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Summary.--Partly to gain experience of aero-elastic models constructed from Xylonite, and partly to provide 
information regarding loss of rolling power due to wing distortion, a tip-to-tip model of the wings of a Spitfire aircraft 
was constructed. I t  was mounted on a longitudinal axis in a wind tunnel so that it could roll continuously. Rates of 
rolling were measured for a range of air speeds and the results are compared with those of calculations. 

The variation of rolling power with air speed was calculated by : 
(a) the Collar and Broadbent method (R. & M. 2186) which is based on strip theory, 
(b) a method developed by H. C. Garner based on lifting-line theory. 

If the aerodynamic quanti ty a2/alm is assumed to take its two-dimensional theoretical value, the Collar and Broadbent 
method yields a good estimate of the ratio of the rolling power at any speed to the ' rigid-wing' rolling power, and 
thus successfully predicts the reversal speed. The Garner lifting-line method gives a reversal speed which is high in 
comparison with experiment. The estimated rolling power is proportional to the two-dimensional value of a2/ax which 
is uncertain within 4- 5 per cent. The measured rolling power is somewhat less than that estimated by either method, 
but this discrepancy may be due to the waviness over the surface of the model. 

The results of calculations of the reversal speed by two early and more approximate methods (R. & M. 1568 and 
2059) are also included. These give values below that indicated by the experiment. 

Concerning the use of Xylonite models for nero-elastic work, it is concluded that the lower limit which must be placed 
on the thickness of the skin of the model to provide a reasonable aerodynamic surface, will tend to produce models 
too stiff to be capable of adequately showing up aero-elastic effects in a low-speed tunnel. It  is suggested that  Xylonite 
aero-elastic models will find their greatest use at high speeds. I t  is also concluded that in constructing a Xylonite 
replica model of a full-scale structure particular care must be taken to ensure that  the stiffnesses are correctly 
represented. 

1. Introduction.--The following experiments were undertaken with the dual purpose of 
gMning experience of Xylonitet models for aero-elastic research, and of providing an experimental 
comparison with calculations of loss of rolling power due to wing twist. Redshaw, having used 
with success Xylonite models for structural research 1, suggested that this material might be 
suitable for constructing scale models for flutter tests 2, and some assessment of its capabilities 
in this direction was required. About the same time as this suggestion was made, there was a 
call for experimental work in connection with aileron reversal and this led to the instigation 
of the present tests by the Oscillation Sub-Committee of the Aeronautical Research Council. 

* Published with the permission of the Director, National Physical Laboratory. 
t Xylonite-- trade name for cellulose nitrate manufactured by BX Plastics. 
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As a test of the Xylonite model technique it was decided to construct a scale model of the 
wings of a particular type of aeroplane. A consideration of the size of the available wind tunnel 
and the possible scale factors that could be attained, suggested that  a model of the Slbitfire V 
would be most convenient. In addition the plan-form of the wings of this aircraft had a large 
variation of aileron chord ratio over the Span, which made it a difficult subject to treat by the 
earlier and more approximate methods of reversal speed calculation ~, and therefore a good test 
for a more exact methodfi 

The model consisted of a tip-to-tip unit mounted on an axis running through a dummy fuselage 
so that  it was free to roll continuously. Rates of roiling due to aileron deflection were measured 
for a range of air speeds. Calculations of roiling power and aileron reversal speed were made by 
several methods, and the results are .compared with the measurements. 

2. Main  Symbols a~d Gemral Data . - -The  system of axes and sign convention are shown 
in Fig. 3. 

b Total span (tip-to-tip) = 5. 293 ff 
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Semi span (centre-line to tip) = 2.649 ft 

Mean chord = 0;928 ft 

Gross wing area = 4.919 sq ft 

Spanwise co-ordinate, y/s  

Angle of bank in tunnel (see Fig. 3) 

Aileron angle (see Fig. 3), $0 refers to station ~ -----0.57 

Angle of wing twist (see Fig. 3), 00 refers to station ~ ---- 0.57 

Wing distortion (see Fig. 16) 

Wing distortion (see Fig. 16), ~"0 refers to station ~ = 0.57 

Torsional stiffness 

Rolling-moment coefficient due to ailerons = L/ lpV"bS  

Rolling-moment derivative due to rolling = 4Lp/o Vb"S " 

Angular velocity of rolling 

Air speed for aileron reversal 

= aCL/aO appropriate to strips 

-~ aCL/a~ appropriate to strips 

Value of (a~/al) at station ~ = 0.57 

- -  --  aC,,/a~ (at constant CL) appropriate to strips 

Rolling power 

' Rigid-wing'  roiling power corresponding to a geometrically similar but 
rigid wing, assumed to be identical with ' i n i t i a l '  rolling power for 
condition V --+ 0 

Aileron extent 0. 497 < ~ < 0.872 

Wing root at ~ ---= 0. 079 

Mean aileron-to-wing chord ratio E = 0.17 (aileron chord measured 
from hinge-line to trailing edge) 

Overall linear scale of model 1/7 

Material thickness scale (nominal) 1.3/7 
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3. General Description of Model . - -The  complete model consisted of two separate Xylonite 
wings attached to a wooden ' fuselage ' as shown in the photograph (Fig. 1). The fuselage was 
a solid of revolution comprising two principal par t s - - the  forward part to which the wings were 
attached, and the rear portion which carried two ball-bearings forming an axis of roll for the 
combination of the front part and the wings. The general arrangement of the shaft and bearings 
is shown diagrammatically in Fig. 4. The bearings themselves were carefully chosen from 
stock for low friction. The method of supporting the model in the National Physical Laboratory 
9-ft × 7-ft wind tunnel is shown by Figs. 2 and 5. The rear portion of the fuselage was supported 
centrally in the tunnel by  4 streamlined struts at its forward end and a cone of bracing wires at 
its tail end. The final adjustments of the position of the model in the tunnel involved an approxi- 
mate measurement of the lift developed at a number of angular positions of tile wings, and for 
this purpose the upper vertical supporting strut was attached to the tunnel structure by an 
electrical resistance strain-gauge r ing;  the lower vertical strut could be either locked to the 
tunnel structure or, during the measurement of lift, left unconstrained in the vertical direction 
but  tensioned with an adequate load. The horizontal struts were attached to the tunnel in a 
similar manner. 

The wings and fuselage combination was carefully balanced about the axis of roll. During 
the rolling-speed tests the wings were free to rotate continuously, whilst for the measurement of 
rolling moments a lever arm could be rigidly attached to the main shaft and connected to a 
balance above the roof of the tunnel. It  was possible to measure the rolling moment at a number 
of angles of bank. 

4. The Wings . - -The  model was intended to reproduce the elastic characteristics of the Spitfire 
wing, and major structural components were Xylonite replicas of their full-scale counterparts 
reduced to an overall linear scale of 1/7, but  the sheet thicknesses were relatively greater. The 
construction was carried out by  Messrs. Boulton Paul working to the basic drawings of the 
spitfire V. Figs. 6 and 7 show the general structural layout of a wing. The torsion resisting 
component consisted of a D nose box ; the skin between the main spar and the rear spar had 
numerous ' cut-outs ' and was thin in comparison with that  over the D nose. The main departure 
from Xylonite was the construction of the aileron and the wing tip (i.e., the portion of the wing 
outboard of the aileron) from mahogany, drilled and covered with Xylonite for lightness. Both 
these model components could be regarded as rigid. For simplicity the ribs were of sheet con- 
struction, 0. 010-in. thick, as against the lattice girder type of construction of full-scale. 

For the at tachment  of the wings to the fuselage, the main spar of each wing carried a steel 
shaft which could be firmly clamped in a housing on the fuselage. Independent incidence 
adjustment  of each wing was possible by unclamping and rotating the wing on its shaft. A single 
point location was provided at the root of the rear spar. This method of supporting the wings 
on the fuselage was considered to be representative of full-scale. 

Each aileron was attached to its wing by hinges at two positions along its span, and it could be 
set at an angle by a clamping device situated at a position ~ = 0.57, corresponding approxi- 
mately to tha t  of the full-scale control. 

5. Scale Factors . --I f  Reynolds number effects are neglected, dynamical similarity between 
model and full-scale is achieved for static aero-elastic effects when the parameter C/p V=L a is the 
same for both model and full-scale, C being a typical angular elastic stiffness and L a typical 
external dimension. Now the stiffness scale for externally similar structures built of sheet 
materials for which the thicknesses t are small in comparison with the other dimensions = is 

CM/CF = (E~/EF)(t~/tF)(L~/LF) ~ =  k(E~/Ep)(LM/LF) a 

where k(LM/LF) = t~/tF, E is Young's modulus, and z~ and ~ refer to model and full-scale 
respectively. 



The speed scale for aero-elastic effects is then given by 

(VM/VF) ~ =  (p~/pM)(Lp/LM)a(GM/Cp) = k(pF/pM)(EM/EF). 
When PF/PM = 1, 

E~ = 0" 31 × 108 lb/in. ~ (Xylonite), 
and EF = 10 × l0 s lb/in? (Dural), 
then (VM/V~) ~ = 0.031k 

Since the aileron reversal speed for the Spitfire is in the neighbourhood of 900 ft/sec it was 
convenient to design for a speed scale of 1/5 which would correspond to a model reversal speed 
of approximately 180 ft/sec ; this led to a nominal design value k = 1.3. 

The Xylonite sheets used in the construction were of normal stock thicknesses and the following 
table compares the full-scale and model thicknesses of the main components. 

Component 

Root portion of main spar web . . . .  

Tip portion of main spar web . . . .  

Skin of D nose . . . . . . . .  

Remainder of skin (i.e., aft oi main spar ) . .  

Full-scale 
t~ 

(in.) 

12G, 0"104 

16G, 0-064 

14G, 0"080 

24G, 0.022 

Model 

(in.) 

0.020 

0.010 

0.015 

0.0075 

tM 
k = 7 × ~  

1" 35 

1' 09 

1 "31 

2" 38 

k/1.3 

1' 04 

O' 84 

1 "01 

1"83 

It was understood that the rear portion of the Spitfire skin was almost completely ineffective 
in providing torsional stiffness owing to the large number of cut-outs. True sealing down of 
the thickness of this portion using the nominal factor k = 1.3 would have required a model 
thickness of 0.004 in. This thickness was regarded as unworkable, and the skin was constructed 
from 0.0075-in. sheet, since it was thought that, provided the cut-outs were correctly reproduced 
on the model, the extra thickness would have no effect on the design torsional stiffness. However, 
the model proved to be considerably stiffer than expected, but this question is dealt with in 
section 7. 

From the aerodynamic point of view, the surface of the wing behind the main spar was bad 
owing to its waviness. The surface of the D nose was quite good, which suggests that  if the 
whole surface could have been constructed with a similar thickness (i.e., O. 015 in.) or possibly 
even 0. 010 in. a satisfactory aerodynamic surface would have been achieved. This is an example 
of what is probably the principal difficulty in designing Xylonite replica models for static 
aeroelastic or flutter tests. Stated fairly generally, it is that to obtain a speed scale which will 
allow the range of full-scale speeds to be covered by tests in  a normal low-speed tunnel (say 
one having a 9-ft × 7-ft working-section and a maximum speed of 230 ft/sec) the required 
sldn thicknesses will probably be insufficient to provide a good aerodynamic surface, and nlay 
even prove to be so small as to be unworkable. 

6. Stiffness T e s t s . ~ T h e  twists at a number of spanwise stations along each wing were measured 
for a couple applied just inboard of the rigid wing tip (i.e., Rib 21, ~ = 0.87). The wing was 
supported in a manner that  simulated its at tachment to the fuselage, and couples were applied 
by a wooden template fitting over the profile; angles of twist were measured by two small 
concave mirrors fixed by Plasticene to the undersurface of the wing at the main spar position, 
one at a variable station, the other at a master station at Rib 20 (~ = 0.83). Distortion modes 
F,(~]) were obtained as the ratios of the twists at the variable, to those at the  master station. 
Routine stiffness checks were made by measuring twists at the master station only. 



Flexural centre positions were obtained at 3 spanwise stations ~ = 0.42, 0-66 and 0-87. 
For each of these measurements the particular section was loaded at a number of chordwise 
positions and the twist at the section measured in each case. The chordwise position of the load 
for which the twist was zero, the flexural centre, was then found by interpolation. 

Some creep occurred immediately after a load had been applied to the wing and Fig. 8 shows the 
results of two typical creep tests in which the wing was loaded with a couple of approximately 
half the maximum value used during the stiffness measurements. It will be noticed that  the 
twist did eventually return to zero after the load had been removed, and that  t h e p a t h  of the 
return after unloading was similar in nature to the path after loading. From the point of view 
of creep, the wings were considered to be comparable with flutter models consisting of a wooden 
framework covered with silk. 

The stiffness as measured at the master station showed an unaccountable daily variation. 
Readings of atmospheric temperature and humidi ty were taken for each stiffness test, since it 
appeared that  these factors had an appreciable effect on the elastic properties of cellulose nitrate 5, 
but  in a total of 22 daily stiffness measurements no correlation was apparent. One possible 
explanation based on the fact that  the elastic modulus of Xylonite depends on the water content, 
is that  the water content takes some time to reach its equilibrium level after a change of humidity, 
and thus that  the stiffness would not depend only on the current humidity, but on its previous 
time history. In 16 measurements of stiffness on the port wing the maximum variations were 
+ 9 per cent and -- 12 p e r c e n t  of the mean, and in 20 measurements on the starboard wing 
similar variations were + 6 per cent and -- 5 per cent. 

The mean values of the sfiffnesses measured at ~ = O. 83 were 

Port 65 lb ft/radn 

Starboard 61 . . . .  

Mean 63 . . . .  

The measured modes of static distortion are shown in Fig. 9. 

During the stiffness tests the maximum twist allowed at ~ = 0.83 was approximately 0. 
the linearity of deflection with load was excellent up to this angle of twist at least. 

The positions of the flexural centre in local chords aft of the leading edge were : 

-- 0.42 0.66 0.87 

7 deg, 

P o r t  0" 19 0.20 O. 16 

Starboard 0.28 0.18 0.29 

7. Comparison between Measured and Predicted Stiffnesses.--The theoretical ratio of the model 
to the full-scale stiffness is 

C~/CF --- k(EM/EF)(LM/L~) 3 

= 1" 175 × 10  -4  

When the following design values are inserted : 

k = l . 3  

EM/E• = 0.31/ i0  

L~/LF = 1/7. 



The following table compares the measured model and full-scale torsional stiffnesses at a few 
spanwise positions, the full-scale values having been supplied by the Royal Aircraft Establishment. 
Both full-scale and model measurements were made by applying a couple near the wing tip. 

Full-scale 

Spanwise 
stat ion.  

Distance from 
centre-line 

(in.) 

79 

147 

192 

lb i t / r adn  

11 × 10 a 

4 .9  × 10 a 

1.65 × 10 a 

Equ iva len t  
stat ion.  

Distance from 
centre-line 

(in.) 

11.3 

21-0 

27.4 

Model 

F.(n) 
in terpola ted 
from Fig. 9 

0"17 

0"53 

1"15 

= 6a/F.(7) 

lb f t / radn 

370 

120 

55 

(m0)~/(~0), 

3-4 X 10 -a 

2-5 X 10 .4  

3-3 X 10 -4 

Mean = 3 . 1  X 10 -'t 

From the theoretical value of CM/C~ and the quoted full-scale stiffnesses, an estimate gives the 
model torsional stiffness at ~ = 0-83 as 24 lb ft/radn in comparison with the measured value 
of 63 lb ft/radn. The model torsional stiffness that  was realised is thus approximately 2.6 times 
that  which is predicted from the design scale factors. This large discrepancy cannot be completely 
accounted for by  the fact tha t  the thickness of the rear skin of the model was greater than the 
correctly scaled down value, for even in the hypothetical case in which all the components are 
correspondingly thickened the theoretical value of (mo)~/(mo)s is only 2.1 X 10 -4. 

There is much better agreement between the flexural stiffnesses, the ratio (I,)M/(I,)F being 
1"48 X 10 -~. 

Although the discrepancy with regard to the torsional stiffness cannot be completely explained, 
it is probable that  the cut-outs in the wing were not adequately reproduced and tha t ,  in com- 
parison with full-scale, the rear skin was too firmly attached to the main spar. On the completion 
of the first series of wind-tunnel tests, the structure of the model wings was altered in an a t tempt  
to reduce the torsional stiffness ; this is dealt with later in section 11. 

8. Alignment of Model in Wind Tunnd.--Before carrying out the rolling speed tests it was 
necessary to align the rolling axis of the model along the effective wind axis of the tunnel. In 
addition, to prevent any possible overstressing of the wings, the effective incidence of each was 
adjusted to approximately zero. These two types of adjustment were effected concurrently by  
a trial-and-error method involving the measurement of rolling moment and lift (i.e., normal force) 
for angles of bank 0 deg, 90 deg, 180 deg, and 270 deg. The normal force was not measured 
accurately, but  all indication of whether the model was developing lift was obtained from the 
appropriate strain gauge unit. No single alignment of the rolling axis and incidence setting of 
the wings could satisfy the condition of zero lift, and zero rolling moment at all 4 orientations of 
tile model, and a compromise had to be made. Later some investigation of the variation of rolling 
moment with angle of bank was made and this is dealt with in section 10. 

9. Rolling Speed Tests.~The port and starboard ailerons were given an equal but opposite 
setting and the time for a number (usually 10) of complete revolutions was obtained with a stop- 
watch for a range of air speeds. The measurements covered the range of aileron angles ~0 = i 4 deg, 
4- 6 deg, 4- 8 deg and 4- 10 deg for speeds up to 190 ft/sec. The tunnel was actually capable 



of running up to 220 ft/sec, but there seemed to be no particular value in extending the tests 
up to this speed, especially since the model was likely to be damaged by the particles of tunnel 
dust which were carried by the air at these higher speeds. 

For a combination of small aileron angle and low air speed the roiling motion of the model was 
erratic, due presumably to non-uniformities in the stream, but for aileron angles above 2 deg 
and air speeds above 20 ft/sec the motion appeared to be quite steady. The possible effect of 
the non-uniformities of the stream on the rolling speeds is dealt with in section 10. To test 
whether the struts which supported the model had any effect on the rolling speed, 4 dummy struts 
were placed in the diagonal positions, so that,  in all, there were 8 equally spaced struts around 
the axis. A number of rolling speed tests were repeated, and since the addition of the dummy 
struts produced a negligible change in rolling speed, it was concluded that  the interference due 
to the supporting struts was not serious. 

Rates of rotation were plotted against aileron angle for each wind speed and were found 
to be reasonably linear as shown in Fig. 10. The slopes P/~o were obtained and these together 
with the non-dimensional parameter (pS/~oV) are plotted in. Fig. 11, to show the variation of 
rolling power with air speed. The figure also includes some of the calculated results to be referred 
to later. 

Simple theor S gives the relation between the steady ra te  of roiling and the air speed as : 

p/~oV = k(1 - -  V2/V, ~) . . . . . . . . . . . . . .  (1) 

or p/ oV = k (1 /v  1 / v h  . . . . . . . . . . . . . .  (2) 
where h is a constant involving the aerodynamic properties of the system and V,, is the reversal 
speed, which involves both the aerodynamic and the elastic properties. 

As suggested by Victory ~ equation (2) may be used to give a linear plot between p/~oV ~ and 
1/V 2 from which l/V, ~, and thus V, may be obtained by extrapolation. Fig. 12 shows the experi- 
mental results plotted in this way and leads to an extrapolated reversal speed of 309 ft/sec. 

10. Variation of Rolling Moment with Angle of Bank.--During measurements of lp using the 
free rolling of a model in a wind tunnel Evans and FinM found a variation of rolling moment 
with angle of bank which they attributed to secondary flow in the tunnel stream. To take account 
of this phenomenon these authors developed corrections to be applied to the measured rates of 
rolling as follows. 

The rolling moment is written in the  form C~ q- C/¢), where tile first term refers to the net 
contribution due to aileron displacement and wing distortion, and the second term to tile variation 

o f  rolling moment due to angle of bank ¢. The equation of motion of the system is then 

A d ~  ~pSVb~ip d_¢ = ½pV~Sb[C ' + C,(¢)] . . . . . .  (3) 
dt ~ dt 

where A is the moment of inertia about the rolling axis and the other synlbols have their usual 
significance. 

The variation of rolling moment with position may be written in the form 

C,(¢) = ~ (A,, s in n¢ + B. cos he)  . . . . . . . . . . . . . .  (4) 
1 

Solution of equation (3) leads to the conclusion that  the observed periodic time T is in excess 
of the periodic time To corresponding to a similar system but with C,(¢) = 0 in which case the 
period is given simply as 

~b l ,  . . . . . . . .  (5) 
To - -  V Cl . . . . . . . . . . .  
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The relation between T and To is expressible in the form 
r = r0(1 + 

o r  

T = T0(1 + ~lh + d~h" + d~h ~ + etc.) .. 

where both h and d are small quantities. 

It may be shown that  

~1-= 0 

~ h ~ =  
1 

. . . . . . . .  (6)  

(A2 + B2) 
2C~(1 + 64n2C~A~/p~S~b61p~) 

and that the subsequent terms in equation (6) are all small:in comparison with ~M. 

Values of C~(¢) measured at 60 and 100 ft/sec are ShOWn plotted in Fig. 13 together with a 
' least-squares ' curve 

Cj = 0. 00001 sin ¢ + 0.00052 sin 2¢ 
-- 0.00016 cos ¢ + 0.00073 cos 2¢ . . . . . . . . . . .  (7) 

This variation of rolling moment with bank is similar to those found by Evans and Fink for a 
number of tunnels to the extent that the harmonic term in 2¢ is large, but the variation is con- 
siderably less than that  found by them in the Council of Scientific and Industrial Research 
9-ft × 7-ft tunnel. 

To gain some idea of the largest correction applicable to the present series of measurements 
the following experimental case is considered, since it is the one corresponding to the lowest 
value of Q. 

For ~0 = 4 deg and V = 190 ft/sec we have Cz ---~ -- 0. 0045 (from rolling moments measure- 
ments referred to in section 13). It  is assumed that the correction e on the periodic time may 
be adequately expressed by 

A .  ~ + B,  2 
= ,2 2C,~(1 + 64n"C, M2/p~S2b61,')" 

Then let 
~, _ ~ A,,2 + B,, ~ 

1 2 c ?  . . . . . . . . . . . . . .  ( s )  

Substitution in equation (8) of the following values as given by equation (7) 

A1 -- 0"00001 A~ = 0"00052 

B ~ = - - 0 . 0 0 0 1 6  B ~ = 0 . 0 0 0 7 3  

and the above value of C~ leads to 
! 

8 = 0"02. 

This means that  even for the extreme case of a system of zero inertia the actual periodic time T 
would be approximately 2 per cent greater than T0 clue to the variation in rolling moment.  
In the practical case owing to the inertia about the rolling axis the correction is likely to be very 
much smaller. In view of this no at tempt was made to apply corrections to the experimental 
results. 

11. Modified Model With a Lower Torsional S t i f fness . - -An attempt was made to lower the 
reversal speed to within the speed range of the tunnel by decreasing the torsional stiffnesses o f  
the wings. Tile modification which was carried out by Messrs. Boulton Paul consisted principally 
in removing tile skins between .the main and rear spars and replacing them with sheets that  
were not cemented to either of the spars but only to the ribs. The modified arrangement is 
illustrated by Fig. 14, which shows the edge of a skin positioned by, but free to slide between 
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the spar boom and a but t  strap on the outer surface of the wing. This arrangement eliminated 
the ' tors ion b o x '  property of the rear portion of the wing, and the torsional stiffness was 
correspondingly reduced. In addition some reduction in stiffness was achieved by cutting 
lightening holes in the web of the main spar. 

Torsional stiffnesses were measured, as before, by using a loading template near the wing 
tip (i.e., at v = 0.87) and measuring the twist by  a mirror placed at the main spar at v -~ 0.83. 
The new stiffness values were 

Port 33 lb ft/radn 

Starboard 32 . . . .  

Mean 32.5 ,, 

I t  will be noticed that  even after the modification the wing stiffness was well above the value 
24 lb ft /radn calculated from a consideration of the model scales (see section 5). 

A large disagreement between calculated and measured rolling speeds* for the modified model 
led to an investigation of the distortion that  took place during rolling. 

First ly it was found that  the air loads due to aileron deflection caused a wing distortion which 
involved a change of aerodynamic section. Evidence of this was given by the readings of deflection 
obtained with a number of small concave mirrors attached to the wing surface at intervals along 
one chord whilst roll was prevented. The type of distortion that  occurred was reproduced under 
static conditions by applying equal but opposite loads at the main and rear spars respectively, 
a n d  Fig. 16 shows in an exaggerated form the principal features of this mode of distortiont. 
The ribs between the main and rear spars might have been expected to prevent a distortion of 
this nature, but their flanges allowed them to have a slight flexibility in their own planes. As 
indicated in Fig. 15 this was due part ly to the inevitable gradual curvature instead of a right- 
angle a t  the flanges, which allowed some amount of ' rolling ' to take place, and par t ly  to the 
tearing action at the cemented joint between the rib flange and the spar web. During the stiffness 
tests the possibility of this type of distortion occurring was masked by the presence of the contour 
board at the loading station which prevented  any change of section at least at one spanwise 
position. 

An at tempt was made, but without success, to eliminate this type of distortion by a few 
tensioned Xylonite straps joining the main spar to the rear spar. I t  did not appear possible 
without a very drastic modification to the wing structure to eliminate the change in section 
and at the same time retain the reduced torsional stiffness. Although a full-scale aircraft would 
not distort in this manner, at least not to any appreciable degree, it is considered useful to in- 
clude an account of the work done with the modified model. 

12. Wind- tunnel  tests with the Modified ModeL- -Ro l l i ng  speeds over a range of air speeds 
were measured as before and the results are shown in Fig. 17. The air speed was not raised 
above 140 ft/sec since there seemed to be some likelihood that  the loads would damage the model. 
An extrapolation from the graph of l~/,oV 8 against 1/V  ~ (Fig. 18) gives the reversal speed as 
169 ft/sec. Fig. 17 also includes curves calculated as described in section 23. 

Reference has already been made to the characteristic feature of the distortion due to aileron 
loads, and Fig. 16 includes definitions of the two angles of deflection vJ' and 9". Values of these 
angles were measured whilst the model was rolling by small concave mirrors attached to the 
undersurface of the wing, at the main spar position for the measurement of ~', and at the rear 
spar for 9". A point source of light was placed at a window of the tunnel and as the model 

* For instance it would be expected from the measured stiffness that  the reversal speed would be 216 ft/sec, 
whilst experimental results suggested that  it would be 169 ft/sec. 

J- Such a distortion is unlikely to have taken place with the unmodified wing due to the constraint of the 
cemented skin. 



rotated each reflected beam of light swept out an arc. For part of each revolution the image 
at a screen at the tunnel window appeared as a vertical line, the horizontal shift of which was 
a measure of the wing distortion. To avoid confusion at the screen, measurements were made 
in pairs, one acting as a reference. 

Fig. 19 shows the values of v)'/to and ~"/8o measured at two spanwise stations ~7 = 0' 57 and 
= 0.79 on the port wing. The diagram shows that for each station and particularly for 
---- 0.57 the rotation ~o" was considerably greater than ~'. The diagram also shows linearity 

of each deflection with V ~, and thus the invariability of the mode with air speed. 

Some idea of the spanwise variation of ~0' and ~0" was obtained by measurements made on 
both wings for the two aileron conditions *0 = q- 10 deg and -- 10 deg, and at the nominal 
speeds V = 60, 100, and 140 ft/sec. These measurements confirmed the previous set, in that  
there was no significant change in the mode of distortion for these air speeds. Fig. 20, which 
has been prepared by taking the mean of the results at the different air speeds and aileron settings, 
shows spanwise distortion functions ~0'/~0"o and ~"/~"o where ~"0 is the value of ~0 at the reference 
section at ~ = 0.57. 

13. Rolling Moment Measuremenls.--Rolling moments due to aileron deflections were measured 
with the modified model. To avoid any possible interference effects due to the horizontal  
and vertical struts, these measurements were made with the model set at an angle of bank 

= 225 deg. A preliminary test at 80 ft/sec established the fact that the slope dC~/d#o was the 
same for any of the positions ~ = 45 deg, 135 deg, 225 deg and 315 deg. Measurements were 
made at a number of speeds up to 140 ft/sec for a range of aileron angles -- 10 deg < t0 < 
+ 10 deg. The rolling-moment coefficient Cz plotted linearly with to, and values of dCJdto for 
different air speeds were obtained from the graphs. 

Theoretically it would be expected that  

dC,/d~o = (dC,/at0)0- (Oo/to)ko . . . . . . . . . . . . . .  (9) 
where (dC,/dSo)o refers to a similar but rigid system, ko involves the mode of distortion of the 
wings, and 0o represents the distortion at some reference station. 

With the assumption that  the mode of distortion is independent of air speed, and that (0o/~0) 
is proportional to V ~, equation (9) reduces to 

dC,/dto = (dC,ld~o)o- K W  . . . . . . . . . . . . . . .  (10) 
where K is a constant. 

In Fig. 21 the measured dCJdSo is plotted against V ~ and the graph shows reasonable linearity. 
The results are extrapolated to give a reversal speed of 167 ft/sec which is in good agreement 
with the value 169 ft/sec obtained by extrapolation from the rolling speed results. 

14. The Value of lp.--The following equation represents the condition of steady rolling 

so that  the coefficient lp is given by 
zp = - (dcJd o)/(pS/toV) . . . . . . . . . . . . .  ( 1 2 )  

In Figs. 21 and 22 respectively dCJdto and pS/toV are plotted against V S. The ' least-squares ' 
straight lines through the points give intercepts at V 2 = 0 from which 

(dCdd$o)o = -- O. 114 

( p s / t o V ) o  = - o .  3 o s .  

Substitution of these values in equation (12) leads to the result 

l p =  -- 0.37. 

In the next section it is suggested that the correction to this value due to tunnel-wall interference 
is negligible. 
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The above vMue of 1 b refers to zero or nearly zero resultant lift on the model and compares 
favourably with the experimental results of Evans and Fink ~ for a model of the Boomerang Wings 
extrapolated to the condition CL = 0. 

15. Tunnel-wall Interference.--No detailed examination of the effect of tunnel-wail interference 
on the experimental results has been made, but the following consideration suggests that  the 
corrections are not serious. 

The resultant spanwise lift distribution for any of the test conditions may be assumed to be 
antisymmetrical, and in the general case may be regarded as consisting of components due to 

(i) ailerons 

(ii) wing distortion 

(iii) rolling. 
The general resultant rolling moment acting in the tunnel may similarly be resolved and written as 

L = ~oL, + OoLo + pLp . . . . . . . . . . . . . .  (13) 

or L = ~oL{(1 + s~) + OoLo'(1 + so) + pLp'(1 + sp) . . . . . .  (14) 
where the accented symbols refer to free-air conditions and s,, s0 and sp represent the separate 
corrections due to wall interference. Each of these corrections depends on the distribution but  
not on the magnitude of the lift component to which it refers. A theoretical investigation of the 
effect of tunnel wall interference on antisymmetrical lift distributions has been made by Evans 8, 
and from his results it is concluded that  although there are differences between the shapes of 
the three components lift distributions it is permissible to write 

Under the condition of steady rolling in the tunnel the resultant rolling moment L is zero, thus 
equation (13) becomes 

0 = ~oL, + OoLo + pLp,  
and equation (14) after division by (1 + s) becomes 

0 = ~oL~' + OoLo' + pLp' .  . . . . . . . . . . . .  (15) 
Equation (15) is identical with tha t  which expresses the steady rolling in free air, and thus there 
is no wall-interference correction to be applied to the rolling speed as measured in the tunnel. 

The results of Evans suggest tha t  s will not be more t han  0.02 for the conditions of the experi- 
ments. Thus it is probable that  the measured values of (dCJd~o) and lp (since this is obtained 
from (dCJd~o)) are numerically not more than 2 per cent in excess of their free-air values. 

16. Calculation of the Rolling Power and Aileron Reversal speed for the Model.--Calculations of 
the rolling power were made by the Collar and Broadbent (CB) iterative method 4, and by a 
method due to Garner (see Appendix) based on lifting-line theory. Calculations of the aileron 
reversal speed were also made by  the semi-rigid method a, and by the Hirst Approximate method ~. 
The results are dealt with in sections which follow. 

In the calculations, the following data were taken as applicable to the model. 
Torsional stiffness rao (measured at v = 0.83) -~ 63 lb ft/radn. 

Mode of torsional distortion F,(~) due to couple applied near the tips as shown 
in Fig. 9. 

Position of flexural axis in chords aft of quarter-chord e ----- -- 0.03. 

17. The Collar and Broadbent (CB) Method.--The wing was assumed to be divided into 12 strips, 
five of them being over the extent of the aileron as shown in Fig. 23a. The local torsional stiffnesses 
per unit length were obtained from the measured torsional displacements due to a couple applied 
near the tip. In all, five sets of calculations were made involving variations in the aerodynamic 
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coefficients and the position of the flexural axis as shown in the following table which also gives 
the calculated reversal speeds. 

g2/al 
Calculat ion and m a~ e Vr 

1 

2 

3 

4 

5 

o. so (T) 

0.S0(T) 

0.S0(T) 

0.65(T) 

0.80(T) 

27g 

2zc 

2x 

2at 

5 .0  

-~0.05 

--0.03 

--0.15 

--0.03 

--0.03 

306 ft/sec 

300 

292 

300 

300 

In the above specification of the quantities a2/al and m, (T) represents the Glauert two- 
dimensional values ; these were obtained appropriate to the aileron/wing chord ratio, E, of each 
strip from the curves given by Victory 3. 

The results of calculations 1, 2 and 3 are shown in Fig. 24 in the iorm of rolling power (pS/~oV) 
plotted against air speed V ; they show that  roiling power is not very sensitive to the position 
of the flexural axis. Calculation 5 in which al was taken as 5.0 gives a reversal speed equal to 
that obtained by assuming al is 2= (calculation 2). Thus for the case e = -- 0" 03 at least, the 
calculated rolling power is insensitive to the value of al used in the calculation*. 

The iterative process involved in the calculation leads to the successive improvement of the 
estimated mode of twist. The process was initiated with a linear mode, and two iterations led 
to a satisfactory convergence. The final mode which is shown in Fig. 25 was found to be little 
changed by air speed, and sensibly the same for all five sets of calculations. 

The important aerodynamic quantities are the ratio a2/al and m, the former being operative 
in determining the ' rigid-wing ' rolling power (ps/~oV)o (i.e., the  rolling power of a geometrically 
similar but rigid wing), whilst the calculated reversal speed may be regarded as dependent on 
the combination ~v/ (a2/a~ m). 

If X is the ratio of the rolling power of the actual elastic wing to that of a similar but rigid 
wing, then 

x = = ¢ ( v ) .  

Both the measurements and the calculations show that the variation of (ps/~oV) can be 
regarded as linear with V 2, so that X may be represented by the relation 

X = < 1 -  (VIV,.) ~} 
where K~ is the reversal speed. 

Fig. 26 shows that  the measured and calculated variations of X with V are in agreement, 
which fact suggests that  good prediction of the loss of rolling power is obtained by the use of 
values of a=/a~ and m which are the same proportion of the theoretical two-dimensional values. 

The discrepancy between calculation and experiment lies in the ' r ig id-wing '  rolling power 
(fls/~oV)o, which is directly proportional to the value of a2/a, that is used. In the original 
calculation values 0.8(T) were chosen on a somewhat arbitrary basis (see Ref. 3), whereas the 
measured rolling powers indicate that the value should be 0.65(T). An estimate of a2/a, using 
the Royal Aeronautical Society's Data Sheets 1" was made with account taken of the gap between 
the aileron and wing, and some allowance made for the partial shielding of the balance area, 
the aileron being of the Frise type (see Fig. 7). This estimate leads to a value for a2/a, lying 
between 0.68(T) and 0.74(T) depending on the extent of the shielding of the balance area; 

* The ca lcula ted  reversal  speed would be affected b y  the value of a 1 in cases where the separa t ion  be tween the f lexural  
axis and the quar te r -chord  posi t ion is large.  
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the corresponding range of (ps/~oV)o is -- 0.33 t o -  0'36. The measured values were -- 0.31 
and -- 0.305. 

18. Calculation Based on Lifting-line Theory.--H. C. Garner has calculated the rolling power 
for the model wing by an iterative method in which lifting-line theory provides the aerodynamic 
loadings. An outline of his procedure is given in the Appendix, and the results are shown together 
with those of CB calculations 2 and 4 in Fig. 27. 

The calculated reversal speed is 351 ft/sec, which is considerably greater than that  given by 
other methods, and, although the liftingqine method is more exact than the other methods 
used, the result is not in good agreement with experiment. However, since the comparison is 
in effect one between calculation and experiment for one single set of conditions, the lifting-line 
method should not on account of the disagreement be condemned. The calculated mode of 
distortion for the reversal condition is shown in Fig. 25. 

A calculation in which (a2/al)o is taken as 0.67(T) yields a value of (pS/}oV)o which is in agree- 
ment with the measurements. This value may be compared with 0-65(T) required by the strip 
theory calculation. Thus based on the same value of a2/al lifting-line theory and strip theory 
(uncorrected for aspect ratio) give values of (ps/}oV)o differing by as little as 3 per cent. This 
agreement indicates that  the aspect ratio correction applicable in the strip theory calculation is 
small as suggested by the following argument. 

The ' r igid-wing'  rate of roll is proportional to the ratio of the rolling moment due to ailerons 
to the moment due to rolling. That  is- 

(ps/~oV)o ~ (dC,/d~o)/l, . 
In the calculation of (ps/~oV)o by strip theory a correction factor for finite aspect ratio is appli- 

• cable to both (dCJd~o) and lp. Since (ps/~oV) is proportional to the ratio of these two quantities, 
the aspect ratio corrections tend to cancel out, and it is thus possible that  the correction applicable 
to (ps/~oV)o may be small. 

19. Reversal Speed by the Semi-rigid Method.--This method was used in the form described 
by Victory 8. The value of the torsional stiffness appropriate to the mid-aileron position was 
obtained from the twist at this section due to a couple applied near the tip. The method involves 
an assumption regarding the mode of twist at the reversal condition. Two cases were considered 
(1) a linear mode, and (2) the mode obtained from the CB calculation given in Fig. 25. 

The results of these two calculations are as follows : 

(1) 

(2) 

Mode Reversal speed 

Linear 

CB calculation 

270 ft/sec 

286 ft/sec 

20. Hirst ' Equivalent Wing ' Method.--A rapid method of obtaining an approximate estimate 
of the reversal speed is described by Hirsff and Victory ~ in which an equivalent linearly tapered 
wing of the same span and area is derived. From the geometry of this equivalent wing and the 
torsional stiffness as measured at the mid-aileron position of the actual wing, the reversal speed 
may be obtained using the tables and graphs of Ref. 3. It  must be pointed out that  this method 
was not intended to apply to a wing of the Spitfire type in which (a) there is considerable variation 
in aileron chord ratio along the span or (b) the distance between the outer end of tile aileron and 
the wing tip is considerable. Nevertheless as a matter  of interest, estimations were carried out 
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for the complete wing (see Fig. 23b) and for a wing in which the tip portion (i.e., the portion of 
the wing outboard of the aileron) was neglected (see Fig. 23c). These results are as follows: 

Reversal  speed 

Complete wing 258 ft/sec 

Wing tip neglected 282 ft/sec 

21. Comparison with Full-scale Results.--Reversal speeds for the full-scale Spitfire V which 
were obtained by calculation and also by extrapolation from rolling tests are quoted by Victory 
in Ref. 3. These values have been converted to apply to the model by using the following 
relation : 

V ~ , l V ~  = { (L~/LM)  ~ . (~0)~,, /( ,%)~pt ~ 
where 

(mo)~l(mo)~ = 3 . 1  x 1 0  - ~  

LplL~vi = 7. 
The following table allows the full-scale and model reversal speeds to be compared. 

By calculation 

Deduced from 
rolling tests 

Spitfire V 
full-scale 

600 m.p.h.E.A.S. 

Spitfire V 
converted to 
model-scale 

286 ft/sec 

Model 

300 ft/sec 
(CB method) 

580 277 309 

22. Summary. of Results.-- 

Derivat ion 

Model tests 
Original model 
Modified model 
(e = - 0 . 0 8 )  

Collar a~zd Broadbe~t method 
a2/al, m 0"8(T) . . . .  

0 - 6 5 ( T )  . . . .  
(e = - 0-o3) 

Garner method 
( ~ f ~ ) o  o . 8  (m) . . . .  

0.67(T) . . . .  
(e = - o .  08)  

Semi-rigid method 
Linear mode . . . . . .  
(CB) mode . . . . . .  

Hirst ' Eq~tivale,nt Wi~l.g' method 
Complete wing . . . .  
Wing tip neglected ..  

Conversio.n from full-scale 
Calculation . . . . . .  
Rolling tests . . . . . .  

Reversal speed 
V, 

(ft/sec) 

309 

300 
300 

351 
351 

270 
286 

258 
282 

' Rigid-wing ' 
rolling power 

(psl~oV)o 

- -0 .31  
--0" 305 

--0" 39 
--0"31 

--0" 37 
--0"31 

286 
277 
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23. Calculated Results for the Modified Model - - In  the following calculation made to correlate 
the measured rolling speeds with the measured wing distortions occurring with the modified model 
a very simple allowance is made for the change of aerodynamic section. The lift due to wing 
distortion is assumed proportional to ~", the angle of deflection of the rear portion of the wing 
(see Fig. 16). In other words, the wing twist 0 of usual theory is replaced by ~", whilst the 
rotation 9' of the nose portion is ignored. 

For the case of steady rolling, following usual theory, the increment in the lift coefficient 
appropriate to a strip dv of one wing is given by 

cL = al( " + p s i ~ V )  + . . . . . . . . . . . . .  

Since for steady rolling the total  rolling moment on each wing vanishes 

f 
l ' 0  

0 = L = ½p V2s 2 CLc~] dr . . . . . . . . . . . . .  (17) 
0 

If the aileron is regarded as rigid the local aileron angle is given by 

: #o + W"o -- W". . . . . . . . . . . . . . .  (lS) 

Let ~" = ~"of  (~), 

then from equations (16), (17) and (18), 

O = f l o ' ° [ a ~ ( w " o f ( v ) + p s ~ / V } + a 2 { ~ o + ~ " o ( 1 - - f ( , l ) ) } ] c ~ d ~  ..  (19) 

from which, if a~ is treated as a constant over the span, 

J'o°<a;a.l..d. + fi°<f(.) + (a..laO(l-l(.))}c.d. 
- -  . .o  . . .  ( 2 0 )  

~0V 
f 0  c~7 2 d~/ 

This equation may be used to calculate the rolling power from the known distortion. 

Fig. 19 gives the value of v/'0/*0 as -- 7.45 × lO-6V ~, and the modal function f(v) is given by  
Fig. 20. 

The integrations on the right-hand side of equation (20) were performed by tabular summation 
over 12 spanwise strips (5 over the aileron) and two sets of values for a~/al were used. 

(a) a2/al taken as 0.80T, calculation yields 

ps/~oV = 0.387 -- O. 108 × IO-~V ~ . . . . . . . . . . . .  (21) 
which gives 

11, ----- 190 ft/sec. 

(b) a2/al taken as 0.65T, calculation yields 

pS/~oV : 0.314 -- O. 108 × IO-~V ~ . . . . . . . . . . . .  (22) 
which gives 

17, = 170 ft/sec. 

The above results are shown plotted in Fig. 17. Calculation (b) shows good agreement with 
experiment and thus confirms the conclusion of section 17, that  the values of a~/al and m appro- 
priate to the model are 0.65(T). 

I t  will be noticed that  the coefficients of V 2 in equations (21) and (22) are the same to three 
significant figures. This is due to there being no appreciable effect from the variation in local 
angle ~ over the extent of the aileron. 
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24. Conclusions.--(a) Concerning the use of Xylonite models.--(i) Xylonite is a useful material 
for the construction of aero-elastic models where some better representation is required 
than is offered by the type of model consisting of a wooden framework covered with silk. 

(ii) The discrepancy between the actual stiffness of the model and that  estimated from 
full-scale suggests that,  when a replica of a full-scale structure is required, considerable 
care will have to be taken to ensure that  the stiffness of the model is truly representative 
of full-scale. 

(iii) T o  achieve a reasonable aerodynamic surface the thickness of the skill of the model 
should not be below a minimum, which, for the normal size of model is probably in the 
region 0. 010 to 0. 015 inches. 

(iv) Due to the limitation of (iii) above, Xylonite models are likely to be too stiff for aero-elastic 
effects to be adequately manifested in the tunnels commonly available. (i.e., 9-ft x 7-ft, 
230 ft/sec). 

(v) The disadvantages mentioned in (iv) above will tend to disappear as tunnel speed and 
model size or both are increased, and it is probably in the field of high speeds that  
Xylonite static aero-elastic and flutter models will have their greatest use. 

(b) Concerning the loss of rolling power.--(i) Experiment and calculation both confirm that  loss 
of rolling power may be expressed by the formula 

X =  1- - (V/V , )  ~ 
where X is the ratio of the actual rolling power to that  of a similar but rigid wing. 

(ii) A Collar and Broadbent calculation yields a reversal speed that  agrees with the measure- 
ments when based on values of (a2/al) and m which are obtained by reducing the 
theoretical two-dimensional values by the same factor. 

(iii) A method of calculation based on lifting-line theory gives a reversal speed in excess of 
that  indicated by the experiments. 

(iv) The semi-rigid and the Hirst 'equivalent  wing '  methods both give reversal speeds 
lower than that  indicated by the experiments. 

(v) The ' rigid wing '  rolling power for the model is correctly estimated by : 

(A) the strip theory of the Collar and Broadbent calculation when the aerodynamic 
quant i ty  a~/a~ is taken as 0.65 times the two-dimensional theoretical value. 

(B) lifting-line theory when a2/a~ is taken as 0.67 times the two-dimensional theoretical 
values. 

The Royal Aeronautical Society's Data Sheets suggest that  a2/al for the model should lie 
between 0.68 and 0.74 times the two-dimensional theoretical value. The fact that  the value 
indicated by the experiments lies outside this range may be due to the waviness over the surface 
of the model wing. 

25. Ackn°wledgements'--Ackn°wledgements are due to Dr. S. C. Redshaw and his staff at 
Messrs. Boulton Paul for their co-operation throughout the work;  to Mr. E. G. Broadbent of 
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A P P E N D I X  

By 
H. C. GARNER 

Appl ica t ion  of  l i f t ing line theory 

M u l t h o p p ' s  1° f o r m  of t he  l i f t ing- l ine  t h e o r y  for  u n s w e p t  wings  is r e a d i l y  app l i cab le  to  t h e  
ae roe las t i c  p r o b l e m  of a i l e ron  reversa l .  

T h e  m o d e l  wing  (Fig. 6) is a s s u m e d  for  this  p u r p o s e  to  h a v e  an  el l ipt ic  d i s t r i b u t i o n  of chord ,  
such  t h a t  

s = s emi - span  = 2. 649 ft  

c, = roo t  c h o r d  = 1. !82  f t  

S = ½~c,s = gross wing  a rea  = 4.  919 sq ft. 

T h e  a i leron is of spanwise  e x t e n t  0.  4970 < ~ < 0.  8718, i ts angle  of def lec t ion  ~o be ing  r e f e r r e d  
to  t he  s t a t i o n  ~ ---- 0 .5738 .  T h e  t w o - d i m e n s i o n a l  l if t  s lope is t a k e n  to  be a c o n s t a n t  al --- 5 . 2 4 4  
a long  t he  whole  span.  
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The spanwise distribution of lift falls convenient ly  into four contributions due to : 

(a) initial constant  aileron deflections ~ = + ~0 

(b) effect of rotat ion in roll c~ = + p y / V  

(c) wing twist  due to elasticity 0 = F~(r])Oo 

where Fv(~) = 1 at the reference stat ion ~ = 0.5738, at which the aileron is locked 
to the  wing 

(d) correction to ~, since the aileron does not  distort, A ~ = 00(1 --  FD). 

The loadings (a) and (d) depend on the spanwise distr ibution of a2/al. It  is assumed tha t  the  
two-dimensional  values of a=/al, for the Frise aileron are proport ional  to those for a plain aileron 
of the same chord ratio E. Thus 

_ ( a ~ ' ~  G(~), . . . . . . . . . . . . . . . .  (1) 
~2 

a l  ~ 1 / /  0 

• where (a2/a~)o denotes an unknown value at the reference stat ion and the distr ibution G(~) is 
de termined for a plain aileron from Ref. 11 (Bryant). 

By  the principle described in Ref. 4 (Collar and Broadbent)  the wing twist is related to the  
aerodynamic loading by 

t --  mo ~ C,~ d~ dr] 
U 0 ~7 

where m o =  torsional stiffness ----- 63 lb ft/radn, 

F,(~) is the static mode of twist given in Fig. 9, 

C,, is the p i tching-moment  coefficient about the flexural axis at 0 .22-chord from the 
leading edge. 

Thus in radians 

00f (,7) =3.509\1002 j o  N . . . . . . . .  (2) 

where V is the wind speed in ft/sec. 

Since Fv is needed to determine the spanwise loading, the values in Fig. 25 obta ined from the 
(CB) calculation, are used as a first approximation.  

The non-dimensional  parameter  

Circulation 
7 -- 2sV 

is calculated by  lifting-line theory ~° (m = 15) for the following ant isymmetr ical  distributions of 
incidence using al = 5. 244 : 

(a) G(V) over the aileron 0. 4970 < ~ < 0" 8718, 0 elsewhere 

(b) v along the whole span 

(c) F~(V) along the whole span 

(d) G(V){1 --  F,(V)} over the aileron, 0 elsewhere. 

Hence 

7 ~o7~ + V r ~  + ooro + Oo a~ = -  7 d  , 

o o 
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where in terms of ¢ = cos- l~  the values are 

First Approximation 

¢ G G G(1 - G )  w 
(deg) eq. (1) 

Yb Y~ 7~ 

11} 1"479 0 0 0.0175 0.0706 0.1119 - -0 .0054  

22½ 1.479 0 0 0.0477 0.1305 0.2148 --0"0155 

33~ 1.465 0 .809 - -0 .376  0.1512 0.1705 0.2951 --0"0548 

45 1.301 1.005 - -0 .303  0.2223 0.1845 0.3249 - -0 .0569  

561 0.951 0 .990 + 0 . 0 4 9  0.2108 0.1705 0.2838 - -0 .0144  

67½ 0.495 0 0 0.0594 0.1305 0.1854 - -0 .0077  

78} 0"161 0 0 0.0212 0"0706 0"0817 - -0 .0027  

90 0 0 0 0 0 0 0 

I t  should  be noted  tha t  the l imit ing values of G(~) are 

G(0. 4970) --  0. 950 at ¢ ---- 60 .2  deg "~ 

f G(0-8718) = 0 .663 at ¢ ---= 29.3  deg 

The values of )'4, m are now known,  but  the values of re, )'d are dependent  on F ,  which must  be 
eva lua ted  from equat ion (2). 

For  convenience the function F,(n) (Fig. 9) is approx imate ly  represented by  

26.5  
F(~) = 0 .99  loglo 29 --  ~s where s = 31.79 in. 

dF 0.430 for 0.0786 < ~ < 0.8718 "~ 
Then  d~ --  0. 9122 --  ~ r . .  (4) 

= 0  f o r 0 < ~  < 0 - 0 7 8 6 ;  0.8718 < ~  < 1 J 

I t  remains to de termine  C,~ about  the 0 .22-chord  axis. Since the two-dimensional  ae rodynamic  
centre  is ve ry  close to this axis the  contr ibut ions  to C from y~ and y~ (without aileron deflections) 
are ignored. I t  is es t imated  tha t  the local centre  of pressure due to the flap contr ibut ions  )'4 and  
)'d occurs at  a dis tance lc from the leading edge where 

I ---= 0 .300 + 0- 264 sin 4 24 . . . . . . . . .  . . . .  (5) 

Since c =- c, sin ¢, it follows from equat ions (3) and (5) tha t  

ff (Cs)~ C,~ dv . . . .  fl(~)~4Sr'c (l 0 . 2 2 ) d r  

f 
l 

_ _ _ 4c~ r '  sin ¢ (0" 080 + O" 264 sin 4 2¢) d~ , 
S 

(6) 

where Y = GY: + Oo Ya. 
0 o 
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Then from equat ions (2), (4) and (6), 

47 % sin ¢ (0.080 + 0. 264 sin ~ 2¢) dv OoF~(v) = - - 3 . 5 0 9  ~ 0 " 9 9 1 ° g 1 ° 2 9 - - 3 i - 7 9 ~  ~ s 

26.5 47 % sin ¢ (0.080 + O. 264 sin ~ 2¢) d~ . (7) + 0"99 log~029' 31".79V s "" 
0 . 0 7 8 6  

Numerical  calculations from equat ion (7) show tha t  F9 is substantial ly the same when the 
te rm 7d in the expression for 7' is omitted.  The values of Fv so obtained are represented by the  
do t ted  curve in Fig. 25. When  this second approximation to FD is used, recalculated values are 
as follows : 

Second Approximation 

¢ (deg) FD G(1 -- F~) 7~ y~ sin 2¢ 

11¼ 1.479 0 0.1121 - -0 .0054  0.3827 

22½ 1.479 0 0.2151 - -0 .0154  0.7071 

33~ 1.465 - -0 .376  0"2959 - -0 .0547 0.9239 

45 1.301 - -0 .303  0.3263 - -0 .0566  1.0000 

56¼ 0.955 + 0 . 0 4 5  0.2877 - -0 .0138  0.9239 

67½ 0-543 0 0.1960 - -0 .0070 0.7071 

78~ 0.185 0 0.0886 - -0 .0026  0.3827 

90 0 0 0 0 0 

Since the mode of distortion Fv(~) is mainly  dependent  on 7., which is itself independent  of 
F~, there is no need to proceed to a thi rd  approximat ion to F >  

Under  the conditions of test  the model is rolling at a constant  rate t5 and the rolling momen t  is 
zero. The coefficient of rolling momen t  is readily evaluated from equat ion  (3) in the form 

c ,  = < o So(C,)o + V (c,)b + Oo(C,)c + Oo 2i ( c , h  . . . . . .  (8) 

where (C~)~ --  S ~ £ )'~ sin 2¢ 

and(Cz)b, (C3, (Cz)d are given by similar expressions. 

S 
Thus 2s 2 (C,)~ = 0" 1271 

S 
2s 2 (C~)b = O" 1449 

S 
2s 2 (Cz)c = O" 2421 

S 
2s 2 (Cl)e = - -  O" 0273. 
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The condit ion C~ = 0 therefore gives 

0 + o V + 0 " 2 4 2 1 0 ° - 0 " 0 2 7 3 0 °  a2 = 0 .  . .  (9) 
o 

t3y numerical  evaluat ion of equat ion (7) at  the reference s ta t ion 

0 o = - - 3 " 5 0 9  1 ~  0.0122 a2 ~:o -- 0" 0025 ao 0 . . . . .  (10) 
o o 

On el iminat ing Oo from equations (9) and (10), 

0"2421 --  0.0273 al 0 
~:0V = 0.1271 ~ --  0.0427 

0 0 

0"1271 --  0"01034 100 + 0"00004 a~ 

t,LJ t,, 16-0 
I t  follows from equat ion (11) tha t  the ' i n i t i a l '  rolling power 

--  (/5~@V) = 0 . 8 7 7 ( a ~ )  , . .  . . . . . . . .  . . . . . .  (12) 
0 0 

and the reversal speed Evirtually independent  of (a2/al)ol is 

V = 100 0.01034J 351 f t /sec.  

The two-dimensional  value of a2/al, by  Glauert ' s  hinged-plate  theory is 

(a2/a~)r = 0. 525 at the reference s tat ion where E = 0- 182. 

the ' ini t ia l  ' rolling power is calculated to be 

The exper imenta l  value of -- 0.31 corresponds to the condition 

( a ~ )  = 0 . 6 7 ( a ~ )  = 0 . 3 5 3 .  
0 T 

As ment ioned in section 17 the ratio of the empirical and theoretical  values of (a2/al)o given by  
the Roya l  Aeronautical  Society Da ta  Sheets (Ref. 12) is between 0 .68 and 0.74 depending on 
the ex ten t  of the shielding of the Frise balance. This ratio m a y  be compared with  0.67, for 
which equat ion (12) is consistent wi th  the experiments,  and with  the value 0 .8  suggested in Ref. 3. 

The curves of - -ps /~oV against  V in Fig. 27 include the effect of va ry ing  (a2/a~)o and show 
tha t  the calculated reversal speed of 351 ft/sec is considerably greater  than  tha t  indicated by  
exper iment  and by  the method of Collar and Broadbent .  
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