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SUMMARY

We shall attempt here to summarise the existing

data on the values of the low-sheed OLm of wings,

X
in the absence of a fuselage, and Witboit including
information on stalling incidence or pitching moment.
The summary is limited to the consideration of
unswept wings, and those of delta planform,; which
have symmetrical sections: there is some discussion
of the maximum 1ift increments due to the use of
flaps of various kinds.
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Introduction

The subject of the maximum 1ift of wings at low
speedg of flight is one which, from time to time,
occupies the attention of investigators in the field
of aircraft design, because of its indirect bearing
upon the cruise or top sneed performances of new types
of aircraft. It often happens that the take-~off or
landing requirement is so stringent that some
sacrifice in highesweed verformance is caused by its
gsatisfactions; the sacrifice might well be alleviated
by some relatively small change in wing design, but
the question then arises whether gquantitetive results
are avallable to show the advantages of this change.

It is with such a guestion in mind that we
attempt here to gather together the existing data on
maximum 1ift. The task is made much easier by the
fact that it has been attempted, on perhavs a more
limited scale, befors; but in assembling the
information from such collections of data, and from
other revnorts of less systematic investigations, a
few apparently neglected results have come to light.
It is hoped that the convenience of having the
information collected together, and the inclusion of

hese fresh results, may provide sufficient excuse
for the present discussion.

So as to systemise the data, resgults are guoted
only from wind-tunnel tests on wings alone, since it
is difficult to account proverly for the interference

-effects of a fuselage. Moreover, although the nature

of the stall - as described by the stalling angls,

the drag, and the vwitching moment changes - is a

subject of great interest and importance, no attempt

is made to include data of such a kind. The prediction
of stalling angle would recuire an analysis of the
lift-curve slove of wings, which is outside the scope

of the present work; and even then, notice would have
to be taken of non-linear effects, which are difficult
to display in any systematic form. The pitching

/moment ...
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moment change is likewise of great interest, bhut
difficult to present in 'data-sheet' form.

The range of parameters covered by the analysis
is generally as large as the available information
permits, but as security requirements limit the amount
of data which can be published on some topics - such
as the maximum 1lift of swept wings, and boundary~xayer
control as a high-1ift aid - such topics are in
particular omitted. Further, in one or two instances,
such as in an investigation of camber effects and of
slotted flans, the value of maximum 1ift depends
critically on a large number of variables, and no
complete survey of the existing data is attemoted.

As a consequence of using the results of tunnel
tests, certain reservations have to be made about the
applicability of the data: although we try to suggest
the effect of scale on maximum 1ift, the degree of
turbulence in the tunnel is itself another source of
difference to be expected in applying our results to
flight in air, where the turbulence level is different,
- and a measure of this discrepancy is impossible to
attain. In any case, the effect of the fuselage;
and other sources of interference, will modify the
result in flight, where of course it may not even be
possible (or desirable) to reach the stall.
Nevertheless, the data given here should at least
provide an adequate basis for design caICQlationsg if
interpreted reslistically.

£

The Maximun Lift of Variocus Sections in Two-Dimensional Flow.

2.1 The Effect of Section Shave.

2. 11 The'Effeet of Thickness.

An immense amount of data exists concerning the
maximun 1ift of symmetrical aerofoil sections: the
most successful method of reducing this data has been
shown to be obtained simply by classifying each foil
in terms of two geometrical charecteristics: namely,

/(1)
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(i) the ratio of ite maximum thickness to its chord.
(=t/c)

(i) its nose radius, - or using a more convenient
convention, the ratio of the section thickness
at a station 57 of the chord aft of the nose
to the maximum thickness. (:y5ft)

It can be s:rzcwml1 that this system of classification

céllapses the data into a systematic variation, which

seems to be little affected by the variation of other
geometrical characteristics of section shape, and
which reveals only & small experimental scatter. The
result of such an enalysis for symmetric sections is
shown in figure 1, where GLmaXp the sectional maximum
1ift coefficient, is plotited against (y5/t) for wvarious
ratios. The data given here includes in particular
several recent test results on very thin sections.

The results will be seen to indicate the well-
known result that a moderate section thickness of
gbout 127, of the chord and a relatively thick leading
edge will together produce the best value of maximum
1ift:  an example of this type of foil is, for instance,
the W.A.C.A. 0012 section® with its maximum thickness
situated well forward, at a distance of BOZ, of the
chord forward of its nose. A reducticn of either the
(thickness/chord) ratio, or the reiative nose radius
of curvature, produces a severé loss in the maximum
1ift which can be achieved. This is due to the
different cause of stall on such sections: instead
of being caused by the growth of separation of the
turbulent boundary layer on the rear portion of the
upper (or suction) side of the foil as on thicker
sections, on thin aserofoils it is caused by the growth
of a local 'bubble' of separation of the laminar boundary
layer near the nose of the suction side. This latter
type of stall is associated with poor lifting capsbilities;
due to the destruction of the region of peak suctions
near the nose, and is noticed particularly on sharp
nosed sections (even as thick as 10/ of the chord).
However, below a thickness of about 6% of the chord,
all sections have a uniformly low Cy .. whether or not
they have a radiused nose.

/The ...
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For details of sections in the various N.A.C.A.
series, see reference 3.
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The change in the character of the =tall occurs
for most round-nosed sections if their thickness is
about 97, and it is noticeable in particular that
results for these types of section display a large
amount of scatter. These effects, being associated
with boundary layer flow, are therefore modified to
a marked degree by scale effect: the Reynolds Number
appropriate to the data shown in figure 1 is 6 million.

2,12 The Effect of Camber.

A complete investigation of the maximum 1ift of
camberea sections shows that the effect of camber
cannot properly be isolated: in other words, the
CLmax of a cambered section depends not only on the
amount of camber and the shape of the camber line (as
affecting, say, the position of maximum canber), but
also on the thickness and ncss radius of the section
on which it is used. As a result, it is not nossible
to suggest, with any accuracy, the maximum 1ift of
any arbitrarily designed, cambered, section.

The addition of camber is always beneficial to
maximum 1ift, and the benefit grows with increasing
camber. The increment to maximum 1ift due to camber
is least for sections with relatively large radius
leading edges (i.e. the benefit of camber grows with
reducing yp/t); and camber is more effective on thin
sections tgan on thick sections. Ags an illustration,

a ﬁZ camber increases the GLmax of the N.A.C.A.63-021
from 1.28 to 1.31: but of the W.A.C.A.66-012 from
1.2 to 1.L45. With regard to the position of the

meximum camber, the evidence suggests that a forward
position (up to within 15?; of the chord from the
nose) produces the highest values of maximum 1ift.
For example, the ¥.A.C.A.23012 section (with 27,
max. camber at 0.15 chord) has a higher Crpax than
the N.A.C,A. h412 (with h?m camber at 0.l chord but
the same thickness distribution).

Owing to the inability to oresent any basic
guantitative data on camber effects, the discussion
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of the following paragranhs will be limited to &
discussion, in the main, of results for symmetrical

wings.

2.2 The Effect of Scale.

The effect of scale upon the maximum 1ift is
dependent on the tyne of stall. For symmetrical
gsections of moderate thickness there is a significant

drop in Cp_ . With decreasing Revnolds' Number (below
Jast

6 million) :Xthis ig shown in figure 2 based largely
on data given in references 2, % and L3 thin wings, on
the other hand, whose stall is due to a leading-edge
separation, have been found to be relatively
insensitive to changes in scale, except at higher
Reynolds Numbers of 20 million or so where Cp ..
apoears to increase.

The data shown in figure 2z are based to a large
extent on low-scale ore-war tests on 'conventional'
tyne sectionsy whogse geometfy involves a varying
(t/c), but a uniform value of about 0.6 for (v./t);
the data are not sufficient to isolate the effeét of
variations in nose thickness on the scale effect, but
one forms the imnression that probably the effect is
much more devendent on the value of (y5/c} than on
(t/c), [(i.e. on nose radius rather than overall
thickness) and it is suggested that the data given
be interoreted with this in mind.

The evidence points to the fact that at low
Reynolds Numbers (below about a million) the maximum
1ift of all sectionc of whatever thickness is uniformly
low (due to leading edge separation).

Scale sffects are less for cambered wings than
on symmetrical sections so that at low Reynolds
Numbers, the benefit of camber is much more marked:
the oopposite is true at Reynolds Nusbers greatly in
excess of 6 million, where camber loses some of its
effect.

/2.3 ...
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2.3 The Effect of Surface Condition.

Experiments on model aerofoils which have been
deliberately roughened above the tolerable limit
(either over their whole surface, or just over the
leading-edge region) have shown a significant loss in
maximun 1ift: this is exemplified in figure 3, the
data for which have been obtained mostly from reference
3. It will be seen that losses of up to 0.5 in Clmax
are suffered by sections of moderate thickness (which
in the smooth condition produced a very high GLmaX}.
This is presumably bscause the nresence of roughness
has a destabilising effect on the turbulent boundary
layer, causing a nremature breask-away of the flow.

On the other hand, thin sections are hardly
affected at all by roughness - in some cases the Crmax
is even improvsd: this is presumebly because the local
turbulence produced by the roughness has a stabilising
effect on the region of 'bubble' separation, where thse
boundary-layer flow would otherwise be laminar (and
therefore less stable). The same effect is also

noticed on all sections at low enouzh Reynolds Number
(vhen laminar breakawey is present), and for this
reason (as exemplified in figure 4) the scale effect
on rough sections is much less severs than in the
smooth condition; - with rough sections in many cases
having a little higher value of sectional maximum 1ift
than the identical smooth sections at low Reynolds
Numbers.

Thus we remark that, if the working Reynolds
Number is of the order of several million, then there
is no particular merit in choosing a ‘high-1ift section’
unless we can ensure that the leading-edge is smooth.
Cn the other hand, if for other reasons the ssction
chosen is a thin one, or if the scale is low, there is
no particuler merit in ensuring that the surface is
smooth - at least as far as the maximum 1ift is concerned.

The results on which figure 3 are based are derived
from N.A.C.A. tests on asrofoils with a ‘'standard

/roughness'. ..
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roughness' : although it is true that the rougher the
section, the more morked will be the effects mentioned,
the results for ‘standard roughness'® represent about
the greatest effect found in practics. Little or no
information exists on the effects of waviness of the
surface on Cy

Lmax?
errors in the geometry of models have led to large losses

although it is well known that small
in maximum 1ift ~ and in fact, in some cases, these
egrrors have been so small that they have only been

detected bhecause of the loss observed.

2.y The Effect of Trailing-edge Thickness.

A parameter which was not considered in our
discussion of the effects of the geometry of various
aerofoil sections is the thickness of the trailing-edge.
However, lately the introduction of a blunt, cut-off,
trailing~edge has been found to lead in certain cases
to the reduction of the wave drag at supersonic sveeds,
and conseguently the low speed characteristics of such
sections have been studied; it has been found that the
thickening of the trailing-edge can have a beneficial
effect on Cp . (see, for example, reference 5). A
disadvantage of this thickening lies in the consequent
presence of buffetting of the flow behind the wing :
however in certain circumstances, this might be no
embarrassment.

In figure 5, a curve is given indicating the
effect of thickening the trailing-edge. The available
data are hardly sufficient to suggest that the effect
will be the same on all sections, and for that reason,
the data of figure 5 must be regarded as purely
tentative. Howsver, it seems to indicate that a
significant incrsase in Clinax
thickening a wing section aft of its maximum thickness,
and making the trailing-edge thickness finite. In
thig process it is assumed that the parameters (t/c¢)

may be effected by

and (y./t) of the section are unaltered : and the
-
figure shows the increment in ClLypax OPtained.

It does not follow that a section formed by

/eutting-off. ..
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cutting-off a basic section, (at some chordwise position
in front of the trailing edge of the basic section)
would necessarily have a higher CLpax This is
illustrated by figurz 6 for the N.A.C.A. 0012 serofoil
section. If the section shape were changed, by
thiékening aft of the maximum thickness position of

the basic section (at 0.30 c¢), so that a uniform
thickness were maintained from the ﬁoz,chord noint to

t
figure

o
[

trailing edge, we would expect on the hasis of

5 that the Cryax Mmight be increased from 1.60
to 1.97, say. However if the N.A.C.A. 0012 is cut off
at its maximum thickness position, although this new
section has a trailing-edge thickness equal to its
maximum thiclkness, it is in other respects an entirely
different aerofoil : it has a thickness/chord ratio of
uozg and the value of (y5/t} is changed from 0.59 to
0.%5 ; its maximum 1ift will presumably be very low.
Thickening & section is one thing - and in general a
beneficial mcdification: cutting-off a2 scction is
another thing altogether.

As Tar as the limited data permit us to draw
any conclusions;, it annears that the addition of a
trailing-edge thickness is just as effective on
rough surfaced wings as on smooth.

The Effect of Planform on Maximum Lift.

This paragraph deals chiefly with the performance
of wings of very low asvect ratio, and it is realised
that their capebilities are not so much governed by
the maximum 1ift attainable - which 1s the property we
are discussing -~ but by such considerations as what
incidence may reasonably be achieved, and what degrees
of trim change can be accomodated. For the high-lift
investigations of such wings show that the maximum
1ift is reached at very high incidences(30° and more ),
and that at some stage long before the stall, there is
a marked rearward shift in aerodynamic centre, ultimately
contributing to a large nose down change of trim. '
Nevertheless the values of the true maximum 1ift show
astonisghing differences from the sectional values, and

/a...
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.a consideration of these is of some interest to the
designer (if only in relation to tailplane design).

5.1 Unswepnt Wings.

By an unswept wing we mean here one whose half-
chord line is (at least roughly) perpendicular to the
direction of motion.

Speaking first of wings of moderate thickness, it
is known that reduction of aspect ratio (down to about
2, say) results in a marked &rop in CLm

nax
with the two-dimensional value (or sectional maximum

compared

1ift, corresponding to an aspect ratio of infinity).
This drop due to aspect ratio may he accounted for, at
least gqualitatively, by suopvosing that the stall is
'precipitated by the rapid growth of a local separation
in that region of the wing where the local value of CL
reaches the two dimensional maximum'.  With reduction
in aspect ratio, the loading at the centre line becomes
relatively higher (with & local CL in excess of the
wing total or mean, 1ift coefficient) so that the stall
occurs at a lower mean CL' This description is fairly
adequate, except for wings of low aspect ratios - below,
say, about 3, -~ and except for wings with very thin
secticns : these exceptions, of course, would often
include wing designs envisaged for use on supersonic
aircraf't or missiles.

We consider first the case of the thin wing,
represented in figure 7 by results for flat plates
taken from References 6-8, The effect of aspect ratio
is displayed by subtracting the measured.CLmaX from
that for the same 'flat plate' of infinite aspect ratio
(which in most cases is around 0.7).

Down to an aspect ratio below 2 there is a well
marked increase of Cﬁmax with aspect ratio. This
reachés a maximum, for most planforms, where the span
is roughly equal to the root chord. For wings of
elliptic planform for instance, the highest CLmax is
obtained on a circular wing. At smaller aspect ratios

/the. ..
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the risge is arrested, and it is observed that (for most
of the incidence range) the flow over the centre of the
suction-side is separated, with the wing tip vortices
forming a strongly developed ‘'cushion' on either side of
this region. At still lower aspect ratios, the stalling
angle is about 45° and the maximum 1ift drons (as a result
of the decreasing 1ift curve slope with reduced aspect
ratio) ; here the stall is very gradual, and is marked by
the fact that the tip vortices, instead of forming a
‘cushion' on the wing, break away from the upper surface
at positions progressively nearer the leading-edge, as
the incidence is increased. It seems that the initial

incresse in C with decreasing asnect ratio is caused
Lma -

bid
by the importance of the tip-flow : the tip vortices grow
rapidly downstream and their induced downwash which is
greatest near the trailing edge, reduces the likelihood

of comnlete boundary layer breakaway.

On thick wings, the development of the tip-vortex
system, with the ultimate confined region of separation
nesr the centre on the suction side, is much delayed. As
will e seen from figure 8, assembled from the data of
references 7-11, the rise in chﬁmax is delayed until the
aspect ratio is near 1.5, and the extent of the rise is

conseguently less. Here in figure 8, ibclmax is obtained
by subtracting from the measured value of CLpax thet
Dma

corresponding to the two-dimensional value for the same
section at the same scale” ; no wmethodic change with

/aspect. ..

*The sections used were all about 12Y thick, with and
without camber : the test Reynolds Numbers ranged from
0.% to 1.6 million. In the interpretation of the data
one important point should be noted : for aspect ratios
arcund unity, there are often two maxima in the curve
of C; versus incidence : the Tirst 'stall' (occurring
at an incidence of about 200} is soon followed by a
recovery of 1ift, but not all investigators pursued their
exveriments so Tar as to notice this : to make the data
moreé realistic, the figure for the higher stall has been
szlected if this is observable. Again (at asnect ratios
around %) often a first 'stall'® occurs at sbout QOO only
to be followed by a sudden rise in 1if+t well above its
previous maximum, with a second stall at arcund 530 tin

his case, however, the second stall is neglected, admittedly
merely because its appearance is so unsystematic, and its
effect so inordinate.
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aspect ratio in scale or camber effect on the value of

Crpax 16 evident from the limited data, but the scatter

is large and the presence of such changes cannot be ruled %
out. However,; there appears,; as for the flat-plates, to

be a significant difference in the results for elliptic

planforms ¢ the greatest value of CLpax Occurs again for

e circular wing (and makes one wonder whether the 'flying

saucer' may not have its advantages!).

It is difficult to be precise on the basis of the
data given in figure 8, but if we compare these results
with those of figure 7 - noting that for most of the thick
sections tested;, the two-dimensional value of the maximum
1ift cosefficient is around 1.6 at a Reynolds Number of 6
million - it will be seen that at low aspect ratios the
maximum 1ift of the thick wings is not greatly in excess
-of that for flat pnlate sections. Indeed, at a smaller
scale; the thicker ‘high-lift! wings are appreciably worse
than the flat-plates. This seems well established, at
least gualitatively, by the data : the reason for it is
obscure.

3.2 V¥ings of Delta Plan Form.

The available dats on wings with delta planforms -
i.e. all those with straight treiling-edges - have been
collected and studied. As yet, the requirements of
security leave the picture incomplete, and the only data _
shown here are those for such wings of flat plate section(gg
(figure 9). The increment in Cy . 1s again plotted as
a function of aspect vatio, and the planforms tested fall
into two distinct categories : the true delta (or triangular)
planforms, and ‘'cronped' deltas (some having a finite tip
chord, and others having curved, elliptical, leading-edges).
Together with the previous results for rectangular sections,
the data show in fact the effect of tapering the wing,
leaving the trailing edge unswept. At high aspect ratios
(above about 2) the effect of such taper is to improve

the value of OLma but at smaller aspect ratios (below

X‘}
unity) the reverse is true, as will be seen from figure 9. @

Not encugh data is available to draw similar curves

/for. ..
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for wings of moderate thickness and delta planform, but
the same relative tendencies due to taper are observable
as for the flat plate (see, for example, reference 19) :
initially there is drop in Clmax due to decreased aspect
ratio - though not so severe as that on a rectangular
wing of moderate thickness - followed by a rise (at aspect
ratios around 2), and then a second gradual fall, showing
the triangular wing of moderate thickness to have a lower
CLmax than the rectangular one at low aspect ratios (below
unity). Cropped deltas of moderate thickness trace an
intermediate path between the results for triangular and
rectangular planforms.

3.3 The Effects of Sweepback.

It is impossible within the confines of this note to
discuss in any detail the general effects of sweep on Clipax® =
including all tre results on wings with both leading and
trailing edges sweptback or forward to any appreciable extent.
Although the results are numerocus, they are not yet fully
understood, and certainly there is a significant variation
due to scale effect. As a general rule, it is observed
that a small amount of sweep has a beneficial effect on CLpase
whereas a large sweep can be decidedly detrimental s this
bears out the results of figure 9, since triangular wings of
high asvpect ratio are less swept-back than those of low
aspect ratio, and the former have a better - whilst the
latter have a worse - value of maximum 1ift than the
unswept fully tapered planforms of eguivalent aspsct ratio.
However the effect is much more complicated than such a
simple rule would suggest, and in any appreciation of the
aerodynamic data it must be noted that many tvpes of highly
swept planforms have large values of Cimas? but have been
comparatively neﬁlected by investigators, because of
undesirable stablllty characteristics.

3.4 The Effect of Endplates.

We might expect the addition of end nlates to a wing
to have some esmall effect on CLax? Since they will change
the effective wing aspect ratio. If the end plate is
sufficiently large the change in Crpex ©Pserved as due to
their inclusion can be satisfactorily accounted for on

/this...
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this basis : however, there is usually an unfavourabhle
interaction between the boundary layer flow over the
end~plate and that over the wing-tip which, particularly
if the end plate is relatively small, can cause an
unexpected loss in CLmax of larger magnitude than the
gain (or loss) due to the change in effective aspect
ratio.

High Lift Aids.

4.1 The Plain Flawn.

This is the simplest type of trailing-edge device
and is formed merely by hingeing the trailing edge nortion
of the wing, as shown in figure 1(a). Generally, the
sectional (or two-dimensional) maximun 1ift cosfficient
increases with deflection of this flap up to about 60° or
7009 except where the chord of the flap exceeds 0.3% of
the wing chord (when the angle is less).

The data are rather meagre {(and derived chiefly from
reference 12) but show that the best sectional meximum
1ift coefficient is attained with flaps of 0.2 or 0.25 of
the wing chord ; how rapidly it deteriorates for high chords
is not well established.

With the optimuwn deflection and flap chord, the value
of the sectional maximum 1ift coefficient depends essentially
upon the geometry of the section, and is most sensitive to
the value of the leading edge radius, which we can
conveniently describe by the parameter (yB/o), as shown in
figure 11. The value of CLmax with flap deflected 1s seen
to increase with increasing nose radius up to a maximum at
{(y-/c) = 0.710 avproximately : thereafter the increment in
sectional Cr, due to flap apnears to remain at about 1.0,

max

and the total Clipay droms.

=
As far as the data permit any conclusion to be formed,
it is that the increment in maximum 1ift coefficient due
to the flap deflection is insensitive to changes in scale
or surface condition (although of course the total maximum
1ift coefficient will be changed in the manner previously
described for sections without flaps). There 1s little

/data...



data, too, on the effect of change in maximum 1ift increment
i

W

th aspect ratic : at high aspect ratios (and with a wing
section of moderate thicknsss) the increment decreasses with
reducing aspect ratio;, roughly in the same proportion as
does the maximum 1ift of the wing with the flan undeflected;
but there is no information relevant to aswnect ratios less
than about 3. Whether 1t is also true that the increment
increases with reducing aspect ratio on a thin wing - as
does the maximum 1ift of the wing with flap undeflected - is.
not known.

One important point must be borne in mind in the design
of plain flaps : a gap between the airfoil and the flap at
the flan hinge allows air to leak through from the high
pressure on the lower surface to the low pressure region on
the upper surface, with a consequent severe loss in flap
effectiveness. Even with so minute a gap as (1/300)th of
the chord a loss of 0.35 has been observed in Glmax‘

,.2 The Split Flap.

At chords and deflections corresponding to the optimum
values for a plain flap, the split flap (figure 10(b)) will
produce a slightly larger increment in Seetional'CLmaX.
(see figure 11 from reference 1) This is due to the fact
that the upper surface contour is undisturbed by deflection
of a split flap, and the region of separated flow at the
hinge of the plain flan, where there is an abrupt downward
curvature of the surface; is consequently aveided.

If this were the only advantage of the split flap (in

X) it would be hardly worth the

structural complication. However, because the flow over

terms of increment to C
Lma

the flapped part of the section has a tendency to remain
unstalled up to higher deflections, by increasing both the
flap deflection and its chord anpreciably higher increments
may he reached. This is shown by the results of figure

12 (taeken chiefly frowm reference 12), where it will be seen
that generally the maximum 1ift is increased by extending
the flan chord to soms &OZ_of the wing total chord, and

by operating at opntimum deflections which are higher than

is aporopriate for a plain flap. The split flavn appears

Jto. ..
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to function most efficiently on a wing section with a
fairly high leading edge thickness (with y5/0 = 0.10),
but the data are somevhat limited for sections with
thicker noses.

As will be seen from figure 13 some reasonably
methodic data exist for the scale effect on the maximum
1ift of split flaps. In this figure (assembled mostly
from data in references 4 and 12) some results are plotted
showing the change in the sectional maximum 1ift increment
due to the flaps : these changes, in other words, are
additional to those for the effect of scale on wings
without flaps (given in figures 2). These data appear to
be dependent on the (thickness/chord) ratio of the section,
in as much that the ?82 thick sections show a significant
loss in flap effectiveness below a Reynolds Number of about
3 million, whereas progressive reduction in thickness of
the section leads to an increase in flap effectiveness with
reduced scale.

These scale effects refer to wings in a smooth condition:
the maximum 1ift of a wing with a split flap also appears to
be adversely affected by roughness and some results are
shown in figure 11, (from the data of references 3 and LY.
The effescts of scale on rough sections are more difficult
to analyse : most flans lose a little of their effectiveness
at low Reynolds Numbers™.

As for plain flaps, the data on aspect ratio effect
(at least in the lower range) is virtually non-existent,
and it is difficult even to guess what it might be.

Some data exist for extensible split flaps (whose
hinge line moves aft when the flap is deflected). These
derive some extra benefit due to the increased section

/chord. ..

i

& . -
At low Reynolds Numbers one would anticipate little

difference in overall performance whether the wing werse
rough or smooth. This is an entirely general conclusion,
but it does imply that the loss in flap effectivensess in
the rough condition is less - with change in Reynolds
Number - than for the smooth wing.
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chord : and their quantitative effect can be estimated
with sufficient accuracy on this basis.

i3 The Slotted Flap and External Aerofoil.

The most efficient type of trailing-edge device is
undoubtedly the slotted flap, (figure 10(c)). There is
little point here in attempting to predict the performance
of a slotted flap as so much depends on the detailed
design of the slot entry and 1lin : at best, the maximum
1ift performance is a little better than the split flav,
and certainly the drag is less ; at worst it is merely
an inefficient plain flapn, with the slot acting as an
unwanted gan.

A neglected; but rather simpler, form of slotted
flap is the external aercfoil type shown in figure 10(d),
which has the added advantage over the split and slotted
flaos that it can also be used as a control. This flap
consists of a small aerofoil mounted in tandem with, and
immediately behind, the main section. On deflection of
this external foil, a gap is opened between the trailing
edge of the main section and the leading edge of the flap:
the presence of this gap (if of the aopropriate size)
permits the boundary layer on the lower surface to blow
through and re-energise the boundary layer on the top
surface of the flap, which would otherwise separate.
The gap, 1n other words, fulfils the function of the slot,
though not so effectively as a pronerly designed slot.
As a control it performs as well as the usual type (without
the gan) but suffers from the disadvanatge that special
precautions would be needed to overcome icing troubles.

No methodic data are available for the external
aerofoil flap, but figure 14 shows some results in a
tyvpical eXperimentﬁj. The incremont, due to flap deflection,
in the sectional maximum 1ift will be seen to be better
than could be attained from a plain flao, but a little less
than from a split flapn. The sensitivity to gap size of
the increment in GLmax ig clearly demonstrated, and in
view of the lack of data, detailed tests on esch new design
of wing would have to be made (in the first cases) to

/establish...
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establish the opntimum size. Its deflection is also
important : as distinct from the behaviour of split and
plain flaps, sxceeding the optimum angle of deflection
of an external asrofoil flap produces a severce breakdown
in 1ift and a rise in drag. The great aerodynamic
advantage of this flap is its relatively low drag, when
doflected, compored with the othor trailing-edge devices.

Lo Ly The Nose flap.

The leading-edge plain flap (shown in figure 10(e))
is not so effective as the trailing-edge plain flap, dbut
may be used in conjunction with the latter to increase its
effect. Nose flaps are most effective on thin sharp-
nosed sections where the deflection of the nose reduces
the high suctions which otherwise exist in this region :
some revpresentative results for the increment in sectional
maximum 1ift are given in figure 15 from reference 1l.

The incremerts are somewhat lower when the flap is used in
conjunction with a trailing-edge flap, but data on the
combination are less complete.

The leading-edge Tlap has not been examined in any
detail for thicker sections : an isolated result for a
ﬁﬁz thick, bluff-nosed sectionqb showe an incrsment in
Cﬂmax of just over 0.2 for a 152,chcrd flap (as compared
with over twice this figure for the thin wing shown in
figure 15). Nor is there any information on scale or

aspect ratio effects.

There are many other types of nose flap, such as the
Kruger flap shown in figure 10(f), which derive some extra
benefit either by increasing the wing chord or by an
effective increase in the nose radius of curvature. For
thin sections the first cause ¢xplains their quantitative
advantage over the simple hinged tyve : however for
thicker sections (with t/c greater t han, say, 6/) a further
advantage lies in the increasse of nose radius,; which as we
see from figure 1 plays an important role in determining
maximum 1ift. This latter effect is of course particularly
obvious for relatively sharp nosed sections with thickness
chord ratios of from 6 - 12/, of the chord,

/.5 ..
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4.5 The Leading Fdge Slot, and Front Auxiliary.

The leading edge slot (figure 10(g)) has long been

known as a means of improving the maximum 1ift of a

section, merely by postponing the stalling angle. The
analysis of reference 16 suggests that a slot set at

about goo to the wing chord line will delay the stall to
an extent of about 10° and provide an increment to maximun

1ift of about :

IC

Limax

= 3.3 (slot chord/wing chord)

orovided the slot chord does not exceed about de of the

main wing chord. These incremeénts,

morcover, are additive

to those obtained from the trailing-edge flavs, if fitted.

A slotted leading edgs flap - that is, one which (like

the trailing-edge slotted flap) opens a gap on its deflection -~

has apvarently no great advantages over the simple leading

edge plain flap, as is suggested by the

the data of reference 17) :

following table (from

Value of CLqu

(0.164¢c leading-cdge! With nol Vith loading With trailing|{With
flap, and 0. 28h¢ flaps jedee flap only|edge flap only|both
trailing-edge flap) flaps

Plain 0.65 1. 04 1. 39 1.84

frsl

The increment in Cﬂmax

due to the ad

dition of leading-edge

fleps on the wing with trailing-edge rlaps is nearly the

iy

same, whether the former are »nlain or slotted. The wing

to which these results refer was one of aspect ratio 53%

. & . N s
with a 7%/ thick biconvex section.

o

Yo other data on

slotted leading-edge flaps has been found.

A different type of leading edge slotted flan is

the front auxiliary aerofoil, shown in figure 10(h) :

like the external aerofoil flap, it

is a gmall aerofoil

mounted in tandem with, but forward of, the main section.

Also like the rear external aserofoil, it hag received

. . . 18
little attention, and onlv some particular results may

be quoted (figure 16) ! however these are of narticular

interest.

/Unl

ike ...
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Unlike the rear auxiliary, 1t is comparatively
insensitive to the gap size, which will be seen to
be best made quite large : moreover the optimum angle
of deflection was found to be always within a few
degrees of zero for all the medium sized auxiliaries
tested in reference 18. Increments of sbout C.5 in
the sectional maximuam 1ift coefficient are obtainable
from all the auxiliaries, of whatever size ; but
whether this would he additive to that obtained from
a trailing-edge flap, used in conjunction with tho
auxiliary, is a point not yet investigated.

In view of the comnarative insensitivity of the
device to changes in the many design parameters
involved,; there might be nearly as much benefit, -
without so much structural complication; - in fixing
the auxiliary in a position of symmetry ahead of the
main section : some idea of the C1. 4y increments
obtained in this way is indicated in figure 17 from
the data of reference 18, (vhere admittedly the main
section used was cambered and therefore a true
position of symmetry does not exist).

The front auxiliary derives its effect by
inducing a downwash vwhich is largest near the
leading-edge of the main section, reducing the local
intensity of suction and delaying boundsry layer
separation (including, oresuwsbly, on thin wings; the
bubble form). On the other hand, the main section
induces a large upwash over the auxiliary, which
does not howsver stall so readily as the main wing
because of the beneficial 'blowing effect! of the
flow through the gan on its boundary layer :
consequently very high normal forces are experienced
on the auxiliary near the stall of the combination
(normal force cosfficients as high as 3 having been
recorded on this auxiliary, without any sign of a loss
in effectiveness!).

No data again is available on thickness, scals
or aspect ratio effects ! like most leading-edge

/devices ...
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devices; we would exnect most benefit to accrue from
its use on thin sections, and least on thick sections.
But of all the devices which for particular reasons
have been neglected in aeronautical development, this
would appear the simplest and most worthwhile of
investigation as & high-1ift aid, warticularly for
high speed aircraft, whose thin wings and symmetrical
sections make the provigion of leading-edge slots
otherwise difficult.

The reasons for this neglect appear to be relevant
only to the context in which it was originally conceived
by the N.A.C.A. - as a substitute for aileron controls,
as well as a high 1ift aid; - as a control it introduced
a number of stability troubles, and although‘t@sted in
flight, it was abandoned at an sarly stage in favour of
trailing~edge controls. However merely as a fixed
high--1lift aid, it has the advantages of structural
simplicity, and its properties sesm to be worthy of
further investigation. Its use on supersonic or
transonic aircraft suggests no disadvantage to the
performance, but buffetting caused by the wake of the
auxiliary on the main wing might be present,; and if so
this would be a severe embarrassment.

Conclusions.

of the thickness distribution
may be displayed by a consideration of nose radius
and maximum thickness, as shown in figure 1.

2)Y The effects of camber on CLmax are difficult to
isolate, but always lead to an increase of maximum
1ift particularly on the thinner sections, and
those with relatively small nose radii. A Torward
position of maximum camber is advantageous.

%} Scale effects for symmetrical wings are shown in
figure 2, but most of the low Reynolds Humber data
exists for the conventional tyves of wing section
(with the maximum thickness well forward). Howsver
nose thickness is probably more important than
maximum thickness.

/)
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The presence of roughness has a detrimental effect
on 'high-lift' wing sections, but can be beneficial
on thin wings (figure 3 - L),

The thickening of the wing section aft of the
maximum thickness, so as to leave the trailing-edge
blunt, improves the CLmaX(figure 5).

Reduction of aspect ratio generally improves the
Cﬁmax of thin sharp-nosed unswept wings, at least
down to aspect ratios of unity. A circular
planform appears to have a particularly high

maximam 1ift (figure 7).

Reduction of aspect ratio of a moderately thick
unswept wing (with t/c around 122) progressively

reduces Cr, until an aspect ratio of sgbout 14

mas
is reachedﬁax Further reduction produces a sudden
recovery in maximum 1ift, followed by a gradual
fall. At very low aspect ratios, thickness
appears to have lost much of the effectiveness

1t has at high aspect ratios in governing the

value of Cp_ (figure 8).

A delta wing has a higher Clyay then an unswept
wing of the same aspect ratio, at least down to
an aspect ratio of about 17 : thersafter it has

a rather lower value (figure 9).

There is a lack of data on the effect of aswnect
ratio on the maximum 1ift increments due to
flans, which presents an obstacle to gatisfactory
prediction of Cﬁmax characteristics of aircraft.

Both plain and split flaps are most effective on
wing-sections whose thickness, EZ of the chord aft
of the nose, is about 0.1 of the chord.

Fairly comprehensive data exist for the performance
of split flaps (figure 12) and some reasonahly
methodic data on scale effects have been found
(figure 13).

Some data are presented for the external aerofoil
trailing-edge flap, in figure 14, but it is a
device which is particularly sensitive to detailed

design.

/ 13) ...
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The front auxiliary aerofoil anpears to be a

neglected, but particularly simple and effective,

high-1ift aid (when either hinged or fixed) which

might have useful applications (figures 16 and 17).
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