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Some effects Of flow separtion on the overall force characteristics

of thin wings, of aspect ratio 2 to 4

bT

A.L. 0ourl;3jey, B.Sc.

R.A.B. Ref: Aero H/ALC

This note has 1been prepared; for the Designers' Conference on M = 2
aircraft to be held at the R.A.E, It p!i;ves a brief review of some of the
available American wind-tunnel dF.ta on wings of aspect ratio 2 to 4 and
thickness-chord ratio 0.03 to 0.(6 (mainly the lower parts of these ranges),
with the object of ill'astrating the type of overall force behaviour to be
expected on, wings of this kind, particularly with regard to the lift and
pitching-moment characteristics and the drag due to lift.

The main conclusio s (for others see para.5) are:

of (i) For aspect ratios of the order of 2 and thickness-chord ratios

of about 0.03 the delta type of :?lanform has the most favourable pitching-
moment characteristics an' the unswiept wing the least favourable.

(ii) At supersonic speeds the arag due to lift corresponds fairly
closely to a corplete loss of th- equivalent linear-theory leading-edge
suction force, regardless of leaainp-edge sweepback and section shape.
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I Introduction

This paper contains a brief review of some of the NACA wind-tunnel
data on wings of moderately low aspect ratio having thickness-chord ratios
of 0.03 to 0.06, such as might be used for aircraft intended for operation
near M = 2. The object is to illustrate the broad effects on overall force
characteristics rather than to discuss the nature of the flow in any detail

or to attempt comparisons with theoretical predictions; some discussion of
the change in the general nature of the flow behaviour compared with that
found on current subsonic wing designs is, however, included. Attention is
concentrated mainly on the subsonic and transonic force characteristics, but
some consideration is given to the supersonic characteristics also, particu-
larly as regards drag due to lift.

Para.2 contains some general remarks on the character of the flow
separation to be expected at subsonic speeds on wings of the kind under
review, together with its qualitative effects on lift curve slope. Para.3
deals with the pitching-moment behaviour, including the effects of planform,
section shape, aspect ratio, camber and twist, leading edge extensions, and

wing-mounted fins, by reference to a selected number of typical Cm - CL
curves (Figs.3-12). The main geometrical characteristics of the wings tested
are su iarized alongside the curves, together with the Mach number and
Reynolds number of the test and the number of the appropriate reference,
frm which further details can be obtained if required. Most of the wings
were tested in combination with a body, the fineness ratio being generally
of the order of 10:1. Para.4 deals with the drag due to lift at small inci-
dences, the object being to show how the measured value of dOD/dCL2 compares
with the theoretical value for attached flow on the one hand and that for
complete loss of the equivalent leading-edge suction force on the other.
Finally, para.5 indicates what general conclusions may be drawm from the

data considered.

2 Character of flow seoaration at subsonic speeds, and its effects
on lift

At low subsonic speeds, on the thin wings under consideration here,

leading-edge separation takes place at a relatively low incidence. Compared
with current wings designed for high subsonic speeds, having thicknesses of
the order of 0.10c and somewhat higher aspect ratio, there are two important
differences in the separation characteristics, namely:-

(i) the separation extends rapidly over the whole leading edge,

instead of being confined to the outer part of the span over an appreciable

incidence range, as on many current designs. This has an important bearing

on the pitching-moment behaviour (para.3),

and (ii) the effects of the vortex sheets associated with the separation

are greater, and the two-dimensional "bubble" effects are less than on many

current designs. In the case of thin low-aspect-ratio delta and sweptback
wings, the flow behaviour tends towards that found on the slender delta, in
which the two-dimensional type of separation bubble is practically absent

and the flow is dcminated by the spiral vortex sheets discussed in Ref.1.

In the case of unswept wings the vortex sheets associated with the separation

fram the tip edges become of greater importance at low aspect ratio.

Because of these effects it is found that on wings of the thickness

and aspect ratio under consideration the effect of leading-edge separation

is generally to increase the lift compared with what would be expected for
attached flow (e.g. using the HeImbold-Diederich relation, Ref.2). A typi-
cal example is shown in Fig.1, which contrasts the effect of leading-edge

separation on a sweptback wing of aspect ratio 6 with that on a delta wing
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of aspect ratio 2. At the higher aspect ratio the loss of sectional lift slope
due to the two-dimensional effect of the separation i bble* predominates, and
the lift falls beneath the linear-theory value for attached flow as incidence
is increased. On the delta wing, however, the effects of the vortex sheets
predominate, giving an appreciable non-linear lift increment, with the result
that the lift with separated flow is higher than it would be in unseparated
flow. It can be seen that the lift increase persists up to high incidences;
this also is typical. In Fig.1, some indication of how far the flow over the
delta wing has progressed towards the spiral vortex flow found on narrow delta
wings is provided by the comparison of the measured CL - a curve with that
estimated using the narrow delta theory of Ref.1 ; the measured lift lies about
half-way between the estimated curves using the simple Helmbold-Diederich rela-
tion and narrow-delta theory respectively.

The amount of the non-linear lift increment due to separation varies, of
course, with planform and thickness. Numerous experimental results are avail-
able from vihich the lift characteristics of a particular design can be obtained.
Since lift slope, as such, is of less interest to the designer than, for
instance, the pitching-moment and drag characteristics, no analysis of lift
data is undertaken here.

Increase in Mach number will in general lead to changes in the nature of
the flow separation, from the low-speed type discussed above to more compli-
cated types involving shock waves and shock-induced separations in addition to
bubbles and vortex sheets. For instance, when the Mach number component noxal
to the leading edge is sufficiently high, the low-speed leading-edge type of
separation may be replaced by a supersonic expansion round the nose, followed
by a shock wave and perhaps shook-induced separation further aft. In two-
dimensional flow, such changes can give rise to abrupt variations of force
characteristics with Hach number, and the possibility therefore exists of such
undesirable variations occurring on the wings considered here. However, exami-
nation of a considerable number of experimental results indicates that, at any
rate so far as lift is concerned, the flow changes that occur on thin wings of
fairly low aspect ratio do not in general give rise to serious irregularities
in the curves. The shape and slope of the lift curve generally appear to
change quite gradually with Mach number, the curves forming a fairly regular
family. Fig.2(a) gives some typical results for 31o thick wings of aspect
ratio between 2 and 4, from the wind-tunnel tests of Ref.4. It is not prac-
ticable to present the complete lift carpet for each wing; instead the values
of CIa at an incidence of 80 are plotted against Mach number. This incidence
is well within the separated-flow regime at low Mach numbers, and any irregu-
larities arising from changes in the nature of the flow with increase of Mach
number should thus be noticeable on the curves plotted. No such irregularities
can be seen for any of the wings considered; the trends in C1/a are smooth
and closely similar to the trends in dCjda at a = 00 (shown dotted) apart
from a tendency towards somewhat higher transonic peaks, more particularly for
the delta wing of aspect ratio 4 and the unswept wing of aspect ratio 3.

For Mach numhers between 0.9 and 1.2 most of the available data for thin
low-aspect-ratio wings at moderately high incidence consists of transonic bump
results, and a selection of these is given in Fig.2(b) for unswept and delta
planforms; some transonic tunnel results are also included. It can be seen
that the smooth variation of CL Yith Mach number noted in Fig.2(a) is continued
through the transonic speed range, oven on the unswept wings.

Figs.2(a) and 2(b) should not be taken as meaning that in every applica-
tion the transition fron one type of flow to another as Mach number increases
will necessarily take place smoothly, but only that there seems to be a good
chanco of this being so in many cases. It should also be romembered that the

and to the effect of the spazrise boundary-layer drift.

- 5 -
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above refers only to the effects on lift; the more important question of

pitching-mment behaviour is dealt with below.

3 Pitchin-moment characteristics

3.1 General trends with aspect ratio and planfonn

Fig.3 illustrates the effects of aspect ratio on the Cm - CL curves at
M = 0.6 for 450 swept wings and for delta and cropped delta wings, At high
aspect ratio the loss of lift in the leading-edge separation bubble, greatest
on the outboard sections, causes an inward and forward movement of the over-
all centre of pressure at hig incidence and so produces the severe "pitch-
up" which is characteristic of many current subsonic designs. As the aspect
ratio is decreased, however, the vortex sheets associated with the separation
become a more important feature of the flow and the lift associated with
these reduces the stability loss. When the aspect ratio has fallen to 2 the
flow over the whole of the upper surface is dominated by the vortex sheets,
which have become of the conical or spiral type found on the slender delta
(Ref. 1). With fully-developed conical flow, as noted in Ref.1, the theoreti-
cal aerodynamic centre remains constant at two-thirds of the root chord.
The experimental results for thin delta wings of aspect ratio 2 indicate
that, although such wings cannot be regarded as slender, nevertheless the
force characteristics may be similar to those for a slender delta inasmuch
as there is a considerable non-linear lift increment (above) and, more impor-
tant the .Cm - CL curves are more or less linear, as in the examples of Figs.
3(b), 4(a), 7 and 12. Thus, it is not necessary to go to the extreme of a
slender delta planform in order to achieve one of the main aerodynamic advan-
tages of this planform, namely the linear Cm - CL characteristics associated
with the separated conical vortex flow at subcritical speeds. Even with an
aspect-ratio-3 delta (Figs.3(b), 4(a) and (b)) the pitching-moment character-
istics, with the thin sections under consideration, are free from large
changes in stability at any rate at low Mach numbers, but there is an obvious
deterioration compared with the results for aspect ratio 2.

It thus appears that on thin low-aspect-ratio wings the effects of flow
separation on the pitching-moment characteristics at low Mach number are much
less severe than for current subsonic designs, and for delta wings of aspect
ratio about 2 and thickness of about 0.030 in particular, significant stabi-
lity changes may be absent altogether. It must be emphasized, however, that
these conclusions refer to wing-body combinations in the absence of a tail-
plane. With a tailplane behind the wing severe instability may still occur
as a result of the large changes of dowrnvash at the tail with incidence,
caused by the vring vortices. An example of this is shown in Fig.5 for a 5 c
thick delta wing of aspect ratio 2. Without the tail the Cm - CL curve is
practically straight up to a lift coefficient of 1 .1, despite the occurrence
of separation at a lower lift coefficient, but with the tail in the position
tested there is a serious loss of stability beyond OL = 0.4, at which point
the tail becomes de-stabilizing. The tail in this example is 0.28 of the
wing smispan above the wing chord plane. Past experience has showun that
the loss of stability is greatest with the tail in such a moderately high
position, due to the fact that it moves into the region of most rapidly
increasing downwash as incidence is increased. By placing the tail beneath
the wing chord plane the loss of stability due to dowrwash changes can be
minimized and often avoided altogether.

With a canard layout this particular difficulty is absent, but the
possibility then arises of the foreplane wake, and in particular the fore-
plane tip vortices, affecting the flow over the mainplane. It is not yet
known how serious such effects may be and how they can best be avoided, and
further work is to be done on this question. One obvious possibility is to
use a high foreplane and a low mainplane (rather than the other way round as

- 6 -
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in some recent canard designs) but this may involve some difficulties in
internal layout (e. g. aerials) and some increase in wing-body interference
drag which is in general least for a mid-wing position.

Fig.4.(a) shows some effects of planform (i.e. unswept, sweptback and
delta) on pitching-moment characteristics for 3% thick wings of aspect ratio
2 and 3 at subsonic speeds. As already noted, the C - CL curves for the
sweptback and delta wings at these aspect ratios are relatively free from
large changes of stability with lift coefficient. For the unswept wings,
however, there is a large increase of stability beyond a lift coefficient of
0.2 to 0.4 depending on aspect ratio and Mach number. This is due to the fact
that on unswept wings the separation is essentially two-dimensional in characte.
For the aspect ratios under consideration the characteristics are little
affected by the tip vortex sheets, and the favourable effect of the leading-
edge spiral vortex sheets noted above are of course absent in the absence of
appreciable sweepback. At low and moderate subsonic speeds on the unswept
wings, therefore, the centre of pressure moves rearwards with incidence because
of the rearward expansion of the long separation bubble, and at high subsonic
speeds it moves rearwards probably as a result of shock-induced separation
effects either near the leading edge or further aft. The unswept-wing results
in Fig.4(a) are for 3 thick round-nosed sectiong (elliptical ahead of 0.5c,
biconvex behind) at a Reynolds number of x × 0. Sharpening the nose or
increasing the Reynolds number to 8-, x 106 (see Ref.4) had little effect, and
it is likely that behaviour of a similar kind to that shown will be found in
full-scale conditions, although the CL at wich the stability begins to
increase, and the severity of the increase, will not necessarily be the same.
For instance, whereas Fig.4(a) shows that at M = 0.9 the stability increase on
the aspect-ratio-3 unswept wing begins at CL = 0.2, tests in Ref.16 on a rect-
angular wing of the same aspect ratio with a 4 thick biconvex section showed
no increase up to CL = 0.4. Such differences may be due partly to experimental
differences (e.g. the present results refer to tunnel tests on a complete wing
with body while those of Ref.16 are for a half-model wing without body, mounted
on a transonic bump) but genuine variations, due to differences in section
shape, taper etc. (see below) can also be expected. However, it seems clear
from the evidence available, that despite uncertainty as to the precise value
of the CL for increase of stability in any particular application, unswept
thin wings in general will require some form of nose flap or other modification
in order to retard the development of the separation at subsonic Mach numbers
and so allow high lift coefficients to be reached without such unacceptable
increases in stability. In this respect the unswept wing is at some disadvan-
tage compared with, say, a delta ring of equal aspect ratio for which the
Cm - CL curves are more nearly linear, particularly for aspect ratios of the
order of 2.

A further, associated, disadvantage of thin unswept wings of aspect ratio
2 or more is that the variation of the pitching-moment characteristics with
Mach ni-raber is far less smooth than for thin sweptback and delta wings. Some
indication of this is given in Fig.4(a) where the curves for M = 1.3 have been
added for the unswept and delta wings of aspect ratio 2. For the delta wing
the 0m - OL curves are more or less linear at all three Mach numbers (0.6, 0.9
and 1.3), the transition from subsonic to supersonic free-stream Mach numbers
taking the form of a gradual increase in stability at all lift coefficients.
This is a general feature of thin sweptback and delta wings of fairly low
aspect ratio, apart from occasional isolated kinks or moderate losses of stabi-
lity which are dealt with below. On the unswept wing, haqever, there is a
marked change in the shape of the Cm - OL curve with Mach number. At low lift
coefficients the stability first decreases between M = 0.6 and M = 0.9 and
then increases considerably between M = 0.9 and M = 1 .3; at lift coefficients
above about 0.4, on the other hand, the stability tends to decrease throughout
the Mach nsber range. A further comparison between the unswept and the delta
planform is given in Fig.4(b). Because of the higher aspect ratio (3) in

- 7 -
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Fig.4(b) the delta-wing curves are less straight than in Fig.4(a), but they
nevertheless form a much more regular series, as Mach number is varied, than
those for the unswept wing. On the unswept wing the pitching-moment charac-
teristics vary with Mach number as a result of flow changes of the type
which occur in two-dimensional conditions as Mach number increases. The
advantage of the low-aspect-ratio delta planform probably lies at any rate
partly in the fact that, because of its high leading-edge sweepback (6320
for A = 2), which reduces the free-stream Mach nmber component normal to
the leading edge, the character of the separation remains basically unchanged
(i.e. subsonic with spiral vortex sheets) up to moderate supersonic Mach
numbers.

The unswept-wing results of Figs.4(a) and 4(b) are for taper ratios of
1.0 and 0.4. The irregularities in pitching-moment characteristics can be
reduced by decreasing the taper ratio (i.e. increasing the taper). An
example of this is shown in Fig.4(c) where results are compared for two wings
of aspect ratio 3 having NACA 64-1003 sections and unswept half-chord lines.
One wing has a taper ratio of 0.5 and th-c other a taper ratio of zero, i.e.
it is diamond-shaped with 34 sweepback on the leading edge and 340 sweep-
forward on the trailing edge. The diamond-shaped wing is appreciably better
than the wing of taper ratio 0.5, but although part of the improvement is no
doubt due to the increased taper as such, it is probable that an appreciable
part comes from the increased leading-edge sweepback. Whether such a wing
should strictly be classified as unswept is open to argument. Certainly the
leading-edge sweepback will make it more difficult to improve the low-speed
behaviour by droop etc. than on the less tapered wing, and the characteristics
of flap-type trailing-edge controls and of high-lift flaps will be affected
by the sweep-forward on the trailing edge.

The characteristics of diamond-shaped "unsweptt wings can be expected
to improve as aspect ratio is reduced below 3, if only because of the greater
leading-edge sweepback entailed. The characteristics of the more conven-
tional type of unswept wing may also be less adverse at lower aspect ratio,
due to the increasing three-dimensional effects of the tip vortex sheet,
although to derive appreciable benefit from this the aspect ratio may have
to fall to I or less. However, the characteristics of sweptback and delta
wings also improve with decrease of aspect ratio, as already noted, and it
has been seen that for a thin aspect-ratio-2 delta in particular the Cm - GL
curves are practically linear at all Mach numbers. It is most unlikely that
this would be achieved with an unswept wing at this aspect ratio, even with
a taper ratio of zero, and so in this respect there seems to be a clear
advantage for the low-aspect-ratio delta planform.

In the preceding discussion on general trends little attempt has been
made to differentiate between the delta planfon and what has been termed
the sweptback planform, involving a sweptback trailing edge. It should be
emphasized at this point, however, that althougi many of the remarks on
general trends apply more or less equally to both types of wing, the parti-
cular advantage of relatively straight Cm - CL characteristics at all Mach
numbers seems to be associated largely with the low-aspect-ratio delta plan-
form. Certainly at an aspect ratio of 3 (Fig.4(d)) and probably also at an
aspect ratio of 2, there is a significant deterioration in pitching-moment
behaviour as the trailing-edge sweepback is increased and the taper decreased
at constant aspect ratio and leading-edge sweepback. Fig.4(d) shows this
for wings having a leading-edge sweepback of 530 and aspect ratio of 3, with
NkCA 0003 sections, the delta planform being compared with a sweptback plan-
form having a taper ratio of 0.4 and trailing-edge sweepback of 360.

Most of the above has been concerned with the behaviour at subsonic
and transonic free-stream Mach numbers. At supersonic Hach numbers up to

CT -8-

CONFIDENTIAL - DISCREET



CONFIDENTIAL - DISCREET

Technical Note No. Aero 2401

1.7-1.8, however, (the limiting Mach number in most of the tests considered
here) examination of a large number of experimental results on thin wings of
aspect ratio 2 to 3, whether tuiswept, sweptback or of delta type, has shown no
appreciable irregularities in the pitching-moment characteristics up to lift
coefficients as high as 0.6. This is not altogether surprising, since on the
unswept wings the flow conditions are fully supersonic throughout this range,
and on the sweptback and delta wings the leading-edge sweepback is in most
cases sufficiently high to give a subsonic leading-edge, and therefore perhaps
an essentially subsonic flow behaviour, up to these Mach numbers. It does not
necessarily follow, however, that this will be true for all supersonic Mach
numbers. The possibility exists, on the highly-swept wings, of irregularities
being found in some cases near the Mach number at which the component of free-
stream velocity normal to the leading edge becomes supersonic.

3.2 Other effects

3.21 Irregularities in pitching-moment characteristics, and the
effects of camber and twist

Although it has been seen that on thin low-aspect-ratio sweptback and
delta wings, and especially the latter, the effects of flow separation are
less severe than for current subsonic designs, there are nevertheless some
irregularities at subsonic speeds, more particularly at the higher aspect
ratios (e.g. 3). On the delta wing of aspect ratio 3 in Fig.4(a) , for example,
there is a local kink in the Cm - CiL curve near CL = 0.4 at M = 0.6, where
there is a temporary reduction in stability followed by recovery beyond
0L = 0.5. This kind of kink has been found in several tests. For the aspect
ratios and wing thicknesses under review it usually occurs only at Mach numbers
betwoen about 0.6 and 0.9. At lower Mach numbers any irregularity usually
takes the forin of a small or moderate loss of stability persisting over a
larger CL range, as shown in Fig.4(a) for the sweptback ving of aspect ratio 3
at m 0.6.

The local kinks at moderate subsonic Mach numbers may not be of much
importance operationally in a figater or bomber designed to operate mainly at
a Mach number of 2, since they generally occur at a lift coefficient of 0.4 or
more, which is outside the range for steady level or climbing flight on such
aircraft, and will therefore affect only the behaviour in manoeuvres, e.g,
turns. They will not in general constitute an operational danger, as does the
pitch-up found on some subsonic designs, unless of course bad tail positioning
causes a simultaneous loss of tail effectiveness due to downwash variations.
Their main effect will be on the ease and accuracy with which a given 'g' can
be applied and held by the pilot at subsonic speeds. It can be argued, however,
that most combat manoeuvres will be performed, or at any rate initiated, at
supersonic speeds, and if the manoeuvre is sufficiently severe to reduce the
speed to 11 = 0.9 or below then the trim changes associated with kinks in the
subsonic Cm - CL curves may be of little significance compared with the large
changes which take place during the deceleration through the transonic speed
range. It is thus possible that the existence of such kinks may not automatic-
ally rule out an otherwise attractive planform for an IS = 2 aircraft, or make
necessary- the use of devices to eliminate them -which may be costly in other
directions, e.g. drag. Before considering such courses, therefore, it is
suggested that further discussion is needed to assess the operational import-
ance of these irregularities at subsonic speeds.

The type of 0m - CL characteristic in which the loss of stability per-
sists over an appreciable Ot-range at low Mach number, noted above in the case
of the svieptback wing of Fig.4(a), is undoubtedly of importance. Occurring at
take-off and landing, Tihere accurate handling is essential, it would necessi-
tate a further-f orward c.g. position than would otherwise be used, and conse-
quently the stability margin at lower lift coefficients, and at supersonic

- 9 -
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1.7-1.8, however, (the limiting Maoh number in most of the tests considered
here) examination of a large number of experimental results on thin wings of
aspect ratio 2 to 3, whether iuiswept, sweptback or of delta type, has shown no
appreciable irregularities in the pitching-moment characteristics up to lift
coefficients as high as 0.6. This is not altogether surprising, since on the
unswept wings the flow conditions are fully supersonic throughout this range,
and on the sweptback and delta wings the leading-edge sweepback is in most
cases sufficiently high to give a subsonic leading-edge, and therefore perhaps
an essentially subsonic flow behaviour, up to these Ailach numbers. It does not
necessarily follow, however, that this will be true for all supersonic Mach
numbers. The possibility exists, on the highly-swept wings, of irregularities
being found in some cases near the Mach number at which the component of free-
stream velocity normal to the leading edge becomes supersonic.

3.2 Other effects

3.21 Irregularities in pitching-moment characteristics, and the
effects of camber and twist

Although it has been seen that on thin low-aspect-ratio sweptback and
delta wings, and especially the latter, the effects of flow separation are
less severe than for current subsonic designs, there are nevertheless some
irregularities at subsonic speeds, more particularly at the higher aspect
ratios (e. g. 3). On the delta wing of aspect ratio 3 in Fig.4(a) , for example,
there is a local kink in the Cm - CL curve near CL = 0.4 at M = 0.6, where
there is a temporary reduction in stability followed by recovery beyond
CL = 0.5. This kind of kink has been found in several tests. For the aspect
ratios and wing thicknesses under review it usually occurs only at Mach numbers
betwoen about 0.6 and 0.9. At lower Mach numbers any irregularity usually
takes the forn of a amall or moderate loss of stability persisting over a
larger CL range, as shown in Fig.4(a) for the sweptback wing of aspect ratio 3
at M = 0.6.

The local kinks at moderate subsonic Mach ntunbers may not be of much
importance operationally in a fighter or bomber designed to operate mainly at
a Mach number of 2, since they generally occur at a lift coefficient of 0.4 or
more, which is outside the range for steady level or climbing flight on such
aircraft, and will therefore affect only the behaviour in manoeuvres, e.g.
turns. They wtill not in general constitute an operational danger, as does the
pitch-up found on some subsonic designs, unless of course bad tail positioning
causes a simultaneous loss of tail effectiveness due to downwash variations.
Their main effect will be on the ease and accuracy with which a given 'g' can
be applied and held by the pilot at subsonic speeds. It can be argued, however,
that most combat manoeuvres will be performed, or at ax rate initiated, at
supersonic speeds, and if the manoeuvre is sufficiently severe to reduce the
speed to H = 0. 9 or below then the trim changes associated with kinks in the
subsonic C - CL curves may be of little significance compared with the large
changes which take place during the deceleration through the transonic speed
range. It is thus possible that the existence of such kinks may not automatic-
ally rule out an otherwise attractive planform for an IS = 2 aircraft, or make
necessary the use o- devices to eliminate them which may be costly in other
directions, e.g. drag. Before considering such courses, therefore, it is
suggested that further discussion is needed to assess the operational import-
ance of these irregularities at subsonic speeds.

The type of C6 - CL characteristic in which the loss of stability per-
sists over an appreciable 0-range at low Mach number, noted above in the case
of the sweptbaok wing of Fig.4(a), is undoubtedly of importance. Occurring at
take-off and landing, wzhere accurate handling is essential, it would necessi-
tate a further-forward c.g. position than would otherwise be used, and conse-
quently the stability margin at lowyer lift coefficients, and at supersonic
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speeds particularly, would be undesirably large. The available data indicate
that this type of Cm - OL curve occurs mainly on wings having aspect ratios
.of the order of 3 or more (compare for instance the curves for delta wings
of aspect ratios 2 and 3 in Fig.4(a)) and it is less pronounced on delta and
cropped-delta wings than on less highly-tapered sweptback vwings. Since the
optimum aspect ratio on performance and structural grounds is fairly low for
a thin-winged M = 2 aircraft, it may be that the difficulty will not arise
in a practical case in existing design conditions. If, however, the optim m
aspect ratio were to increase to 3 or more (e.g. as a result of improvements
in materials or structures) then the difficulty would be a real one. It
might be possible to reduce or delay the loss of stability by su-h devices
as leadine-edge droop and extension, or camber, but there are few experi-
mental results in this connection for very thin wings, most of the data being
for wing thicknesses of 6% or mre. Data are available (Fig.6) for a delta
wing of aspect ratio 3 and NAGA 0003 sections, with and without a 0.135o
chord extension over the outer half of the span, shoving that at 11 = 0.6 the
extension delayed the loss of stability from CL = 0.4 to Ci = 0.8. In this
test the extension was drooped 30. The effect on maximum fIA was slightly
favourable at subsonic and transonic speeds but there was a 5% loss in
m xm=u L/D at Y = 1.9. It should not be concluded from this single result
that the problem on thin wings of aspect ratio 3 or more is likely to be
easily solved; in general it might be expected that the achievement of good
low-speed high-lift characteristics on the thin wings needed for an M = 2
design will be even more difficult than for the subsonic designs tested
hitherto, and the field will be more restricted by the need to avoid large
drag penalties at supersonic speeds.* If aspect ratios of 3 or more are to
be seriously considered for M = 2 designs, more experimental work will be
required on these points.

Figs.7 and 8 are concerned with the local pitohing-moment kinks at
moderate subsonic speeds discussed earlier. Fig.7 shows the effect of
thiclness-chord ratio and camber on a delta wing of aspect ratio 2. With an
NAGA 0003 -63 section the pitching-moment characteristics are free from kinks.
With an NACA 0005 -63 section, however, there are kinks at M = 0.6 and M = 0.8
near CL = 0.5. The use of camber and twist practically eliminates these
kinks. The camber and twist of this example are of the NACA "conical" type,
in which the mean surface is generated by straight lines through the apex,
designed to give elliptical loading at CL = 0.25, M = 1.5 in attached flow.
Details are given in Ref.4. A notable feature of the results in that the
Improvement in pitching-mment characteristics is obtained at no cost in
maximum L/D, at any rate up to M = 1.7 (the highest test speed). Indeed, at
subsonic and low supersonic speeds the camber increases the maximum L/D -
from 11.7 to 13.0 at M = 0.9, and from 7.5 to 7.9 at I = 1.3. In addition,
it gives large reductions in drag due to lift at high subsonic speeds; at
X a 0.9 the value of Cat a lift coefficient of 0.3 falls from 0.034 for
the plane wing to 0.026 for the cambered and twisted wing. A similar
combination of camber and twist was also tested on the 3% thick wing and
gave even lrg.r drag improvements, maximum 4b being increased from 10.3
to 12.5 at M n 0.9 and from 8.1 to 9.1 al M a 1.3. There was little scale
effect on either wing up to R i 7.5 x 10b (the highest Reynolds number tested).

Pig.8 gives an example of a favourable effect of conventional camber
on a 3% thick delta wing of aspect ratio 3. In this example there is no
twist, and the camber is applied by drooping the forward 25% of the chord
to give a mean line having ordinates two-thirds of those of the NACA 230
mean line, giving a maximum camber of 0.012o at 0.15c. This practically
eliminates sharp kinks f= in the plane wing Cm - cuves at lift
coefficients of 0.5 -0.6 for Mach numbers between 0.7 and 0.96. It also

* But see below on the effects of moderate amounts of camber, which can
have a beneficial effect both on the subsonic stability characteristics and
on max. L/D at supersonic speeds.
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increases maximum L/D at all Mach numbers between 0.76 and 1 *36 (the cam-
plete test range), the increase being from 12.9 to 14.0 at 11 = 0.9 and
from 9.4 to 9.6 at M = 1.3. The banefioial effect of camber was present
throughout the test Reynolds number range of 2! x 106 to 57 x 106.

It appears fron these results, and others, that for aspect ratios
of the order of 2 to 3 it may be possible to eliminate local kinks in the
pitahing-mcaent characteristics, if found, by the use of camber and twist,
at the same time increasing maximum L/D at subsonic and moderate supersonic
Mach numbers. It should be noted, however, that the data do not extend
to M = 2, and the gain in L/D is decreasing with Mach number in the
examples considered, so that it is possible that at M = 2 there might be
sane loss in maximum L/D, at any rate on the configurations tested.

Camber and twist can also have a beneficial effect on the more
persistent loss of stability discussed above, although in the few examples
available the effect has not been completely eliminated by these means.
Fig.9 shows the effect on a 600 swept wing, of aspect ratio 1.9 and small
taper, of twist and camber for uniform loading at CL = 0,25, M = 1.1.
The twist varies from +30 at the root to -1.30 at the tip, and the maximum
camber is 0.8% at the root, Io4% at the tip, and occurs at about 40%c.
The wing has NACA 64A sections normal to the quarter-chord line, the
streamwise thickness varying from 0.06c at the root to 0.025c at the tip.
The applied camber and twist increase the CL at which loss of stability
occurs by 0.2, from CL = 0.6 o CL = 0.8, but do not eliminate it. These
tests were made at R = 2 x 10, M 0-15.

Fig.10 gives another example of partial improvement in the low-speed
behaviour due to camber and twist. The wing in this case is a 5% thick
delta of aspect ratio 4. The camber and twist, of the NACA conical type,
were designed to give a trapezoidal span loading at CL = 0.35, M = 1.15,
in attached flow, and were rather large in amount (see Ref.4 for details;
it is difficult to express the mean surface in terms of conventional
chordwise camber and twist). At M = 0.25, R = 8 x 106 , the camber and
twist do not prevent a loss of stability taking place near 0 L = 0,5, but
they considerably reduce its magnitude.* The effects on maximum L/b are
less favourable than in the examples of Figs.7 and 8. At Mach numbers
between M = 0.85 and U = 1.7 (R = 3 x 106) the effect is adverse, maximum
L/D being reduced from 16 to 15 at M = 0.9 and from 5.7 to 5.5 at M = 1.7.
There is an increase of the order of 2 in makiiimum L/D below M = 0.8. As
discussed in Ref.4, and as might be expected on general grounds, the
conical camber and twist giving an elliptical span loading, as in the
example of Fig.7, is to be preferred to that of Fig.10 giving a trape-
zoidal span loading.

Several examples have been quoted where camber and twist have had
a favourable effect on the pitching-mament behaviour in separated flow
conditions. In these examples the camber and twist were designed asstming
triseparated flow and with the object of improving the characteristics at
low incidence. It might be expected that if they had been chosen
specifically to improve the behaviour in separated flow at high incidence
more favourable results would be obtained for this condition, perhaps at
some penalty in drag at low incidence, but at present no methods exist

* Tests at a Reynolds number of only 1.5 X 106 on the same wing
showed hardly any gain due to camber and twist, idicatang the need for
caution in interpreting tunnel tests on this question at low Reynolds
numibers. It is possible that the improvement due to camber and twist
on the swept wing of Fig.9 would be greater at higher Reynolds numbers.
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whereby the required camber and twist distribution can be estimated for such
a case, nor is it clear what the basis of design should be. In view of the
improvements obtained from camber and twist not so designed, further work
on this aspect might be profitable.

3.22 Buffeting

It has been seen that with a suitable wing design it is possible to
achieve satisfactory pitching-moment characteristics despite the existence
of flow separation. There remains, however, the question of buffeting, which
may give rise to some problems on wings of the kind under consideration.
Little has so far been done on this question. Direct measurements of pressure
fluctuations on two-dimensional wings and behind shock waves have been made,
and correlation has been found to exist between the rise in trailing-edge
pressure on wind-tunnel models and the onset of shock-induced buffeting in
flight, but on the thin low-aspect-ratio delta wing the flow conditions are
of a different kind which will necessitate separate investigation. Indirect
methods, such as the measurement of mean trailing-edge pressures, or in fact
of any mean pressures, can hardly be expected to yield much information on
the likelihood of buffeting occurring as a result of the complex flow found
on thin highly-swept wings, involving separation from the leading-edge and
reattachment further aft over the top of a spiral vortex sheet. Direct
measurements of fluctuating pressures at various points on the wing surface
will be essential in order to determine whether this type of flow gives rise
to serious buffeting, and if it does, whether the buffeting can be avoided
by suitable design changes. In the absence of such tests there can be no
assurance that thin sweptback and delta wings will be capable of flying
satisfactorily in the separated-flow conditions which exist at quite small
lift coefficients.

3.23 Wing-mounted fins

On canard layouts, which have been suggested for some M = 2 designs,
the possibility arises of the fins being mounted at or near the wing tips.
There is some danger of adverse interference on lift and pitching-moment in
this position, due to interference between the fin and the wing leading-edge
flow separation and vortex sheet. Little information is available, but what
there is indicates the need for an experimental check of the effects of fins
near the wing tip for any design on which such an arrangement is proposed.
Two examples of what can happen are shown in Figs.11 and 12. On a delta
wing of aspect ratio 2.31 with a 10% thick biconvex section, Fig.11 shows
that the addition of fins at 0.75, 0.60 or 0.45 of the semispan caused
earlier and/or more severe loss of stability and reduced CLmax compared with
the wing without fins. On a cropped delta wing of aspect ratio 2 with a 3%
thick round-nosed biconvex section, Fig.12 shows how the addition of tip
fins introduced kinks in the Cm - CL curves near CL = 0.3 at Mach ntbers
between 0.6 and 0.9 where none occurred on the plain wing.

4 Drag aue to lift

This paragraph deals with the drag due to lift, and its variation with
Reynolds number and Mach nmber, over the range of CL for which dOa/dCL 2 is
aplroximately constant. In most cases examined it has been found that this
range extends up to lift coefficients of the order of 0.20- 0.25 at low Mach
number and up to about 0.5 at supersonic Mach numbers, despite the fact that
flow separations probably occur at lower lift coefficients particularly for
low Mach number and for sharp-nosed sections. These ranges generally include
the lift coefficient for maximum L/D and the results are therefore of direct
practical interest. At higher lift coefficients analysis is difficult due
to the absence of a simple parameter such as dOD/dCr9 describing the drag due
to lift.

- 12-
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On the type of wing under consideration the drag due to lift is of
course generally greater than the minimum value of the induced drag,

CL 2 / A, for attached flow and elliptic loading, partly because the span
loading may be far fron elliptical but also because of the reduced values
of tangential force leading-edge suction force" in linear theory)
associated with sharp leading edges, supersonic* leading edges, or sub-
sonic rounded leading edges with flow separation either at the leading
edge or further aft. Because of the importance of the latter effects
the drag due to lift is often discussed in terms of the proportion of the
linear-theory leading-edge suction force realized in practice, and an
approach on these lines is used here. The concept of leading-edge suction
force is of course entirely abstract when applied to a wing of finite
thickness, the real force in such a case being the tangential force
obtained by integrating the chordwise canponents of pressure over the
whole surface and not simply at the leading edge. However, whether the
force in question is regarded as the idealized leading-edge force of linear
theory or the real force distributed over the surface, its effect on the
resultant overall force vector is the same, namely to incline it forward
of the normal to the chord. Thus the angle e, say, between the resultant
force and the normal to the chord, excluding the effects of skin friction,
represents a variable which is equally valid both in linear theory and in
practice, and which gives a direct indication of how much leading-edge
suction force or tangential force has been achieved. When e is zero the
tangential force (in practice) or the leading-edge suction force (in
linear theory) is zero, and the greater the value of 0 at a given value
of CL, the greater is the equivalent leading-edge suction force achieved.

Hall, in Ref.4, uses the parameter 6/a (a = incidence) as a measure
of the equivalent leading-edge suction force realized experimentally, and
a smomnvhat similar parameter is suggested by Relf in Ref.20 for thin wings.
The parameter adopted below is (1-e/a). The relation of this parameter
to the measured value of dO /dCL2, or to the "induced drag factor", K,
used in the past on thicker unswept wings, is simple. Thus, if ACD is the
increase in drag coefficient over its value at zero lift, then for plane
wings at small incidences we have

AOCD  =CL (a-6) by geometry

i.e. near zero lift

dO 0- /4

where a = -aL near zero lift.da

The "induced drag factor", K, is defined by

K %A ac,)
dL2

so that, using (I),

K = j~A (-A
a(2)

$ A leading-edge is described as supersonic or subsonic according to

whether it lies ahead of or behind the Mach cone fron its most forwardpoint.
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Now, if K' is the value of the "induced drag factor" corresponding to
ocmplete loss of the equivalent linear-theory leading-edge suction force,
i.e. to 0/ a O, then

K' = A from eqn. (2)
a

K dD
so that K'-- ( = a.- (3)

K0L2

Thus, the parameter (1-e/) gives the ratio of the meastred "induced drag
factor" to that which would be found if there were a complete loss of
equivalent leading-edge suction force, and in the following discussion the
parameter will in fact be referred to simply as K/K,.

It should be noted that the value of this parameter takes account of
all effects on the chordwise pressure force, and not simply those effects
arising from flow separations, leading-edge shape etc. That is to s-y, it
includes the classical induced effect whereby e is reduced from its value
of a in two dimensions to (a-C/A) for finite aspect ratio, the effects of
non-elliptic span loading and non-linear lift in causing K to depart from
iaity, and also any variation of form drag with lift.

In deriving the values of K/Kt or (i-/) from the experimental results,
the measured values of dCTda (near zero lift) have been used. In most cases
these differ only slightly from what would be estimated for low incidences
using the simple Helmbold-Diederich relation (Ref.2).

Figs.13 and 14 give results from various sources plotted on the above
basis. Fig.13 shows the low-speed results (M 0.25) plotted against
Reynolds number and Fig.14 shows the effect of Mach number up to M = 1.7.

In Fig.13 the experimental points are somewhat scattered as must be
expected in view of the limited nature of the analysis and tha wide range
of wings and test conditions covered, but certain general trends can be seen,
as follows:-

(i) At any rate up to R = 10 x 106, there is little difference
between round-nosed sections having thicknesses less than or equal to 0.030,
and sharp-nosed sections. For both classes of section the drag due to lift

is relatively large but except in one case it is always less than that
corresponding to a complete loss of equivalent leading-edge suction (K/K, = ).

(ii) Roun-nosed sections having thicknesses of 0.05a and more form a
separate group having appreciably smaller values of K/KI , indicating less
severe separation and loss of leading-edge suction than for the thinner or
sharp-nosed sections, at any rate up to R = 10 x 10.

(iii) There is little consistent effect of wing planform or aspect
ratio on K/K'.

(iv) There is a significant reduction in K/K1, i.e. increase in leading-
edge suction force, as Reynolds number is increased. This is more marked for
the thinner sections, for hich favourable scale effect exists up to a Reynolds
number of at least 16 x 10 . The points for the 3% thick roumd-nosed delta
wings of aspect ratio 2, 3 and 4, for nstance, lie on a single curve with
K/K' falling fram 0.78 at R = 2.7 x 10b to 0,58 at R = 16.6 x 106. The mean
line for all the 3% thick and sharp-nosed sections follows a similar trend,
at any rate up to R - 10 x 1o6.

- 14-
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Fig,14 gives same theoretical values of K/KI taken from Ref.4, based
on linear theory in the absence of separations or sharp lead:,ng edges.
At 9 = 0425 the theoretical value of K/Kf is of the order of 0.3 to 0o4
depending on planform and aspect ratio. The measured values of drag due
to lift for the thin and sharp-nosed sections at R = 10 x 106 are thus of
the order of twice the linear-theory values and about three-quarters of
that for cmTplete loss of leading-edge suction. For the thicker sections,
at high Reynolds numbers, the drag due to lift is only about 30% greater
than the linear-theory value. For reference, the actual measured values
of the "induced drag factor", K, corresponding to the points of Fig.13,
are given in Fig.15, where it can be seen that at R = 10 x 106, K is of
the order of 1.3 for the thicker sections and between 2 and 3 for the
thinner and sharp-nosed sections. In view of the persistence of favourable
scale effect up to higher Reynolds numbers on the thizner sections, it can
be expected that at full-scale Reynolds numbers the difference between the
thicker sections and the thinmer or sharp-nosed sections will be less than
that found here, but the available data cannot reliably be extrapolated
to higher Reynolds numbersa Hcwever, the uncertainty as to the full-scale
behaviour is not of practical importance, since at a Mach number of 0.25
practical interest is centred on the drag at high lift for take-off and
landing rather than on dCD/dCL2 at low incidence; the results in Figs.13
and 15 are presented mainly out of academic interest.

Results of more practical significance, showing K/Kt at supersonic
and high subsonic Mach numbers over a range of CL up to about 0.5, and
thus including both maxinum L/D and manoeuvring conditions, are presented
in Pig.14. Except at M = 0425, the Reynolds number for these data is of
the order of 5 x 106, and at supersonic speeds particularly, variation of
Reynolds number up to this value had only a small favourable effect on
K/X1 in all cases.

The main trend apparent in Fig.14 is the expected one of K/KI

approaching more closely the value (unity) for complete loss of leading-
edge suction as Mach number increases. At M = 1;2 the measured values of
K/KI lie between about 0.85 and 1.0, and at M = 1.7 they lie between about
0.90 and 1.05, for all planforms and wing sections tested. In other words,
over a fairly wide range of wing planform and scotion shapes, the equiva-
lent leading-edge suction force realized is relatively small. For an
-onswept or sharp leading edge at supersonic speeds a complete loss of
equivalent leading-edge suction is of course predicted by ltnear theory.
For a subsonic round-nosed laading edge, however, as for the delta of
aspect ratio 2 having 630 of sweepback on the leading edge, the results
at low supersonic, speeds are less favourable than has often been assumed,
based partly on linear theory. The experimental results are, it is true,
more favourable for swept than for unswept leading edges, but the amount
of improvment due to sweepback is considerably less than would be
expected theoretically. Moreover, the improvement seems to be present
for shiarp-nosed sections as well as round-nosed ones.

The theoretical curves for round-nosed delta wings of aspect ratios
2, 3 and 14. are shown in Fig.14, and it can be seen that these bear no
resemblance to the experimental results. On the basis of the data
presented, a more accurate answer for wings of 450 sweep or more, whether
raind-nosed or sharp-nosed, is obtained by assuming that K/K, varies from
about 0.90 at M = 1.2 to about 0.95 at M a 1.7 and probably about 1.0 near
X = 2.0. A similar conclusion is reached by Hall in Ref.4p where it is
stated that it is more accurate to assume complete loss of the equivalent
leading-edge suction force than to assume the value given by 6linear theory.
There may be some favourable scale effect between R = 5 x 10 aid fb11-
scale Reynolds numbers, but judgng from the results up to R =5x _lo
this should not be large.
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It will be noted that for the unswept wings the experimental results
correspond to a drag due to lift somewhat larger than the maxim= usually
assumed (K/K t = I, conplete loss of equivalent leading-edge suction).

5 Conclusions

(i) For sweptbaok and delta wing having moderately small aspect
ratios (ioe. 2 to 3) and thin sections (eogo 0.030) the effects of flow
separation on the wing-alone pitching-moment behaviour are considerably less
severe than for current subsonic designs. "Pitch-up" does not occur, and
the transition from subsonic to supersonic speeds is generally accomplished
smoothly and without serious irregularities in the Cm - CL curves. On a
3% thick delta wing of aspect ratio 2, in particular, the Cm - CL curves
were found to be practically linear throughout the Mach number range up to
M = 1.7. At higher aspect ratios (eeg. 3) or with thicker sections (e.g. 5%
round-nosed) local pitching-moment kinks are sometimes found at moderate
subsonic Mach numbers. However, some success has been achieved in eliminating
such kinks by the use of apropriate camber and twist, which can at the same
time inprove the lift-drag ratio, at any rate up to M = 1.7.

(ii) For unsviept thin wings the pitching-moment characteristics are
less favourable. At low Mach numbers there is a large increase of stability
between low and high incidences, and the transition from subsonic to super-
sonic speeds is less smooth than for sweptback wings.

(iii) At supersonic speeds up to M = 1.7 - I 8, there appear to be no
serious effects of flow separation on pitching moments, the Cm - CL curves
being more or less linear for all the planforms considered.

(iv) Care will be needed in positioning either a rear tail or a canard
foreplane, and the placing of vertical fins near the wing tips on sweptback
wings will also require attention.

(v) Although the lift and pitching-moment characteristics may appear
acceptable despite the existence of flow separation, it is possible that
separation may set a limit in the form of buffeting, and direct experimental
investigation of this question on the type of wing under consideration is
likely to be needed.

(vi) Drag due to lift seems to be little affected by section shape
or type of planform at supersonic speeds. For all cases investigated,
including those with subsonic rounded leading edges, the results are close
to those corresponding to complete loss of the equivalent linear-theory
leading-edge suction force.
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