteristics of the basic design are shown in Figs. 3 to 6, and the changes
due to increase of Reynolds number at low Mach number in Figs. 7 and 8.

At low lift coefficients the high critical Mach number of the design is apparent (Figs. 5, 6, 24).
By an extrapolation of the curves of Fig. 24, the drag divergence Mach number (4C,, = 0-005)
is estimated to be about 0-96 at zero lift, falling to 0-94 at C, = 0-2, and the induced-drag
factor % does not increase until M = 0-86. The lift-curve slope increases steadily up to the
highest test Mach number without showing any signs of the transonic decrease. The change in
pitching moment (no tailplane) between M = 0:85 and M = 0-93 is negligible at zero lift,
and at C; = 0-2 is equivalent to a negative change in tailplane angle to trim of less than 2 deg.

However, at moderate values of C;, the lift available for manoeuvring is severely limited
throughout the test range of Mach number by an unstable tip stall (Fig. 4), which results in a
sudden forward movement of the centre of pressure. The total lift continues to increase after
this local stall and C, ., is reached only at the highest test incidences. The stable range of lift
. is least at M = 0-8 when the instability occurs at C, = 0-45.. As the Mach number increases
above M = 0-8, the stable range of lift improves but the instability itself becomes more severe,
being worst at M = 0-9 when the forward movement of centre of pressure is over 6 per cent
mean chord between C;, = 0-6-and 0-7 ; the improvement in the C, value at the stall with
increasing Mach number in this range is clearly indicated by the reduction in drag, at constant
values of C; greater than 0-4, shown in Fig. 24. With increase in Mach number above M = 0-9
the severity of the loss in stability is reduced. '

At low lift coefficients, the tailplane contribution to stability is about 10 per cent mean chord
for all the test Mach numbers, but after the onset of the tip stall the contribution to stability
is negligible throughout the Mach number range, and it can even be slightly destabilising.

The longitudinal stability of the model at low Mach number is little affected by increase in
Reynolds number from 1-3 to 7-0 million (Fig. 7) and, although the stable range of lift increases,
the highest stable value of C, does not exceed 0-7. The appearance of disturbed flow on the
wing is indicated by a rapid increase of profile drag (Fig. 8) which occurs about 0-2 in C, before
stability is affected by the breakdown of flow (see also Fig. 9).

4.2. Analysis of Flow Visualisation.—4.2.1. Oil-flow ftechnique at low speed.—The flow over
the wing upper surface was investigated using the oil-flow technique under conditions of low
speed and atmospheric stagnation pressure (i.e., M = 0-23, R = 1-9 million). The details of
this technique, in which the flow of light diesel oil on the surface of the wing is rendered visible
by mixing white titanium oxide with the oil, are described in Appendix I of Ref. 3. The flow of
the oil was photographed as it developed under the wind forces, and the resulting flow patterns
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have been copied for certain inc¢idences and are reproduced in Fig. 9. Where the flow lines are
shown broken, the oil flow was relatively ‘ dead ’ compared with the flow in the rest of the pattern,
suggesting that the boundary layer had separated from the wing surface. The chain-dotted line
is the plan position of a part-span vortex core, as indicated by the very rapid cross-scouring
of the surface oil immediately the tunnel was started up. '

Irregular flow lines first appear at « = 6-2 deg, when the oil flow indicates a leading-edge
separation with reattachment of the flow at about 15 per cent chord, in the vicinity of the
outer kink. The occurrence of this separation coincides with the marked increase in the profile
drag already mentioned. With an increase of incidence to « = 8-3 deg, the origin of the
breakdown moves inboard along the leading edge and the line of reattachment of the flow to the
wing surface moves back to about 60 per cent of the chord at the outer kink. There is now a
distinct suggestion of a vortex within the separated flow. '

When the incidence is increased to 10:3 deg the overall pitching moment of the wing is
beginning to be affected by the flow separation ; the origin of the breakdown has reached the
inner kink, the vortex extends right across the wing to the trailing edge, and the flow over the
whole of the tip panel has separated from the wing surface. With further increase of incidence,
the part-span vortex moves farther inboard, remaining at an angle of 20 deg to 30 deg to the free
stream direction, and at « = 20 deg has reached about 0-25 X gross semispan at the leading

edge, and all the flow outboard of that controlled by the vortex has separated from the wing
surface.

It is apparent that the increase in leading-edge suction peaks brought about by the dis-
continuity at the outer kink combined with its position near the spanwise peak in lift, causes
a leading-edge separation to occur first at this point, which then spreads rapidly to affect the
whole wing tip. Thus the improvement in longitudinal stability that was expected to derive
from the crescent plan-form has not been realised, and tip stalling with an associated severe
instability is still evident.

4.2.2. Flow investigation by tufis—The flow over the upper surface of the wing at M = 0-4
and 0-9 was investigated by means of tufts of silk thread (0-015 in. diameter) attached to the
surface by overlapping strips of Sellotape which were painted matt black. The tufted wing
was photographed at a series of incidences at each Mach number, and the photographs have
been studied to build up patterns of flow over the surface which are presented in Figs. 10 and 11.

Comparison between Figs. 9 and 10 shows that at M = 0-4 both the nature of the flow
separations and their spread with increasing incidence closely resemble those revealed by the
oil-flow technique. At high incidences, the strong spanwise flow under the part-span vortex
and the large regions farther outboard in which the flow has completely separated from the surface
are clearly marked. ~

A short tuft investigation at M = 0-8 was made after the tests at M = 0-4 and 0-9. The
photographs taken show that at this Mach number the flow separation which initiates the
instability still occurs at the leading edge in the region of the outer kink, and its development
with increasing incidence is very similar to that observed at low Mach number.

- At M =0-9 (Fig. 11) the flow disturbance that brings about the instability is markedly

different. At an incidence of 4-2 deg the tufts indicate disturbed flow at the foot of a shock
wave at about 50 per cent chord across the tip panel. When the incidence is increased to
6-3 deg this shock wave is evidently stronger as there is a large area of disturbed flow behind it.
Coinciding with the start of the severe ‘ pitch-up ’ there is an abrupt change in the tuft pattern
at « = 7-3 deg. The area of disturbed flow spreads forward instantaneously into the region of
the outer kink, and a shock wave can be seen developing towards the wing root at about
25 per cent chord.

At slightly higher incidences it becomes apparent that at this Mach number supersonic
expansion is suppressing the suction peaks and the resulting leading-edge separations, except
locally in the region of the outer kink (« = 8-3 deg Fig. 11d ¢f. Fig. 10b), and only when the
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incidence increases to 10-3 deg does the area of disturbed flow spread to cover the whole of the
middle and tip panels (Fig. 1le). Fig. 24 shows the reduction of drag with increasing Mach
number associated with this establishment of smooth flow over the leading edge, and suggests
that for a Mach number of 0-95, this process will be effective in preventing any leading-edge
separations for incidences up to at least « = 9 deg (C, = 0-7), although the separations from
the foot of the upper-surface shock wave may be expected to occur at lower incidences than at
M = 0-9, and farther aft on the wing chord. ‘

At no incidence at M = 0-9 is there any indication of a part-span vortex lying across the
wing from a point at the leading edge, such as was observed at low Mach number.

4.3. Effects of Surface Roughness.—As detailed in Section 2.2, tests were carried out to investi-
gate the effects of surface roughness on the overall force characteristics of this wing at high
Mach number. By forcing a forward transition to a turbulent boundary layer the tests give an
indication of the effects of an increase in scale at this Mach number. The effectiveness of the
various forms of roughness in forcing a forward transition position was checked by using the
sublimation of acenaphthene as an indicator (Fig. 12). Both the carborundum and the paint
particles applied along the leading edge force transition close to the leading edge, while the tuft

‘remnants give wedges of turbulent flow resulting in complete transition between 20 and 40 per
cent chord.

The effect of forcing transition near the leading edge is to delay the instability at M = 0-8
to slightly higher C;, but at M = 0-9 the breakdown occurs at slightly lower C; and the severity
of the pitch-up is reduced. These changes are small, and the tests confirm that the instability
at moderate C; is little affected by the position of transition, so that the results obtained with
the smooth wing should be representative of those at a higher Reynolds number.

All further tests on this model, incorporating several modifications (se¢ Sections 5 and 6)
were made with the wing surface finished with smooth matt black paint as described in
Section 2.1. When investigating the surface flow by means of tufts the forces were measured
in each case and some delay in the onset of instability was brought about by the tufts at both
low and high Mach number (Fig. 23). - ‘

5. Wing Modifications to the Basic Design.—In view of the restricted manoeuvring performance
of the basic design, it was decided to design and test a modification to the aerofoil sections
incorporating a ‘ drooped ’ leading edge, with the aim of increasing the stable range of lift
coefficient, and accepting the possibility of a slight reduction in the high critical Mach number
of the basic design at low lift coefficients. The modified aerofoil sections nowhere undercut
the basic wing profile.

5.1. Design of the Modified Wing Sections.—5.1.1. The causes of the flow breakdowns.—The
flow visualisation tests discussed in Section 4.2 focused attention upon the outer kink, where
flow separations from the leading edge brought about the first loss of lift at both low and high
Mach number. Accordingly, calculations were made to examine the effect of the kinks on the
spanwise lift distributions and on the local pressure distribution at the outer kink.

The calculations used the methods of Kiichemann, Weber and Brebner (Ref. 4, 5, 6, 7), and
considered the case of incompressible flow only. The spanwise distribution of lift coefficient,
excluding tip shape effects (Fig. 13), shows that the high sweepback and large taper of the root
panel throw the peak in the C, distribution onto the mid-panel, and that the wing twist con-
siderably relieves the concentration of lift towards the tip. The kinks produce local peaks in
the lift distribution, but more important is the resulting distortion of the pressure distributions
at the kinks which considerably increases locally the height of the leading-edge suction peaks
(Fig. 14). Calculations of the chordwise pressure distributions at the inner and outer kinks for
o« = 10 deg show that in spite of the lower local C; value at the outer kink (Fig. 13), the peak
suction and subsequent adverse pressure gradient are higher here than at the inner kink.
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Since it is the high suction péak associated with thin aerofoils at incidence, in this case increased
by the discontinuity of the kink, that causes the leading-edge flow separations, the aim of the
modification became the reduction of these peaks. Both leading-edge camber (droop) and the use
of a thicker nose profile are effective in this respect. The National Advisory Council for
Aeronautics have described® a series of symmetrical bluff-nosed sections designed for high C; pav
and the effect on the calculated pressure distribution at the outer kink of changing from the
RAE 102-7 per cent to a section of this series (NACA 3-007) is shown in Fig. 14 ; the suction
peaks at high lift are greatly reduced—an improvement achieved at the expense of the critical
Mach number for the section at low lift. The ordinates for the NACA 3-006 section, which was
used because it fairs more readily into the RAE 102-7 per cent than the NACA 3- 007 are given
in Table 2.

5.1.2. The first modification.—The first modified section for the outer kink was built up from
the nose of a NACA 3-006 section set off from a drooped mean line, with the chord extended
slightly so that the drooped nose could be faired into the basic RAE 102-7 per cent section.
The mean line was based on the Brebner M = 0-5 camber line’, the amount of camber being
that calculated to restore the centre of pressure to the quarter-chord point, 7.e., to eliminate the
root, tip and kink effects upon the pressure distribution. The Brebner camber lines all have an
infinite slope at the leading edge, which results in a corner below the leading edge if the usual
vertical ordinate system is used. To ensure adequate rounding here, the mean line at the leading
edge was formed by taking the tangent to the camber line at 1 per cent. The modified section
obtained for the outer kink is shown in Fig. 15a.

The spanwise distribution of droop was chosen to relieve the leading-edge suction peaks across
the mid-panel, where the local C, values are greatest (Fig. 13). Symmetry of the section at the
projected tip was retained, but the leading-edge radius was increased. The sections forming the
first droop modification of the design are detailed in Fig. 17.

5.1.3. The revised modification.—After the testing of the first modification, it was felt that
worthwhile improvements, particularly in respect of the drag at high Mach number could be
obtained by a refinement of the drooped sections. At the same time the application of the
modification could be simplified by retaining the original upper surface behind about 5 per cent
chord. Because the Brebner camber line is not readily applied to a droop design, a parabolic
mean line was developed ; its application in the design of a drooped leading edge is described
in the Appendix. A parabolic mean line is similar to the Brebner camber lines in that the camber
" is concentrated towards the leading edge, and was chosen for this reason ; its characteristics
are readily calculated in full from those parameters of interest in a droop design and by using
the unchanged upper surface in combination with the appropriate mean line an acceptable
lower surface is at once defined, the extent of the ‘faired’ profile being greatly reduced.
The revised droop section for the outer kink is shown in Fig. 15b.

In this design, the leading-edge droop was continued right.out to the wing tip, since the tests
on the first modification showed that the wing was stalling first at the tip at low speed. In
addition the section at the projected tip was changed from the basic RAE 104-5 per cent to an
RAE 102-5 per cent with the intention of relieving the shock-induced flow separations at high
Mach number, which had been unaffected by the first droop modifications. The along-wind
aerofoil sections over the tip fairing were determined by the usual method of linear variation
in actual thickness between the specified sections at the outer kink and the projected tip ;
the ordinates were then scaled down to the chord lengths appropriate to the tip fairing shape.
Fig. 18 shows the wing sections forming the revised modification and their ordinates are given
in Table 3 ; the increase in gross wing area is 1-8 per cent of the basic wing area.

5.1.4. Calculated pressure distributions.—Theoretical methods are not yet available for the
calculation of pressure distribution round a cambered section on a finite wing. Therefore the
effectiveness of the modified sections for the outer kink was studied by calculating the pressure
distributions (at M = 0) on the basis of an infinite swept wing, having sweepback equal to the
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mean sweep for the outer kink, and C, values of zero and 0-98——this is the calculated local
value at the outer kink for « = 15 deg when the leading-edge separation first appeared at low
Mach number in the modified design.

Results of some of these calculations are shown in Fig. 16. Both the original and revised
droop designs result in a very great reduction of the suction peak at the leading edge under high
lift, and in this respect they are equally effective; however, the upper surface profile near
maximum thickness was unsatisfactory in the first attempt. It is interesting to note that com-
parable calculations for the section at the outer kink in the basic design show that the adverse
pressure gradient at 1 per cent chord on the upper surface, for the local C, value equivalent to
the incidence when leading-edge separations first appear (« = 6 deg, see Figs. 9 and 10), is the
same as that for the modified section at « = 15 deg, although the actual peak suction attained
at the outer kink on the basic design is less.

Included in Fig. 16 are the results of calculations for a section formed from the thickness
distribution of the RAE 102-7 per cent section combined with the parabolic mean line of the
revised modification, showing that leading-edge droop alone provides a considerable reduction
in peak suction at high lift ; the addition of bluffness further reduces and spreads this peak,
with consequent lessening of the pressure gradients, and also reduces the high suction below
the leading edge at zero lift. Additional calculations have shown that there are definite limits
to the amounts of camber and bluffness that can be incorporated ; an increase to 3 per cent of
droop at the leading edge results in suctions up to C, = —2-7 below the leading edge at zero
. incidence, and use of a larger nose radius than the 0-76 per cent of the NACA 3-006 forces an
increase in suction levels at about 5 per cent chord on the upper surface.

5.2. Results of Tests on Designs with a Drooped Leading Edge—The original and the revised
modifications were each tested and yielded very similar results ; thus only the results of the
tests on the revised design are discussed here in full. The revision resulted in a reduction of drag
when under lift at high Mach number, but only minor differences in the stability characteristics.

5.2.1. The revised modification, plain wing—The results of the tests on the revised droop
modification are presented in Figs. 20 to 27, where they are compared with the basic aircraft
and with a further modification in which the wing plan-form was changed to remove the outer
kink ; this further modification is shown in Fig. 19 and its effectiveness is discussed in Section 5.3.

Applying droop to the leading edge increases significantly the usable value of C, at low Mach
number (Fig. 21): at M = 0-4 the C, at which the instability occurs is increased from 0-53 to
0-70 (without tailplane). However, with increasing Mach number the gain in usable (' becomes
smaller, and at M = 0-9 there is a slight reduction in the stable range of lift, although the
instability is less severe and the tailplane maintains considerable effectiveness at incidences
above the tip stall (Fig. 22).

The lift slope is almost unchanged by the modification (Fig. 20). Cyu.. is increased at low
speed, and the loss of lift due to shock-induced flow separations at high Mach number is less.

There is a considerable drag penalty at low lift (Fig. 24). At C, =0, 4Cp, = 0-003 (v.e.,
14 1b at 100 ft/sec. full scale), and the drag divergence Mach number (AC, = 0-005) is reduced
from 0-96 to 0-94. At C, = 0-3 there is little difference in the drag, and under conditions of
high lift the elimination of the early flow separation from the leading edge results in large
reductions in drag. However, Fig. 24 makes clear the general ineffectiveness of the modification
at high Mach number, and above M = 0-9 there is in fact a more rapid drag increase under all
conditions of lift.

Increase of Reynolds number at low Mach number has very little effect upon the characteristics
of the modified wing ; the nose-up stall occurs at about C, = 0-95, compared with 0-7 for the
basic design (Fig. 26), and is very abrupt at this low speed, which may limit the extent to which
the increased range of lift can be used. The induced drag factor has been noticeably improved
(Fig. 27), and at R = 6-5 million the drag penalty due to droop is reduced to 4C, = 0-0015.
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Flow visualisation tests were made using the oil-flow technique (Section 4.2.1), and diagrams
of the resulting flow patterns are shown in Fig. 30c, d, e. The drooped leading edge preserves
smooth flow over the wing surface for incidences up to 12 deg, when strong outflow is evident
over the rear of the wing. The first sign of irregular flow appears at « = 14-3 deg and may be
caused by a sudden thickening of the boundary layer near the outer kink. With a small further
increase of incidence there is an abrupt separation of the flow from the upper surface outboard
of the outer kink. On the inner sections of the wing there is smooth flow over the leading edge,
but at about 25 per cent chord the boundary layer rapidly thickens and the oil indicates a strong
spanwise flow. The vortex core between the attached and the separated flow appears to be well
off the wing surface at this relatively high incidence, and does not manifest itself by the rapid
cross-scouring action found in the basic design at lower incidence (Fig. 9 and Section 4.2.1).
With further increase of incidence the area of separated flow extends inboard, and at « — 20 deg
covers both of the outer panels. A most unusual feature indicated by the oil is the smooth
attached flow at the wing tip, maintained even when most of the flow over the outer wing has
separated ; this appears to be associated with the extension of the drooped section to the wing
tip, since it was found again with the later modification, and was not present in the basic design
or the first modification which retained a symmetrical tip profile.

The wing flow was also examined by means of tufts, at both low and high Mach number.
At M = 0-4 the flow characteristics are similar to those shown by the oil flow in Fig. 30, with a
separation in the region of the outer kink present at « = 14 deg (C, = 0-84) and inboard flow
along the leading edge of the tip panel at « = 17 deg. At M = 0-9, for incidences up to 8 deg
the shock-induced flow separations are not affected by the drooped leading edge or the change
in basic profile at the tip, and they are similar in extent to those observed on the basic design
(Fig. 11). At o« = 8 deg the area of disturbed flow at the outer kink is rather less, and there is a
small drag saving (Fig. 24, C, = 0-6) ; when « = 10 deg, in contrast with the basic design,
smooth flow is still present over the whole leading edge except for the small area at the outer
kink, and this is reflected in the drag reduction at C;, = 0-7 (Fig. 24). When the incidence is

increased to 12 deg, the tufts are violently disturbed over the whole of the upper surface, except
near the root.

Thus the droop fails to improve the value of C; for pitch-up at M = 0-9, but does achieve
a reduction.in its severity, presumably due to the delay, to higher incidences, in the occurrence
of the leading-edge separations. It seems that the forward progression of the shock wave with
increasing incidence, forced by the rear flow separations, in itself causes a loss of stability at
about C, = 0-6 at this Mach number. These shock-induced flow separations can be reduced

only by the maintenance of a high sweepback and the use of even thinner wing sections, or by
reduction of the local lift coefficients.

9.2.2. The droop modifications with fences—Tests were made with fences, singly or in combina-
tion, at 0-64 and 0-74 semi-span, 4.c., on either side of the outer kink (Fig. 18). Each fence
extended round the leading edge from 10 per cent chord on the lower surface to 80 per cent chord

on the upper surface, and the fence height above the wing surface was roughly constant at half
the maximum thickness of the wing section. ‘

The first fence position examined was at # = 0-74, which had been found to be the best
position in low-speed tunnel tests'® on a model which incorporated the first modification (as in
Fig. 17). This combination was tested over the full Mach number range and the results compared
with those for the first modification without the fence (this figure is not included here). The
fence was found to give a further improvement in longitudinal stability for Mach numbers less
than 0-9, 7.e., the fence was effective over the same Mach number range as the drooped leading
edge alone ; the drag increase due to the fence was negligible at all Mach numbers. Subsequent
tests of other fence arrangements on the revised modification were all made at low Mach number

and several Reynolds numbers, and the results are presented in Figs. 28, 29 (compare with
Figs. 25, 26),
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With the outer fence alone, as above, the C; value for the onset of instability is improved
only slightly, but the nose-up change in pitching moment is reduced for Mach numbers less
than 0-9 by the maintenance of lift outboard of the fence. The operation of the fence is made
clear by the oil-flow diagrams (a) and (b) of Fig. 30. The reflection-plate effect causes an
increase in the leading-edge suction levels just inboard of the fence and thus forces a premature
flow breakdown at this point (Fig. 30a). Immediately outboard of the fence, the reverse effect
delays the separation, and a vortex is formed at this position, lying close to the wing surface
with reattached flow behind it, which is effective in maintaining lift over the wing tip to a high
incidence (Fig. 30b). Haines" has discussed the effectiveness of fences in this application in
greater detail.

With the inner fence alone, the increased area of lift preserved by the fence increases the
stable range of lift to C, = 1-10 at R = 4-4 million, but at the highest incidences this lift is
suddenly lost, with a consequent sharp nose-up break in the pitching moment.

The two fences in combination are no more effective than either singly. For this combination
at R = 1-3 million, M = 0-15, it appeared that at C; = 0-96 the wing tip was periodically
stalling and then recovering lift, while at C;, = 1-02 steady flow conditions were regained ;
this diagnosis from the variation of the pitching moment (Fig. 29) was confirmed by observations
using the oil-flow technique (R = 1-9 million, M = 0-23), but the phenomenon was not en-
countered at higher Mach number or Reynolds number.

5.3. Plan-form Modifications Combined with Leading-edge Droop.—None of the modifications
discussed in the previous section prevents the occurrence of flow separations in the region of the
outer kink which initiate pitch-up at both low and high Mach number on the basic design,
although the leading-edge droop greatly improves the C; obtainable without flow separations at
low Mach number. In particular, at high Mach number the pattern of development of the
flow breakdown is unaffected by the modifications.

These adverse effects due to the outer kink led to a further test in which the wing plan-form
was modified so as to eliminate the outer kink. It was hoped that by avoiding the local
leading-edge separation found here at M = 0-9 such a change would reduce the severity of the
instability at high Mach number, and, by thinning the wing section in this region, would postpone
the shock-induced separations to a higher incidence.

5.3.1. The elimination of the outer kRink.—A new plan-form embodying these changes was
formed by drawing the leading edge straight between the inner kink and the projected tip
(Fig. 19), thus producing a chord extension of about 18 per cent at 70 per cent semi-span and
maintaining a quarter-chord sweepback beyond the outer kink of about 35 deg.

The removal of the outer kink (69-2 per cent semi-span) can be expected to improve the high
lift qualities at this station, so that a distribution of droop similar to that of the previous  revised ’
modification would cause the first loss of lift at low Mach number to occur at the wing tip,
resulting in a more gradual stall progression than that following an initial separation farther
inboard. The new section at 69-2 per cent semi-span was formed from the revised section at
the outer kink increased in scale but with its thickness/chord ratio reduced to 6-5 per cent;
the necessarily long fairing from maximum thickness to the rear of the basic symmetrical aerofoil
was obtained by integration from a line giving a smooth chordwise variation of the surface
slope between the two aerofoils. At the projected tip the section reverted to the basic
RAE 104-5 per cent, since the change to RAE 102-5 per cent (Section 5.1.3) was quite
ineffective in relieving the shock-induced separations, and a leading-edge droop of 1-5 per cent
was devised.

The new plan-form and aerofoil sections are shown in Fig. 19. It will be noted that the
degree and distribution of droop are closely similar to the design of the revised modification.
The increase in gross wing area is 4-6 per cent over the basic design.
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5.3.2. Results of tests on the new design.—These results are presented in Figs. 20 to 27, where
they are compared with the basic design and with the revised droop modification.

At Mach numbers less than 0-8 the new design maintains the advantages of the revised droop
modification. The small increase in lift (Fig. 20) is rather greater than the proportionate increase
in wing area, and the stable range of lift is little changed (Figs. 21, 22) ; at low lift the position
of the aerodynamic centre is about 0-03¢ farther forward, although the pitching moment axis
lies at 393 per cent of the new mean chord, ¢f. 41-1 per cent of the basic mean chord. .

At Mach numbers from 0-8 to 0-9 the new design improves the lifting characteristics of the
wing, particularly for values of C; from 0-5 to 0-7, so that the stable range of lift at these Mach
numbers is extended to C;, = 0-62; within this range there is now a marked variation of aero-
dynamic centre position with increasing lift. However, the tailplane has lost some effectiveness
after the tip stall at M = 0-9 compared with the previous droop modification (Fig. 22).
For Mach numbers greater than M = 0-9, the pitch-up is noticeably less severe than in the
previous designs. '

The increase in drag at low lift compared with the droop modification (Fig. 24) is in the
same proportion as the increase in wing area, and the drag divergence Mach number (4Cp = 0-005)
for zero lift remains at M = 0-94.. At lift coefficients greater than 0-4 a reduction of drag
has been achieved, particularly at high Mach number, and the rapid drag rise above M = 0-9
found in the previous droop modification has been lessened.

The new design shows a more favourable scale effect that either of the previous modifications
(Figs. 25, 26, 27). At a Reynolds number of 4-4 million, the stable range of lift now extends
to C; = 1-0, against 0-95 for the revised droop modification and 0-65 for the basic design.
A similar advantage is apparent for the wing with tufted upper surface at high Mach number,
when there is an increase in C, of about 0-05 for the onset of the severe instability (Fig. 23).
As has been shown (Fig. 12), the tufts simulate an increase in Reynolds number by causing an
early transition to a turbulent boundary layer.

Flow visualisation by means of the oil-flow technique showed that the low Mach number
stall starts at the wing tip (« = 14 deg), but at higher incidences the nature and area of the
separated flow is exactly as was found with the revised modification (Fig. 30); this was to be
expected, in view of the very similar leading-edge droops of the two designs.

Observation of surface tufts at M = 0-9 (Fig. 31) reveal that with this design, unlike the
previous designs, the pitch-up at high Mach number coincides with a flow breakdown at the
wing tip. As in all the previous tests, shock-induced flow separations at low incidences precede
the main flow breakdown, and these appear quite unaffected by the reduction to 6-5 per cent
t/c outboard (n = 0-7) or by the increase in the sweepback of the line of maximum thickness
towards the tip (compare Figs. 11b and 31b). For the designs featuring the double-cranked
plan-form, the loss of lift at M = 0-9 was found to occur first at the outer kink at « = 7-3 deg
(Fig. 11c). For this design the change in plan-form has succeeded in maintaining attached
flow over the leading edge near 70 per cent semi-span up to at least 10-3 deg (Fig. 3le) but,
at « = 8-3 deg the shock-induced flow separations have already begun to extend forward at
the tip (compare Figs. 11d and 3lc), and the pitch-up is initiated.

At a wing tip, the loss in isobar sweepback increases the loading due to Lift, an effect which
is aggravated by a cranked plan-form, and in addition, comparing this design with the original
plan-form, the loading is further increased by the more rapid taper towards the tip. Thus, in
the absence of the outer kink, the wing tip has become the first part of the wing to lose lift at
high Mach number. Since the low Mach number stall starts at the wing tip also, although the
nature of the breakdown is different in the two Mach number ranges, this suggests that the
spanwise loading rather than the chordwise loading is responsible in both cases.

These conclusions imply that an improvement would result from a marked sncrease of
sweepback towards the wing tip, which would reduce the loading at the tip, and should also
delay the formation of the shock-induced flow separations at 4 = 0-9. Such a plan-form is not
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incompatible with satisfactory low Mach number stalling characteristics: the vortex sheet
that is shed from the leading edge at moderate lift coéfficients on wings employing thin wing
sections is regularly observed to be inclined at an angle of 20 to 30 deg to the free-stream
direction whatever the leading-edge sweepback (Fig. 9 and Haines'), and thus lies close to a
highly swept leading edge; this limits the extent of the ‘ dead air’ region outboard of the
vortex sheet (Ref. 12 pp. 9 and 12) and so there is no abrupt loss of stability as the vortex sheet
moves inboard with increasing incidence. The characteristics of the vortex sheet associated
with such a highly swept leading edge are discussed in a report by Kiichemann™.

8. The Effects of Tailplane Height—With the wing configuration of Fig. 19, reported in the
previous Section, tests were made to investigate the changes in tailplane effectiveness due to
positioning the tailplane lower in relation to the wing wake. The importance of tailplane height
upon the stability of swept-wing aircraft has been noted in several N.A.C.A. tests™*.

8.1. The Tailplane Configurations and Flow Survey Instrumentation.—The three tailplane
positions tested are shown in Fig. 32. The ‘ mid-high ’ tailplane is in the original design position,
with 10 deg dihedral and placed 10-8 deg above the wing-root chord plane (the angle being
measured between this plane and the line joining the wing and tailplane mean quarter-chord
points). The ‘ mid-low * tailplane position is the design position reflected in the fuselage datum,
resulting in 10 deg anhedral and an angle of 4-4 deg above the wing chord plane. In the
“very low’ position, chosen with the object of clearing the wing wake, the tailplane is 3 deg
below the wing chord plane ; to mount the tailplane in this position a fairing had to be added
under the rear fuselage, and this is shown in Figs. 32, 33. The nose of the fairing was formed
by a semi-ellipse of 3 : 1 fineness ratio followed by a straight portion to promote a pressure
recovery, and thus minimise the interference between the tailplane and the fairing; however,
under conditions of high incidence the flow in the tailplane-fuselage junction may well differ
from the basic conditions. The fairing was present only in combination with the very low
tailplane configuration.

To determine the position and extent of the wing wake in relation to the tailplane, a rake of
pitot tubes was set vertically 6 in. outboard from the centre-line at the longitudinal position of
the tailplane mean quarter-chord point (Fig. 32). The rake was mounted on the turntable and
measured total head in the absence of the tailplane. The opportunity was taken to obtain a
direct measurement of the downwash in this region by including several yawmeters in the
survey rake; it was not possible to make an exhaustive calibration of the yawmeters in the
time available, 5o that the accuracy of flow direction measured by the rake (i.e., « — ¢) may not
be better than 4 5 per cent.

6.2. The Influence of Tailplane Height on Avrcraft Stability.—Curves of Cy vs. C; for the three
tailplane positions are compared with those for the model without tailplane in Fig. 34. They
show that the effectiveness of the tailplane through the pitch-up increases as it is lowered,
so much so, that in the lowest position the nose-up instability is almost eliminated throughout
the test range of Mach numbers, while there is a considerable reduction in the unstable change
of pitching moment when the tailplane is in the mid-low position. The tailplane contribution
to stability before the wing-tip stall is not altered by the change in tailplane height from the
mid-high position to the very low, although the neutral point is slightly farther forward (never
more than 2 per cent mean chord) with the mid-low tailplane position. :

In both the lower tailplane positions, a stable stall is achieved at angles of attack above those
for the pitch-up due to the wing (which, of course, is in no way affected by the tailplane position,
and would probably give rise to buffeting in flight that would limit the available range of lift).

It had been observed that an increase in Reynolds number brought an improvement in the
wing-alone stability of this design, and now, at R = 4-4 million with the tailplane lowered
only to the mid-low position (Fig. 35) the pitching-moment characteristic is fully stable right
up to C, = 1-2, corresponding to the highest incidence available. -
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6.3. The Vertical Variation of Downwash at the Tailplane—The readings from the wake survey
rake have been analysed only for M = 0-4 and 0-9, and are presented in Fig. 36, which shows
the change in downwash at the tailplane for varying wing lift and tailplane height ; the tailplane
height above the wing-root chord plane is given as a proportion of the distance of the survey
section aft of the wing mean quarter-chord point.

Taking the wake boundary to be defined by a § per cent loss in dynamic pressure, its thickness
is 0-6 of the wing thickness at the same spanwise station at M = 0-4, and 0-8 of it at M = 0-9.
Its upward extent rapidly increases after the appearance of flow separations on the wing ;
in this respect the shock-induced flow separations are less severe. 29¢/9C, at the tailplane does
not vary with height at lift coefficients below the stall. When flow separations occur, 9¢/oC,
increases rapidly above the wing wake, but falls almost to zero below the wake. This explams
the ineffectiveness of the high taﬂplane position, and the improvement in effectiveness in the
low position which in this case more than counterbalances the wing instability. Within the
wing wake there are rapid changes in the downwash characteristics after the wing stalls; the
sudden decrease in downwash when passing downwards through the wing wake 1s shown for
constant C;, in Fig. 37. A reasonable extrapolation from this graph suggests that free-stream
conditions are reached about 15 deg below the wing chord plane, 7.e., at a depth of half the wing

mean chord, while it is evident that above the wake high downwash persists to a much greater
distance.

As a check on the accuracy of the downwash angles obtained from the yawmeter readings,
a comparison has been included in Fig. 36 between these values, corresponding to the mean
tailplane heights, and the values derived from the change in pitching moment due to the tailplane.
Since the tailplane characteristics were established in the basic tailplane configuration only
(Fig. 4), the range of tailplane lift coefficient for which values of g, are available is not great
enough to enable the downwash to be derived for the low tailplane cases when (¢ — &) and hence
C,r is large. The worst discrepancy in downwash between the two methods is of the order of
2 deg, and the general trends indicated by the yawmeter survey are confirmed.

7. Summary and Conclusions.—7.1. Characteristics of the Basic Destgn.—The design is notably
successful in its ability to penetrate to high subsonic Mach numbers without severe compressibility
effects, under conditions of low lift (Figs. 5, 6). The drag divergence Mach number (4C, = 0-005)
at zero lift is estimated to be 0-96, and the pitching-moment changes at high Mach number
are small.

It is evident that the crescent plan-form does not succeed in preventing tip stalling and its
associated longitudinal instability, and in fact the range of lift available for manoeuvring is
severely limited for this design throughout the test Mach number range.(Fig. 4). Although the
form of the Cy vs. C, curves are similar at all Mach numbers, investigations of the wing flow
show that the cause of the flow breakdown near the tip is different at high Mach number from
that at low Mach number.

For low Mach numbers and up to M = 0-8, the stall starts as a leading-edge separation at
the outer kink with flow reattachment at about 15 per cent chord (Figs. 9, 10). This is
characteristic of thin aerofoil sections with small nose radii, at low speed, but the local increase
in suction peaks at the leading edge brought about by the discontinuity at the outer kink, and its
position in that part of the span where the local lift coefficients are high (Fig. 18), cause the
separation to occur first at this point rather than at the tip. The area of flow separation spreads
rapidly, and gives rise to a part-span vortex sheet with separated flow outboard of it.

At high Mach number (M = 0-9) the flow separates first behind a shock wave at about
50 per cent chord on the tip panel (Fig. 11a). Supersonic expansion maintains smooth flow
over most of the leading edge, but the pitch-up coincides with a sudden flow separation from the
leading edge at the outer kink (Fig. 11c), and is very abrupt at this Mach number.

Tests with increased Reynolds number at low speed, and at high speed with scale effectively
increased by the application of surface roughness indicate that the unstable model characteristics
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are not affected by increase of scale; the maximum usable lift at low speed is of the order
C, = 0-7, and becomes even less at higher Mach numbers. ‘

The tailplane is ineffective in improving stability after the onset of the unstable loss of lift.
At lower lift coefficients the tailplane contribution to stability is about 10 per cent mean chord.

7.2. Effectiveness of the Wing Modifications to the Basic Design.—The modifications were all
designed with the intention of improving the range of lift available for manoeuvring in the-
basic design, while keeping the drag penalty incurred as low as possible.

At low Mach number the tip stall is delayed to higher incidences by the addition of leading-edge
camber and thickening over the outer wing panels (4C, = 0-25 see Figs. 18, 21) and the
unstable change in pitching moment accompanying the stall is reduced by adding a fence to this
modification just outboard of the outer kink (¢f. Figs. 26 and 29). The combination of these
devices increases the stable range of lift from 0-65 to 0-95 at low Mach number (R = 4-4
million) ; it does not, however, eliminate the eventual instability although the unstable change
in pitching moment is reduced by nearly 60 per cent. The modifications increase the drag at
zero lift by 4C, = 0-003, and the drag divergence Mach number falls from 0-96 to 0-94.
For lift coefficients greater than 0-3 the modifications effect a saving in drag due to the improve-
ment in the flow over the wing. With increasing Mach number, the benefits of both the droop
and the fence are reduced.

The stability at high Mach number is not improved by either of these modifications, and a
change of aerofoil section at the wing tip from RAE 104-5 per cent to RAE 102-5 per cent is
ineffective in reducing the shock-induced flow separations. :

In both ranges of Mach number, the first loss of lift occurs at the outer kink (69 per cent
semi-span). Changing the plan-form to remove the outer kink (Fig. 19) and retaining the modified
wing sections, prevents this at all Mach numbers, but results in little change in the stability
characteristics at low speed. At high Mach number there is only a small increase in the available
lift before the pitch-up, which is now caused by a loss of lift at the wing-tip at ¢, = 0-65
(Fig. 31) and is less severe particularly for Mach numbers greater than M = 0-9. ‘

The series of tests show that use of leading-edge droop and fences can greatly improve the
stability at low Mach numbers, but they also make clear the ineffectiveness of such secondary
modifications to the wing in controlling the wing-tip stall at high Mach numbers. To avoid
" the wing pitch-up at high Mach numbers, larger changes in the wing design are needed, and it
has been argued in Section 5.3.2 that an increase in sweepback towards the wing tip would
improve the stability characteristics of the wing at both low and high Mach number.

7.3. The Effects of Tailplane Height—Whilst the various wing modifications are only partially
successful in combating the unstable stall, lowering the tailplane so increases its contribution
to stability through the wing pitch-up that a stable stall is achieved at C; ... In the lowest
position tested, the pitch-up is almost eliminated for all values of lift coefficient throughout
the Mach number range (Fig. 34). It is probable, however, that in flight, buffeting due to the
wing tip stall will still limit the lift available.
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APPENDIX

The Parabolic Mean Line used in the Modification of Symmetrical
Aerofoil Sections to obtain a Drooped Leading Edge

//
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. The equation of a parabola which. passes through the required new leading-edge point (X, D)
and is tangential to the chord line of the symmetrical section at the chordwise position of
maximum thickness (the origin of axes) is given by :(—

[X—4 (X —24)x\)7?
y=[x=m it === )]
where
4 =D cot ?
D droop at leading edge as percentage of basic chord
- 9 slope of mean line at leading edge '
-and '

X  chordwise position of maximum thickness + extension of leading
edge, as percentage of basic chord.

For simplicity in the application of the modification, it was required that the upper surface
of the symmetrical section should be unchanged as far forward as possible. Accordingly, the
values of 9 and leading-edge extension were chosen such that a satisfactory lower surface resulted,
by making the parabola pass through a ‘ control point * (4, B) where 4 was approximately
half-way between the leading edge and the maximum thickness position, and B = 4 (3 fux — ¥4)-
The condition for the mean line to pass through this point is given by :(—

B B BY B
2 (o) =5/ ¥ - 2J(0) 25
Thus either X or 4 was determined, and the lower surface ordinates of the droop followed by
difference between the unchanged upper surface and the new mean line :(—

ylower = 2 _|_ 25 = yupper + 225
The nose shape of the droop was then determined by applying the appropriate thickness
distribution to the camber line (the bluff-nosed NACA 3-00X series of aerofoils were used in the
designs of this report); a plot of a few of the resulting ordinates for the nose shape quickly
showed whether this faired satisfactorily into the lower surface, obtained as above, and the
unchanged upper surface of the symmetrical section (see Fig. 15b).
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TABLE 1

Leading Dimensions of Model

Wing
Gross area ) 8567 sq in.
Span ' 585 in.
Standard mean chord (¢) 14-644 in,
Aspect ratio . : 4-00
Dihedral 4 ' 7 + 1-5 deg
Section at centre line (n=0) RAE 100-8 per cent
Section at inner kink {n = 0-436) ' RAE 101-7-5 per cent
Section at outer kink (n = 0-692) ' RAE 102-7 per cent
Section at projected tip  {y = 1-0) RAE 104-5 per cent
Sweepback of quarter-chord line and taper ratio of inner/mid/tip 50 deg; 0-525 [ 40deg; 0-720 |/ 30deg; 0-845

panels
Wing incidences relative to fuselage horizontal datum :—

7 =10 tonp=0-25 -+ 1 deg 45 min
7 =0692 ton = 1-0 ‘ — 1 deg 3 min
i.e., between 4 = 0-25 and 0-692, non-linear washout of 2 deg '
48 min
Tailplane
Gross area 139-2 sq in.
Span - 18-34 in.
Standard mean chord » 7+474 in.
Aspect ratio - 2-50
Dihedral ' ' + 10 deg
Section (constant across the span) , RAE 103-7 per cent
Sweepback of quarter-chord line and taper ratio ' 50 deg; 0-391
Tail volume coefficient* 0-277
Fuselage
Length (excluding model rear fairing) ‘ 68-75 in.
Maximum width : 8-50 in.
Distance from nose to :(—
Wing leading-edge apex 13-875 in.
Wing mean quarter-chord point : 32-919 in.
Model pitching moment axis (0-411¢) ' 35-275 in.
Tailplarie leading-edge apex 53-250 in.
Tailplane mean quarter-chord point ' 60-657 in.

Distance between wing mean quarter-chord point and tailplane’
mean quarter-chord point (/) 27-738 in.

* Based on the longitudinal distance between model pitching-moment axis (0-411¢) and mean quarter-chord point
of tailplane, and the projected tailplane area.
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TABLE 2
Ovdinates for the NACA 3-006 Bluff-nosed Aerofoil Section

o Values interpolated from a
Values taken frofii Ref. 8 large-scale graph (accuracy 4 0-003)
P ) P
~% 2o, % 29%
0 ' -0 0-1 0-400
0-520 0-866 0-2 0-552
2-082 1-650 0-3 0-668
4-682 2-283 0-4 0-766
§-310 2-722 0-5 0-852
12931 2-951 0-6 0-928
18-484 3-000 0-7 0-998
200 2-998 0-8 1-061
25:0 2-975 0-9 1-122
30:0 2-922 1-0 1-180
35-0 2-843 2-0 1-618
40-0 2-738 3-0 1-922
45-0 2-610 4-0 2-156
50-0 2-459 5-0 2-340
60-0 2-096 6-0 2-489
70-0 1-662 7-0 2-608
80-0 1:170 8-0 2-700
90-0 0-631 9-0 2-768
100 0-060 10-0 2-828
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TABLE 3
Ordinates for the Wing Sections of the Revised Droop Modification

Station Inner Kink Outer Kink Projected Tip
Cu/Cs 1-035 1-040 1:040
Mean Line Thickness Mean Line Thickness Mean Line Thickness
Ordinates Ordinates Ordinates Ordinates Ordinates Ordinates
#/C% ZJC3% ZJCs% ZIC% | Z/Cs% Z,/Cs% Z/C5%
0 —2-300 0 —2-500 0 —1-643 0
0-1 —2-274 0-432 —2-461 0-400 —1-622 0-286
0-2 —2-249 0-606 - —2-423 . 0-560 —1-802 0-400
0-3 —2-224 0-733 —2-387 0-678 —1-582 0-484
0-4 —2-200 0-841 —2-352 0-778 —1-562 0-556
0-5 —2-175 0-935 —2-318 0-866 —1-543 0-619
0-6 —2-151 1-019 —2-985 0-943 —1-524 0-674
0-7 —2-128 1-096 —2-253 1-014 —1-506 0-724
0-8 —2-105 1-168 —2-929 1-081 —1-488 “0-772
0-9 —2-082 1-235 —2-192 1-143 —1-470 0-816
1-0 —2:059 1-298 —2-162 1-202 —1-453 0-859
1-2 —2-015 1-415 —2-108 1-309 —1:420 0-935
1-4 —1:972 1-519 —2:052 1-404 —1-387 1-003
1-5 —1-951 1-566 —2:027 1-449 —1-372 1-035
1:6 —1-930 1-612 —2:001" 1-492 —1-356 1-066
1-8 —1-889 1-699 —1-952 1-572 . —1:326 1-123
2 —1-850 1-779 —1-905 1-648 —1-297 1-177
2-5 —1:754 1-959 —1-796 1-814 —1-229 1-296
3 —1-664 2-112 —1-696 1-954 —1-165 1-396 -
35 —1:579 2-250 —1:604 2-070 —1:108 1-477
4 —1-499 2-367 —1:519 2-173 —1-051 1-547
4.5 —1-423 2-472 —1-440 2-263 —0:999 1-607
5 —1:351 2-566 —1-366 2-342 —0-950 1-661
6 —1-217 2-723 —1-232 2-468 —0-860 1-748
7 —1-095 2-840 —1-112 2-570 —0-779 1-821
7-5 —1-039 2-890 —1-057 2-619 —0-742 1-856
8 —0-985 2-935 —1-005 2-662 —0-706 1-886
9 —0-884 3-016 —0-908 2-736 —0-640 1-944
10 —0-792 3-090 —0-821 2-802 —0-580 1-995
12-5 —0-594 3-234 —0-635 2-940 —0-450 2-097
15 —0-436 3-353 —0-485 3-046 —0-345 2-175
17-5 —0-309 3-445 —0-365 3-141 —0-260 2-243
20 —0-209 3:522 —0-267 3:219 —0-191 2300
25 —0-075 3:659 —0-128 3-349 —0-092 2-392
30 —0-011 3:739 —0-045 3-435 —0-032 2-454
35 0 3:740 —0-006 3-489 —0-004 2492
40 0 3661 0 3-493 0 2-495
45 0 3:503 0 3:404 0 2-431
50 0 3-284 0 3:229 0 2-306
60 0 2-732 0 2-718 0 1-941
70 0 2-080 0 2-080 0 1-486
80 0 1:387 0 1-386 0 0-990
100 0 0 0 0 0 0

Cp the original chord length of the basic design.

Cy the extended chord length of the modified design.
The trailing edge of the wing remains unaltered, and the wing-root sections inboard of 0-25 semi-span are the
symmetrical sections of the basic design. : :

The datum line in the above table of sections coincides with the chord line of the symmetrical sections of the basic
twisted wing, and the thickness ordinates are set off from the mean line in a direction normal to the datum line.
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F1G. 1. General arrangement of half-model.

F1G. 2. The half-model installed in the high-speed
tunnel.
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Fi16.8. Effects of Reynolds number C,, vs. C;.
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Fic. 11a to e. Tuft-flow patterns for the basic design at M = 0-9, R = 1-3 x 106
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Smooth wing. 0-01 in. carborundum, L.E. 109

both surfaces.

0-01—0-02 in. rough paint,

Wing with tufts (0-015 in. dia.).
L.E. 109, both surfaces.

Upper surface transition, indicated by sublimation technique.
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F1G. 12. Effects of surface roughness upon the stability of the basic design at high

Mach number, showing transition position and C,, vs. C,.
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Fic. 13. Calculated spanwise distribution of
lift coefficient showing effect of wing twist.
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F16. 16a.

Pressure distributions for the modified sections,
calculated for the case of an infinite swept wing. ¢ = 35 deg,

M =0.
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Fic. 16b. Pressure distributions for the modified sections,

calculated for the case of an infinite swept wing. ¢ = 35 deg,
M =0.
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Fic. 17. Details of the first wing modification.
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F1c. 18. Details of the revised wing modification.
(See also Table 3.)
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Fi1G. 19. Details of the modification to remove the outer kink.
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F16. 30a to e. Oil-flow patterns for the droop modifications with and without a fence.
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F1G. 32. General arrangement of the three tailplane positions tested with the wing modification of Fic. 19.

Fic. 33. Under-fuselage fairing to support the tailplane in the ‘ very low ’ position.
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and C,. No tailplane. Modified wing with
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