NAE. R& M. No. 2817
(11,148)
AR.C. Techsical Report

MINISTRY OF SUPPLY

‘ A mﬁl—" Eivorst F‘??M;S Y 3“‘??
AERONAUTICAL RESEARCH COUNCIL Jitiei Hrerstt & pmai]
' 20 41K 1954

REPORTS AND MEMORANDA g e

- 5 A
I, PO
i%.‘igeia‘.‘%f\ i

‘Aileron Reversal and Wing Divergence
of Swept Wings

By

E. G. BroADBENT, B.A.,
and
OrA MANSFIELD, B.Sc.

Crown Copyright Reserved

LONDON: HER MAJESTY’S STATIONERY OFFICE
1954

PRICE 7s 64 NET




Aileron Reversal and Wing Divergence
of Swept Wings

E. G. BROADBENT, B.A,,
and
OrLa MANSFIELD, B.Sc.

COMMUNICATED BY THE PRINCIPAL DIRECTOR OF SCIENTIFIC RESEARCH (AIR),
MINISTRY OF SUPPLY

Reports and Memoranda No. 2817"
September, 1947

'<a:;:

Ryl Miveraft Extablizsbment]
30 JUN 1954
LIBRARY

S

Summary—A method of solution for the aileron reversal speed of a swept wing (with emphasis on sweepback) is
developed on the lines of strip and semi-rigid theories.

The influence of the following parameters is investigated :—

(a) The degree of sweep.

(0) Wing torsional and flexural stiffness.

(¢) Wing plan-form.

(d) Aileron plan form.

Families of curves are given for extended variation of these parameters which may be used for the direct estimation
of the reversal speed of a given wing by interpolation.

A solution is given for the wing divergence speed of a swept wing.

The general results have been obtained using simple modes of wing deformation but equations are quoted for any
given modes of deformation and the adopted modes are compared with the actual deformations produced by the aero-
dynamic loading for an extreme case. A suggestion is put forward for improving the accuracy of the semi-rigid approach
by an iterative method of solution and the flexural mode of distortion is investigated for a particular case.

1. Introduction.—Swept wings can produce serious structural problems owing to elastic
effects that are unimportant in an unswept wing’. Among these problems is the design of a
wing for high aileron (or elevon) reversal speed and for adequate rolling power at operational
speeds, since loss of aileron power is caused not only by twistingj but also by bending7 of the
wings. In swept-back wings of conventional layout both the bending and twisting deformations
produce "changes of aerodynamic incidence that are unfavourable from the point of view of
aileron reversal. Some relief from these effects is probably obtained from the distortion of the
wing section, the upward bending of the wing producing camber that is concave upwards and
therefore tends to counteract the reduction of the incidence.

The present report covers the theoretical consideration of aileron reversal and wing divergence
for swept wings with particular emphasis on aileron reversal of swept-back wings and examines
the effects of the following parameters :—the degree of sweep, wing stiffness, wing and aileron
plan form. The results are presented as families of curves which may be used for the direct

estimation of the reversal speed for any given wing.

* R.A.E. Report Structures 9, received 14th January, 1948.
+ In the present report the terms bending and flexure refer to bending along the flexural axis, and twisting and

torsion refer to rotation about this axis.
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It will be clear that quantitative accuracy of the results is limited by the errors of the aero-
dynamic and elastic derivatives. The inaccuracies of the latter, using semi-rigid theory and
simple modes of deformation are well understood®**® and lead to an estimate of the aileron
reversal speed of about 85 to 95 per cent of the speed appropriate to the correct elastic deforma-
tion. The errors in reversal speed introduced by the aerodynamic assumptions, using strip
theory and simple sweep and compressibility corrections, are more uncertain but would not be
expected to exceed 25 per cent. If the aerodynamic derivatives and elastic deformations
for any specific wing were available from experimental or theoretical sources then greater
accuracy than the above would be obtainable.

£l

The results given in the families of curves of the variation of the parameters enable a com-
parison to be made of the aileron reversal speeds of a swept and unswept wing. As a rough
approximation for wings of the same plan form and of average stiffness ratio the wing torsional
stiffness would have to be increased by 40 per cent to maintain the same reversal speed if the
wing were swept back through 45 deg.

The following factors are favourable for increasing the reversal speed of swept-back wings :—
high wing stifinesses in torsion and flexure, sweepback of the flexural axis, high wing taper in
plan form, large aileron chord and the use of balance-tabs. The effect of change of wing camber

due to wing bending in the case of an average wing is to increase the reversal speed by not more
than & per cent.

Wing divergence is not liable to be serious for swept-back wings, as the wing bending provides
a stabilising effect, but will be serious for a swept-forward wing. The following factors are
favourable for increasing the divergence speed of swept-forward wings:—high wing stiffness,
especially in flexure, forward position of flexural axis and high wing-taper in plan form.

2. Aervodynamic Assumptions—A diagram of the straight tapered wing considered is shown
in Fig. 1.

The aerodynamic assumptions apply to both the semi-rigid treatment (section 3) and the
iterative process (Appendix I) and are as follows :—

(@) The aerodynamic axis lies along the quarter-chord.

(6) The ratio of the aileron chord to the wing chord is constant over the aileron span. (The
iterative process (Appendix I) could take account of variations of aileron chord.)

(¢) The aileron is torsionally rigid.

(@) Aerodynamic forces on strips parallel to the aircraft centre-line are expressible in terms
of the local chord and incidence change. The latter consists of the components due to
wing torsion and the change of incidence due to wing bending.

(¢) Change of wing camber due to wing bending has in this work been considered separately
(section 4) because of the uncertainty relating to this effect. It is assumed that dis-
tortions of the aerodynamic section other than those which can be represented as a simple
change of camber do not occur.

(f) The theoretical incompressible strip-theory coefficients a,, a,; and m have been used
and assumed constant along the span.

(g) Allowance for compressibility can be made by applying the Glauert correction to the
reversal speed as given by Figs. 2 to 12. 1In a specific calculation corrections should be
applied to the individual coefficients.

(#) Allowance for sweepback is made by reducing the aerodynamic coefficients by 4/cos 8.
This law of 4/cos # 1s not rigidly justifiable on either a theoretical or experimental basis.
It was first suggested, so far as the authors are aware, by McKinnon Wood’ and may be
perhaps as much as 20 per cent out.
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It is hoped that a more accurate aerodynamic treatment will be developed on the lines of
Falkner’s approach (R. & M.1910°%). No detailed thought has yet been given to the application
of Falkner’s method but it seems that its use would immensely extend the computational labour,
particularly of an iterative method. Some refinement could, of course, be obtained without
complication by applying simple factors to the strip-theory coefﬁc1ents these factors being
derived by comparison of strip theory and Falkner’s method applied to certain typical wing
configurations.

8. The Semi-rigid Treatment of the Problem.—The wing shown in Fig. 1 is considered to be
built-in at the root and since the present investigation is limited to the evaluation of the reversal
speed when the rolling moment and rolling velocity under applied aileron are both zero this
assumption is justified. The other elastic assumptions are as follows :—

(@) The flexural axis is straight. For generality the flexural axis is assumed to be at a
distance e,c, behind the quarter-chord at the wing root and to be at an angle of ¢ to the
aerodynamic sweepback, ¢ being small compared with g.

(6) The flexural mode of distortion is taken to be parabolic¥.
(¢) The torsional mode of distortion is taken to be lineart.
(d) The reference section is at the mid-span of the aileron.

In Appendix II the equationsk are given for general modes of distortion, and a trial of those
adopted is made for a particular construction.

3.1. Devivation of the Equation.—It is assumed that the aerodynamic forces on a wing strip
parallel to the aircraft centre-line may be expressed in terms of the local incidence and chord.
The forces on such a strip are given in the form of a lift and a pitching moment (both acting in
the vertical plane through the strip) and the latter is resolved into two moments about and
along the axis of bending.

- W
@W ~ =

The y’ co-ordinate is taken to be along the axis of bending and s’ is the value of vy’ at the tip.

We then have on the application of aileron, for a strip dy ;
adL = gc dy’ (mo + asf) cosp .. .. . .. (1)
where L represents the lift force, ¢ the dynamic pressure, ¢ the chord o the local increment of
incidence and ¢ the local aileron angle (measured parallel to the centre—hne) The coefficients
a, and a, have their usual significance (¢, = 9C. [0« and a, = 9C,[0¢) and are assumed constant
over the span.

* Some justification of this assumption is given in Appendix I.
+ This assumption has been shown to be satisfactory in the case of the unswept wing (R. & M. 2186%).
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In a similar manner -
AM = — gc® dy’ {mé& — e(ag + a,o)} cosp .. .. .. .. .. (2)
where M denotes the moment about an axis through the flexural centre normal to the aircraft

centre-line ; nose-up moments are positive. The distance of the flexural axis aft of the quarter:
chord is denoted by ec, and m = — (8C,,[2&)C, constant. f

The moment M is now resolved into two components—a moment M, about the flexural axis,:
and a moment M, about a line normal to this axis. In addition the equations are written in.
non-dimensional form, and become

AL = gc,s'(1 — ) (a0 -+ a.) cos B dy . .. . .. . (3).

AM, = — qc’s'(1 — =)’ {mé — e(axf + a,)} cos? B d 1
AM, = — qc’s’(1 — w)*{mé — e(ass + @)} cos B sin § dy } ( )

Here » = y’/s’, and the taper 7 is defined by
¢ = ¢l — 1)
where ¢, is the root chord.
In order to relate the aerodynamic loads given by equations (3) and (4) to the structural
distortions, two semi-rigid modes are now chosen. For simplicity the bending mode is taken

to be parabolic, and the torsional mode to be linear ; the equations for general modes are given
in Appendix II. -

Thus if ¢ denotes the angle of twist (about the flexural axis)

(5)-

0 = 00(77/770) .. v . .. .. .
and if z is the vertical displacement of a point on the flexural axis :
Z = zo(n[n)* 6).

where the suffix , refers to a reference section. By differentiation of equation (6) the mode of-
bending is obtained in terms of the slope v : :

1dz 12, : 5
1/):————-:~‘,—-—:17:'l/)0<ﬂ . .« . .. . LT .. (7)
0 :

The local incidence is given by :
o= 0cospf + ysin 8B, .. .. . . .. . .. (8)

and the local aileron angle by
&= & — 0 cosp. .. .. .. 9).

where &, is a constant equal to &, - 0,cos g, and &, is the value of the aileron angle at the.
reference section.

The aerodynamic loads given by equations (3) and (4) can now be transferred by the'principle
of work to equivalent loads at the reference section. The relations are :

dL' = (y)n)* dL 1

and AM' = (njns) dM* S (10)

After carrying out the substitutions (3), (4), (5), (7), (8) and (9) in the equations (10), and
making the further substitution .

ey -+ s'me sec B
co(l — )

(11) |

* This equation holds for both components of M since both modes (in terms of the local angle) are linear in .
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he integrations can be effected to give L', M;" and M,. The results of this process may be
vritten

58, y (1 — Y
L_qcoscosﬁ{ e <4 5>—1— [ S ]
_ Bycos 1 —* (1 — »%)
Mo’ 4 5 ’
41/ . gcozs/ COSzﬁ {'—‘ mé, [1 ; v %’ (1 . V3)+ % (1 . VL)J

Mo
8, co 1—9% 2 s i 5 ofaf 1 — 9* | 3
i i (AR T s] R e T e | SO

o
n [1 R sec f8 + (@A, — azﬂocosﬂ)}[l ; ¥ 2l Z w)]

Mo Co o

-~

o

’ 1 — 4
-+ S—j:fT:ﬂ (a4, — a,0,c0sp) [_4_;/ — ;— (1 — y5):]} .

nd M, = M, tan g ;
vhere A, = 0,cos 8 + v, sin §.

-

The expressions for L', M,’ and M,’ may now be related to the elastic stiffness by the principle
1 work. The equations are

’WLO@O - Mll
) . S .. . .. . .. (138)
l¢1{)0 - 4M2 - ZL 7708 )
It remains to equate the total rolling moment to zero, for the reversal condition
., JndL—O S R ¢ V)

The only unknowns occurring in equations (13) and (14) are ¢ and the ratios &[0g, wef0,.
“he equations can therefore be solved for g to give the reversal speed.

3.2. Numerical Solution.—Solutions have been obtained for a series of Vafiations of the
.eometric parameters, as shown in Table 1, which also gives the corresponding Figure number.

TABLE 1

Geometry Corresponding Figure

wn

Taper ratio

Aileron span {1 — »)
Aileron chord
Aspect ratio
Flexural axis

N
| T T
Ro sy

1o

SComooo

~
c(‘u

Variation of ¢
T =0:75,0-5,0-25 2,4,3

Variation of y
y =0-5,0:6,0-7 7,2, 8




TABLE 1—continued

Geometry Corresponding Figure '

Variation of £
E=0-20-25 0-3 9, 2,10

Variation of &
e =10-0,0-02, 0-04 2,11, 12

Variation of A4 '
A =4,6,8 52,6

The following values have been assumed for the standard wing —
Aspect ratio A =6 :
Wing taper T =075 (j.e., grord — 0-25)
Aileron span  y = 06 (i.e., FpRL — ().4)

Aileron chord E = 0-25 (.., fpaiiet —. (.25)

*3 Wing chord

Flexural axis {z" z 8 (s.e., flexural axis at }-chord)*
Reference section 7, = 0-8 (.c., Reference section at mid-aileron position)

Using the above shown standard values the equations for the conditions at reversal for 40 deg?’
sweep reduce to : —

M, = 0127 + 0-107p } s,
/

L, = 0-498 4+ 0-593/p
where M, = i: , Ly,= l’s—z, P = Y9 and ¢,, 1s the mean chord.
qcm S gcms 00

The equations (15) clearly represent a rectangular hyperbola with asymptotes M, = 0-12r
and Ly = 0-498. The stifinesses are here expressed in non-dimensional form depending on.
the reversal speed. :

The hyperbola appropriate to equation (15) is plotted in Fig. 2 and included in the samc
graph are curves representing angles of sweep of 0, 30 deg, 35 deg and 45 deg. A series of
similar curves covering the variation in the parameters of Table 1 are given in Figs. 3 to 12. .

It will be noticed that all the curves possess the same form—that of rectangular hyperbolae -
except where § = 0, when, of course, the reversal condition is independent of flexural stiffness.
The interpretation of the curves is simply that any condition above and to the right of the
curves corresponds to positive control. Thus for positive control to be available at all flying
speeds it is necessary that the point (M, L,) appropriate to the design diving speed should lie:
above and to the right of the curve referring to the geometry of the particular aircraft concerned.:

The practical region for the variation of the non-dimensional parameters is shown in Fig. 2.
This region has been obtained statistically, although of necessity the statistics apply chiefly

* This assumption was made to simplify the calculations and is shown later (section 3.3.3) to he justified by the.
insensitivity of reversal to ¢,.
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to unswept aircraft. The lower limits shown for M, and L, are appropriate to the design diving
speeds (not reversal speeds) of the appropriate aircraft and represent the lowest values given
by the survey. There does seem, however, to be a tendency for swept aircraft in the design
stage at present to have lower values of L,. This applies particularly to high speed long range
aircraft.

It is not easy to draw detailed inferences from the families of curves about the influence of
sweepback, as there is no common assumption which can easily be made for the geometry of
wings with different amounts of sweep. The various curves allow direct comparison for wings
of the same area and same aspect ratio (except for the case in which aspect ratio is varied, when
direct comparison is impossible). '

3.3. Effect of Parameters on Aileron Reversal of Swept-back Wings—In Fig. 13 are plotted
a series of graphs of the torsional stiffness parameter (M,) against various geometric parameters
for a selection of three stiffness ratios. The stiffness ratio # is defined by

R 0 1)

M, m, s
and in practice usually lies in the region of 1-5 to 3. The values of 7 for which the graphs are
plotted, are 1-25, 2-5 and 5, and the results are given for 45 deg sweep and compared with zero
sweep. The effects of the various parameters can be examined in turn ; in this case the com-
parisons are made in terms of M, which means that if the stiffness ratio is fixed by other con-
siderations the variation of the required torsional stiffness will be as shown. If both stifinesses
are treated as variables, it does not, of course, follow that high values of » are particularly
desirable, for, although they lead to lower values of torsional stiffness, the flexural stiffness
itself is higher. In practice, common sense suggests that if the problem of loss of control is to
determine both stiffnesses the optimum region (from, say, a weight point of view) in which to
work, is that near the axis of the hyperbola. It has been suggested by Lee® that quite a sharp

weight minimum occurs in this region. .

3.3.1. The effect of sweepback.—Fig. 13F shows how M, depends on g for different values of
7, but the effect on design is not so easy to predict, and needs careful interpretation. Indeed
it is doubtful whether any definite conclusions can be drawn without actually trying to design
to some given specification both with and without sweepback, and comparing the results. If
the flexural stiffness is high, for example, sweepback appears to have a beneficial efiect on
reversal due to the fact that the aerodynamic coefficients are all reduced. But, in the first
place the wing area will probably have to be increased due to the fact that Cr s 18 less for the
swept-back wing, and secondly, if the aspect ratio is kept constant, the torsional stifiness will
have to be obtained over a greater ratio of length to breadth. On the other hand, the aspect
ratio will probably not be kept constant as the wing is swept back. For more normal values
of the stiffness ratio the required torsional stiffness increases with sweepback, because of the
importance of the bending effect.

3.3.2. The effect of wing taper—Fig. 13a shows that increase of taper is beneficial, though
apparently to a somewhat smaller extent for the swept wing than for the unswept wing.

3.3.3. The effect of swéepback of the flexural axis.—It has been shown (R. & M. 2186*) that
for an unswept wing the position of the flexural axis is not very important, and it might be
expected that this would also be true for a swept-back wing, as from the point of view of torsion
the two are essentially similar. This has been checked by calculation and found to be correct
as regards bodily movement of the flexural axis. A numerical example may be given for the
standard case for zero and 35 deg sweep, and for the flexural axis on the quarter-chord and
10 per cent chord aft of this. The reversal equations are given in Table 2.
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TABLE 2

e =0 g = 0-1

g =00 My = 0-247 My = 0-278

My = 0-150 + 0-105p | M, = 0-169 + 0-118 p
B = 35
Ly = 0425 4 0-607/p | L, = 0-437 + 0-624/p

When it is remembered that the reversal speed depends on the square root of the values for
M, and L, it becomes evident that the parameter ¢, is comparatively unimportant—at least
for normal positions of the flexural axis. ,

On the other hand, relative displacement of the flexural axis along the wing span can have
a very pronounced effect—much more so for the swept wing than the unswept wing. This is
shown in the graph (Fig. 13B) of M, and ¢, where the flexural axis though assumed straight is
swept back an angle ¢ relative to the quarter-chord. For instance, in the case » = 5, if ¢ changes
from O to 0-04 radians, the value of M, is halved, or for a given torsional stiffness (m,) the
reversal speed would be inecreased from, say, 350 m.p.h. to 500 m.p.h. Of course, this has
been worked out for a highly tapered wing so that & = 0-04 is equivalent to a large displacement
of the flexural axis towards the wing tip ; at the tip itself the axis is displaced through 60 per
cent of the chord. It is probably too much to hope for such a large benefit for a practicable
wing construction, but types of construction which tend in the reverse direction (z.e., the flexural
axis forward at the tip and aft at the root) should be avoided if possible.

3.3.4. The effect of aspect ratio.—Fig. 13a shows that increase of‘aspect ratio for given stiffness
is slightly beneficial, but the problem of providing the stiffness probably more than counter-
balances the gain.

3.3.5. The effect of aileron geometry—The effect of span changes considerably with sweepback
and stifiness ratio, the change being due to the relative change in importance of the bending
deformations. For no sweepback, or for very high flexural stiffness, short ailerons appear
to be favourable—though again it must be remembered that the stiffness has to be provided
over a greater length of wing ; but for highly swept wings of lower stiffness ratio, the long-span
aileron is beneficial. The effect of aileron chord is small in all cases, and is of the same sign as
for the unswept wing, namely that increase of chord is slightly beneficial.

4. Change of Camber on Wing Bending.—In the preceding analysis it has been tacitly assumed
that the aerodynamic section of the wing remained unchanged by the distortion of the wing as
a whole. To what extent this approximation is true in practice will depend upon the type of
construction adopted, but if the wing is designed with a standard torsion-box and single spar
then the wing section in the line of flight will distort as the wing deforms.

This distortion manifests itself as a change of camber of the section, and the magnitude of
the change may be estimated from the assumed modes of deformation. As the mode of twist
is assumed to be linear this mode will not, of itself, produce any camber change ; on the other
hand the parobolic mode of bending will give rise to a constant change of camber over the wing
span. Moreover the effect of this camber change is beneficial. For, if an aileron is applied
downwards, the wing bends up and acquires camber in the concave sense seen from above which
tends to offset the nose-down pitching-moment from the aileron.

The magnitude of the effect has been estimated for a wing swept back at 45 deg, and of constant
chord, for three values of the stiffness ratio. The change in the aerodynamic coefficients is
based on Glauert’s standard two-dimensional theory®, and the magnitude of the effect in terms
of reversal speed was in all cases between 3 and 4 per cent.
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5. Wing Divergence.—The wing considered is shown in Fig. 1 and the same aerodynamic
and elastic assumptions are made as for the semi-rigid treatment of aileron reversal in section 2
with the exception that the flexural axis is at a constant fraction of the chord (e) aft of the
quarter-chord, for simplicity. When the wing acquires a positive increment of incidence,
the lift forces are increased and the wing bends upwards, and twists nose up. In the absence
of bending the twist of the wing would again increase the lift forces and a stable condition or
divergence would result, depending on the disturbing air forces and the elastic restoring forces.
The upward bending reduces the effective incidence and so for a swept-back wing the bending
provides a stabilising effect.

The equations for lift and moment are :—

dL = gc,s'(1 — mn)a,acos f dy
(17)
dM = egey’s'(1 — wn)’aoccos f dy '
By assuming the modes given by equations (5) and (6) these may be written
aL = gcs’'(1 — 1n) <772> alAl cos B dn
)
(18)

aM = eqcy’s’(1 — 'm)2<%7—> a,A,cos B dn
0

The equivalent loads at the reference section corresponding to those for reversal given by the
equations (12) are therefore

L' = geys'a 4, cosp(x — /5)[no° l

Mll = 6900231(/111‘11 C0525<% — %T + %_7‘-2)/7702 (19)

M, = M, tanp

and the equations of equilibrium are, as before,
Lapo = 4M, — 2L'n,s’
mely = M, .

For a typical numerical solution, we again resort to the dimensions of Fig. 1 ; choosinge = 0-2
we then have the equations, for g = 45 deg.

M, = 0-212(1 + p) ) ”
L, = — 2-24(1 + 1/p) (20

Again the graph of M, and L, is a rectangular hyperbola, but in this case only a small part of
the positive quadrant is enclosed by it. A comparison with the reversal curve is given in Fig. 14
and the comparative unimportance of divergence is quite obvious. The graphs are shaded on
the danger side. '

The divergence calculations are probably very pessimistic as the assumption of a built-in
wing is not justified. If an assumption of constant lift were made, for example, the critical
speeds would be much higher. But it would not be very satisfactory for an aircraft to fly at
speeds in excess of its ‘ classical * divergence speed (z.e., assuming built-in wings) as it would
be very susceptible to gusts.

9



6. The Effects of Sweep Forward.—The method of solution of sections 3 and 6 has been
applied to a wing similar to that in Fig. 1 but having forward sweep and the results plotted in
Fig. 15. The most noticeable feature is that the divergence and aileron reversal curves now
-appear in the opposite quadrants from the swept-back wing, so that divergence becomes more
critical than aileron reversal for the swept-forward wing. In particular the flexural stiffness
required to avoid divergence is very high, beirig double that which would be adequate to prevent
aileron reversal on a swept-back wing. Aileron reversal for a swept-forward wing is not very -
sensitive to flexural stiffness and is avoided entirely with a torsional stiffness appreciably less - -
than would be necessary for an unswept or swept-back wing.

As always for divergence problems it is beneficial to keep the flexural axis as well forward as
possible, but it should be noted that whereas an unswept wing with flexural axis at the quarter-
chord is stable at all speeds, this is not true for the swept-forward wing, and the flexural stiffness
required to prevent divergence can still be very high for appreciable angles of sweep. This
stiffness is marked in Fig. 15 (for 45 deg sweep).

7. Conclusions.—The conclusions are limited quantitatively by the limits of the aerodynamic
treatment but the following qualitative conclusions can be drawn from the results obtained.

Loss of rolling power through structural flexibility is, in general, more serious for sweep-
back than for sweep-forward or for no sweep. A possible exception is the case of very high
stiffness ratio. The following factors are beneficial and give high aileron reversal speed.

(2) High wing-torsional-stiffness.

(6) High wing-flexural-stiffness.
(¢) Sweepback of flexural axis behind aerodynamic axis.’
(d) High wing taper in plan form.
(¢) Large aileron chord.
)

The use of balance tabs.

(f

Increase of aileron span is beneficial in reducing the loss of incidence due to bending but
detrimental with reference to direct torsion effects and thus the optimum value would depend
upon the stiffness ratio and degree of sweep of the particular wing under consideration.

The effect of change of wing camber due to the bending of the wing is small and slightly
increases the reversal speed. '

Wing divergence is not liable to be serious with swept-back wings but is for swept-forward.
The following factors are found to be beneficial and give relatively high divergence speeds for
swept-forward wings. :

(i) High stiffnesses—especially flexural.
(ii) Well-forward flexural axis.
i) High wing taper in plan form.

g g tap P

8. Further Developments—The method used in the present report is to be extended to
investigate the effects of wing deformation on the available rolling power at speeds below the
aileron reversal speed. For considerations of rolling power, it is incorrect to assume the wing
held fixed at the root since the damping terms are important, but the overall effects due to
sweep should be similar to those described in the present paper, as the damping.can hardly
produce any abrupt changes. For the unswept wing it has been shown (R. & M. 2186% that
the mode of twist suffers very little change over the speed range up to reversal.

The precise requirements for the control power of future high-speed civil and military aircraft
and guided weapons are not clear but since positive control will always be necessary at all
flying speeds it seems certain that it will be necessary to predict control power and reversal
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speeds accurately for swept wings as in the case of unswept wings. The principle uncertainty
(as for all aero-elastic phenomena) is that of the aerodynamic data. This means that much
more information is required on the derivatives a,, @,, m and the location of the aerodynamic
centre with special reference to their dependence on sweep and Mach number. In particular,
the reversal speed is very sensitive to the value of #. Data'>'"'* are becoming available but
more are required.

LIST OF PRINCIPAL SYMBOLS

A - Aspect ratio
A, Defined by equation (12)
E Ratio aileron-chord/wing-chord
F(y Flexural mode
L, L Lift force and equivalent at reference section
L, Non-dimensional stiffness (/,/gc,.s*)
M Pitching moment
M, M/ ' Twisting component of M and equivalent at reference section
M, M, Bending component of M and equivalent at reference section
M, Non-dimensional stiffness m,/qgc,’s '
P . The flexural rigidity (EI)
A, Ay oC,[oa, 0C, [0
¢, Co, C; Chord, root value and tip value
e, e Position of flexural axis aft of quarter-chord, and value at wing root
f(n) Torsional mode
h{n) Flexural mode in slope due to distortion in-flexure
Ly Flexural stiffness
" —(0C,,[08)Cy
My Torsional stiffness
b Amplitude ratio (= y,/0,)
‘g Dynamic pressure ($p V%)
4 Stiffness ratio (= cl,/sm,)
s, s’ Semi-span, and length of wing from root to tip (= ssec§)
v, v Spanwise co-ordinates perpendicular to centre-line and parallel to
flexural axis respectively
%, Za Vertical deflection, and value at reference section
o Incidence
i Angle of sweep
y Inboard end of aileron is ys from centre-line
& Angle between flexural axis and quarter-chord line
0, 6, Angle of twist '
7, fo Non-dimensional spanwise co-ordinate (= y/s)
£, & Aileron angle ; & relative to fixed axes and ¢ relative to wing
W, o Angle of bending
T Taper (=1 — ¢/fcy)
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APPENDIX I
The Flexural Modes of Distortion and Itevative Treatment

A solution of the integral equation for the rolling power of an unswept elastic wing aileron
combination has been reported (R. & M. 2186*) in which the solution was achieved by means
of an iterative process applied to a series of chordwise strips along the wing span. This process
can be extended fully to cover the case of a swept-back wing subjected to both flexural and
torsional deformation. The numerical solution of this more complex problem would, however,
be somewhat tedious, and the present investigation is restricted to an artificial case for which

the torsional stiffness is assumed infinite. The plan form of the wing considered is shown in
Fig. 1.

Al The Integral Equation.—It is assumed for the purpose of this illustration that the
local flexural rigidity (£I) at a section is proportional to the cube of the chord :

thus EI =P =Pl —w)’. .. .. .. .. .. .. .. (Al

Also
& = &, = constant

and v = dzfdy’ .
The expressions for M and dL now become
aAM = — gc*dy mé&,
(A2)
dL = gedy (awp sin g + a,&) _
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and further the rolling moment due to the strip is

AR = qcy dy (ap sin f + a.£,). . e . . .. (A3)
The total rolling moment is zero, so from (18) we may write
1
Jo(l—rn)n(alwsinﬂ+a2§1)dnzo I - V)

which gives a relation for &,.

The bending moment (tip up) at the section y is obtained from equation (AZ) as

QJ ¢’msin &, dy, + qJ c(yy — v ) (awpsinp + a,é,) dy,’
y! y’

&y
ay'

The integral equation for y is now obtained by integration of this expression. For convenience
of solution, we replace y by a function 4(z) such that

hn) = vplv,
where v, is the value of y at the reference section. The equation may then be written in non-
dimensional form as

1
— gc,’s* ! dn B . ' 4
hn) = P,cos?p L (1 — ) (1 — wny)® Agmsin . dn,

n

and this is equal to — P

N

-+ C—J (ny — M (1 — (a4, — ahsin ) secp. dn, } .. (AS5)

where, from equation (A4),

\S Jl am(l — wy)hsin f dy
Ay = —2=""° .o .. .. .. .. (A8)

1
¥ J am(l — tn)dy
I3

The equations as written are directly applicable only to the straight tapered wing with a
stiffness distribution similar to that assumed. They could, of course, be obtained quite generally
in terms of the local values of the chord and the stiffness without affecting the iterative process
of solution.

A.2. Solution of the Equations.—The iterative method of solving equations of the type of
(A5) and (A8) has been described in previous reports®®, but in the present case the iterations
are a little longer because of the term (y, — #) in equation (A3). The main steps in one iteration
are given in Table 3, and briefly explained below.

The first part of the integration from # to 1 (z.e., the part depending on m) is carried out in
the usual manner for an assumed mode 4(n) in column (4) and the result given in column (6).
Column (7) gives the product of the terms after the factor (4, — ) in equation (A5). Column
(8) represents the bending moment at strip 5 due to the aerodynamic lift on strip 6. It is
accordingly 0-0530 (from column 7) multiplied by (3, — ns). In the same way column 9
represents the bending moment at strip 4 due to the lift outboard of this strip ; it is obtained
by summing the bending moments due to each outboard strip, which sum is given at the bottom
of the column. Columns (10), (11) and (12) repeat columns (8) and (9) for the bending moments
at strips 3, 2 and 1 respectively. The moments on the various strips are arranged vertically
in column (13) and after multiplying by s/c, are added to those already found from the pitching
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moment derivative in column (6) to give column (14). Column (15) represents the.final inte-
gration, and column (16) the new approximation to the mode. Table 3 gives, in fact, the final
iteration, and it can be seen that column (16) repeats column (4) to a sufficient degree of accuracy.
The critical value of ¢ is given by

0-4578gcy*s* = P,cos’f . .. .. .- . . . .. .. (A7)

It will be noted that, by hypothesis, the bending moment at the aircraft centre-line (due to the
lift forces) must be zero. This may be seen to be true by extrapolating the numbers in column
(13) to the value » = 0 which is done in Fig. 16. The very fact that the resultant rolling moment
is zero may perhaps be taken as an indication that the lift forces alone can have little influence
on the reversal speed. That this is not necessarily so is shown by the present example where
(partly due to the high aspect ratio and high taper) it will be noted that the factored numbers
of column (13) are appreciably greater than ‘the corresponding numbers of column (6). The
two are compared in Fig. 16%* '

As a more direct comparison of the magnitude of the effect of the lift forces on the reversal
speed the iterations have been repeated with the term in the square brackets of equation (A5)
made zero. The coefficient corresponding to 0-4578 in equation (A7) was in this case 0-1154.

A3. The Approximate Flexural Mode~The mode h(y) of Table 1 is not the true mode of
the wing distortion in flexure, but is a mode of the angular distortion in flexure. The actual
mode of vertical deflection is obtained by integration in Table 4.

TABLE 3
General data a; = 5-5, a, = 3:37, m = 0-57, § = 40°, s/cy = 2-286, ¢ = 0-6, 7 = 0-764
1 2 3 -y 5 6 7 8
. . 1 1
Strip dn " By | Svpmation f cooay | U 'ZZ?) J C i,
, for A, R I .
1 0-2 0-1 0-0491 0-0079 0-03332 | —0-04184
2 0-2. 0-3 0-2265 0-0912 0-03332 | —0-1612
3 0-2 05 0-6123 0-3204 0-03332 | —0-3494
4 0-133 0-666 0-8401 0-3182 0-03332 | 0-1604
5 0-133 0-8 1-000 0-3602 | 0-01639 | 0-08882
6 0-133 0933 1-072 0-3326 | 0-005785 | 0-05296 | 0-007043
| A,—1-4395 % =0-007043
9 10 11 12 13 14 15 16
1 1 1 1 1‘ 7
f . dny J . dn, j dn, J g | J . ddny | (8)sjcy(13) f .. dy h(n)
s A3 2 M 7 0
0-02511 | 0-09072 | 0-02304 | 0-0503
_0-03224. | 0-06678 | 0-1860 0-1043 0-2277
—0-06988 | —0-13975 | 0-07621 | 0-2075 0-2801 0-6119
0-02663 | 0-05872 | 0-09081 | 0-02602 | 0-09279 | 0-3842 0-8304
0-01190 | 0-02665 | 0-04441 | 0-06218 | 0-007043 | 0-03249 | 0-4578 1-000
001414 | 0-02293 | 0-03352 | 0-04411 | 0-0 0-005785 | 04902 1-071
X —0-02602|Z = 0-07621 X = 0-06678|Z = 0-02511

# In the iterations the pitching-moment loads are concentrated at the centres of the strips, but in practice, of course,
they only become fully operative at the inboard ends of the strips. This modification has been made in drawing the
second curve of Fig. 16.
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TABLE 4

1 2 3 4 5

7 A
Strip i) J () F() 1-6472

0

1 0-0503 ' 0-0024 0-0067 0-0082

2 0-2277 0-0280 0-0784 0-0877

3 0-6119 0-1120 0-3137 0-3330

4 0-8304 0-2340 0-6555 0-6439

5 1-000 0-3570 1-000 0-9816

6 1-071 0-4930 1-380 1-398

The first four columns of Table 4 are self-explanatory, and in column (4) the true vertical
mode is given. The integration of column (8) was performed graphically. An approximate
mode of the form '

Fi(n) = An"
has been derived by the method of least squares (see for example Ref. 13) and is given in column
5. It may be compared with the true mode of column 4 ; the two modes are also compared in
Fig. 17.

It must be emphasised that the work in this section refers only to a wing which is torsionally
rigid, and the precise effect of the introduction of the torsional {reedom on the flexural mode is
not known. However, the writers feel that the result does at least indicate that the assumption
of a parabolic mode in flexure is reasonable if no better information is available. The equations
for the solution of the reversal problem by semi-rigid theory with general modes are given in
Appendix 1L

APPENDIX II
Semi-rigid Solution for General Modes

For simplicity we assume the flexural axis to coincide with the quarter-chord. Then the
reversal speed is given by solution of the equation®

g

| 7, cog? -
. Jois I, cos®’p 0 E I,cos B
‘ I, — 7, sin g cos ﬁf%—f tan g Isec'ﬁ—l—c—oIsinﬂ =0
| 3 s 4 » ’ gcosgnoz 5 ’ 6 S 7
‘ I;cos B s Iysin g s I,
where the torsion mode is given by '
6 = 0,f(n)
and the mode of flexure by
z = 2 (n)

* The equation is developed from the method outlined in the main text.
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where 0, and z, are the values of the 