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Summary.--ControI reversal due to deformation of a wing with a partial-span flap .and inset aileron is considered 
theoretically for the particular case of a flap held at the root end. The semi-rigid method is used. 

An investigation is made for a particular aircraft. The calculated reversal speed is found to be considerably lower 
than for the straight-forward wing-aileron case. The effect of variation of the degrees of wing and flap constraint is 
also considered. It is concluded that an increase in reversal speed is best obtained by an increase in flap root stiffness. 

1. Introduction.--Aileron reversal has been extensively studied by several authors 1, 3, ~, ~ for the  
simple case involving only the  wing and the  aileron. Aileron reversal with the  effect of a flap 
t aken  into account, however,  does not  appear to have  been investigated.  This lack of a t ten t ion  
to the  wing-flap-aileron system may  be due to the  fact tha t  it is not  a very common practice 
for the  aileron to be carried on an in termedia te  surface to the  wing. Nevertheless this practice 
is occasionally followed (as a device for increasing wing lift or providing t r im change on a tailless 
aircraft) and for the  specific case considered here, the impor tance  of considering the three-degree 
problem is demons t ra ted  since the  reversal speed obtained is so low as to necessitate a speed 
restriction on the  aircraft. If the flap is considered as integral  with the  wing and the  problem 
t rea ted  as a two-degree case the  speed obtained is higher than  the  m a x i m u m  design speed. 

This report  gives a theoret ical  approach to the  problem in which the  semi-rigid me thod  of treat-  
men t  is adopted.  The flap is considered to be torsionally constrained to, the wing at the  flap-root end, 
and while this is possibly the  most  adverse type of a t t achment  from the  reversal viewpoint  it 
is, not  in tended  to imply  tha t  the  reversal characteristics when the  flap has a dis t r ibuted hinge 
a t t achment  can automatical ly  be disregarded. 

2. Assumptions for the Wing-Flap-Aileron System.--The following assumptions are made.  
(a) The wing is encastr6 at the  aircraft centre-line. Th i s  assumption is justified since the  

!~:.= rolling momen t  and rolling velocfty are considered to be zero at the reversal speed. 
~, : (b )The  wing flexural axis is s t raight  and lies at  a distance aft of the  wing quarter-chord.  

(c) T h e  torsional modes  of deformat ion of the  wing and-flap are linear. • 
~,,-,. (d) The reference sections for the  wing and the  ,flaP are,,~ at, -_the mid:span of the  aileron. 

(e) A l l  torsion loads in the  flap are tr~insferred to the  wing at  the  root end of the  flap. 
(f) The flap and aileron ex tend  to the  wing ~p. - 
(g) The aileron is torsionally rigid. 

* R.A.E. Tech. Note Structures 23, received 18th August, 1950. 
( s s G l l )  



3. Derivation of the Reversal Equation.---Strip theory is adopted and tile aerodynamic forces 
on a strip are expressed in terms of the local incidence and chord. I t  is assumed that  the aero- 
dynamic derivatives are constant along the span, the derivatives being defined as follows : 

CL . OC,~ . ~ CM. 
al = ~o~ ' b l =  ~ , m l :  ~ z  ' 

~CL oCu ~CM 
• . _ _  • 

a s - - ~ 6 :  , b 2 =  ~6: , m s - -  06: ' 

CL 0 Cn O CM 
• . . 

a ~ - - = . ~  , b ~ =  o~ ' r n ~ =  ~ , 

where a is the wing lift derivative, b is the flap hinge-moment derivative and m is the wing 
pitching-moment derivative as measured about the wing quarter-chord. Suffixes 1, s and 3 and 
angles c¢, 6: and/~ refer to the wing, flap and aileron respectively. 

Consider the forces on the application of aileron on a strip of width dy at a distance of y from 
the wing root. 

FIG. 1. 

dL = qc dy (alo~ + as6: + a~)  . . . . . . . . . . . . . .  (1) 

where L represents tile lift force, q the dynamic pressure, c the wing chord, ~ the local increment 
of wing incidence, 6: the local flap angle, ~ the local aileron angle. 

Also 
d M  = qcS dy {(ml + eal)~ + (mseas)6: + (m3 + ea~)/~} . . . . . .  (2) 

where M represents the moment about the wing flexural axis, ec is the distance of the flexural 
axis aft of the wing quarter-chord. 

dH = qc s dy (bl~ + bs6: + b~) . . . . . . . . . . . .  (3) 

where H represents the moment about the flap hinge. 
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Rewriting these equations in non-dimensional form : - -  

d L =  qsc dr (alo~ + a~ + a3fl) 

d M =  qsc ~ dr {(ml + eal)c~ + (m~ + ea~)~ + (m3 + ea3)p} . . . .  (4) 

dH = qsd d~ (bl~ + b~ + b~) 

where ~ = y/s and s is the wing semi-span. 

The angles c¢, ~ and/~ are now expressed in terms of the reference section and flap root angles. 

SrJ 2 

s ¢-- 

FIG.  2. 

At the flap root let the flap angle relative to the wing be 7 and let the wing twist be ~i. At the 
current section let the twist of the flap relative to the flap root be ~0 and let the wing twist be c~. 
The distortions 7, % c~ arise from antisymmetrical application of aileron. 

Then the local flap angle ~ may be expressed as 

~ = 7 + ~ 0 - - a + c q .  . .  

The modes of the wing and flap are assumed to be linear i.e., 

. . . .  ( s )  

~ - ~ -  - -  ~ o  ro 
• ° 

- - ( ~ o - - r ~ ) ~ °  

where suffix o refers to the reference section. 

(~) 

Substituting in equation (5) 

3 
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In  a similar manne r  the  expression for the  local aileron angle is 

(r/o -- r/) 
fl = flo + (~o - r/~) ~ o .  . . . . .  .. . .  

Subst i tu t ing  (6), (7) and (8) in equat ion (4) 

dL. = qsc dn I { a~ ~ -- ag. (rJ --  r/~) } z} ° :% ~o @ a27 

@ag./(r/--~'1) (~°--~)} 7,o_¢_a3flo 1 
(r/o - r/~) + a~ (~o - r/~) 

= ~s~ a~ If  ( ~  + ~ )  ~- - ( ~  + ~ )  
rli) d M  

L . [  r/o ~o 

tl ( ~  + eag.) (r/ - r/~) (r/o - ~) (Vo r/~) + (m~ + ea~) } + 
- ( r / o  - ~) 

~lo ~o % + b9.7 

I ~ (~ - ~ )  + ~ (~o - ~) I ~ o  ~ + 
(~o r/~) j Vo + - (r/o- ~ )  • 

vo + (m~ + ea~)~o] 

(s) 

.. (9) 

. .  ( 1 o )  

. .  (11) 

At  the  reversal speed the  tota l  rolling m o m e n t  is zero. 

i.e., f~ ~ dL = O . 
0 

Therefore, from 

0 =  

equat ion (9). 
l ~ f  1 ~9.f~ } f~ 

r/o o cr/9. d r / - -  r/o- ,~ c(  r / - -  r/~)~7 dr e~.o + 12 71 cr/dr/ 

/ f ; . ~ a~ C(no - -  ~)r/dr~ a~ c(r/ - r/~)r/ dr~ -+- (r/o - -  r/~) 7~ + ( r / 0 - - ~ ) ~  

+ a3 cr/dz~ [;0- 
72 

~ 'o  

From which we obtain 

flo -= A~o + Ag.~o + A~r 

where 

A~ -- __ 

3 7~- - -  

~I ~-i [~9. I 
~o " ~o cr/~ d~ - - ~ c(~ - ,71)r/d~ 

~ 0  ~/1 

f 
l 

a~ C~ 7 d~? 
~2 

ag. c ( r / -  r/d~ d r / +  (~o ~11) ~2 
(Vo - r/l) ~ 

1 

a2 f cr/dr/ 
71 

a3 crj d~ 
.12 

1 

a3 f c~ d~7 
72 

c(~,o - ~ ) r / &  

(12)  



The aerodynamic moment on the flap is now considered. 
integral of equation (11) and is expressed, after substituting (12), in the form : - -  

where 

H = q [B~7.o -F B~oo + B3~] 

The total flap hinge moment is the 

. . . . . . . . . . . .  (13) 

31 --" S Lgl0d06.2~7 d~] - -  )70 J~l 2 

b3 ~ __ b ~ (70 - ,7) 

B 3  = s b3 c 2 drl + baA a c 2 d~l . 
"01 "0 2 

This moment is reacted at the root end of the flap. 

Therefore, (14) 
H : ~,y . . . . . . . . . . . . . . . . . .  

where +n~ is the elastic torsional stiffness of the flap root constraint. 

Now consider the aerodynamic moment on the wing. The moment given by equation (10) is 
transferred by the principle of work to an equivalent moment at the wing reference section, 
using the relation 

d M '  ,7 d M  . . . . . . .  (15) -- ** , °  ** , ,  , ,  ° ,  

On integration and substituting (12) an equation for M '  is obtained and is expressed in the 
form :--- 

" M '  qEC,~o + C:~o + C~r] . . . . . . . . . . . . . .  (16) 

,703 r/o 2 nl 

~_  (~/~'3 -@ e a 3 ) . A l / 1  c2~2 d ~  ] 
T] O ' ~2 

+- + +  - + 
C3 - -  s L~o(,lo - -  rj~) 

C 3 =  s [ (m2 + ea~) f ~ 
"t~ 0 zll 

c3~ d~7 

1 { (70 - 7) (ma + eas) f c 2 A3 + 
~o "03 (7° --  ~)  

7o ~f'03 & &l"  

The total  flap hinge moment acts upon the wing at the flap root section and this moment is 
transferred by the principle of work to an equivalent torque at the wing reference section, 

i . e . ,  H '  = 'L* m y  r . . . . . . . . . . . . . . . . . . .  (17) 
rlo 

The total  equivalent torque at the wing reference section is reacted by the wing elastic torsional 
stiffness. Therefore, 

+n0~o = M '  - + - H '  . . . . . . . .  • . . . . . . . . .  ( 1 8 )  

where +no is the elastic torsional stiffness of the wing as measured at the reference section. 
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In Appendix I a relationship is derived between y and ~0 in terms of the elastic stiffnesses of 
the flap and of the flap root constraint. For the particular load distribution assumed in the 
appendix the relationship is 

( 1 + h + h  2) (V0--~h) mr 
~' = 4 (3h~ + 2h + 1) (1 -- v~) m, ~°° . . . . . . . . . . .  (19) 

Where m r is the flap torsional stiffness as measured at the flap reference section, h is the taper 
ratio of the flap. 

Combining equations (14), (18) and (19) to eliminate ~0, ~v0 and ~ a quadratic equation in q is 
obtained. In general this equation will give two real speeds the lower corresponding to the 
speed for reversal of aileron control and the higher to the speed at which the system deforms so 
that  direct aileron control is once again obtained. 

4. A p p l i c a t i o n  to a S2becified A i r c r a f t . - - - T h e  necessary details of the wing of a specific aircraft 
are given m Table 1. The following derivative values are used in the calculation. 

a~ = 3.90/radian, b~ -- -- 0.476/radian, m~ = 0/radian 

a 2 = 3 . 2 2  ,, , b 2 - - - - 0 . 6 8 2  ,, , m ~ = - - 0 . 4 9 8  ,, 

a ~ = 2 . 2 4  ,, , b ~ : - -  1.049 ,, , m a = - - 0 . 6 4 2  ,, 

These are the theoretical values obtained from R. & M. 117P multiplied by tile following factors 

a derivatives by 0.90 

b derivatives by  0.80 

m derivatives are the full theoretical values. 

These factors have been determined from a comparison of practical values for a ,  a~ and b3, as 
obtained from Ref. 6, with the theoretical values of R. & M. 1171. 

From the above data the reversal equation is obtained and expressed in terms of the elastic 
stiffnesses. 

q 2 ( 1 . 5 7 + 1 . 3 6 ~  1 0 4 - q  1 . 6 7 m o + 2 . 6 7 m ~ + 2 . 4 5 m o ~  102+l.732m~mo 

The appropriate stiffness values are 

= 0 .  ..  (20) 

mo = 6.42 × 104 lb ft /radn 

m~ = 5.63 X 104 lb ft /radn 

m r -- 4.80 x 104 lb f t / radn.  

The stiffnesses mo and m r are directly measured values and the value of m r has been deduced 
from a measurement of the overall stiffness of the wing and flap. 

With these stiffness values tile reversal speed obtained is 220 knots (370 ft/sec). A safety margin 
of about 15 per cent in speed is normally required for a theoretical estimate of this nature and 
the aircraft can, therefore, be cleared to a speed of 185 knots. This implies a speed restriction 
since the design diving speed for the aircraft is 220 knots. Considering the wing-aileron system 
in which the flap is integral with tile wing but contributes nothing to the wing stiffness (i.e., 
mo ---- 6.42 × 104 lb ft/radn) a reversal speed of 265 knots is obtained. In this case the ' safe ' 
speed is higher than the maximum design speed of the aircraft. 

6 



An investigation has been made of the effect of varying in turn each of the three stiffnesses, 
wing, flap and flap root constraint (too, m r and my respectively), and the results are presented in 
graphical form in Fig. 3. It  is apparent that the stiffness most powerfully affecting the reversal 
speed is that of the flap root constraint, and that for any practical increase variation in wing 
stiffness has the least powerful effect. 

5. Conc lus ions . - -The  theoretical treatment of this note provides a means for determining the 
reversal speed of a wing-flap-aileron system. The reversal speed for the wing-flap-aileron system 
of the specific aircraft considered bears no relation to the reversal speed of the wing-aileron 
system in which the flap is considered integral with the wing. An increase in reversal speed is 
best obtained by an increase in the stiffness of the flap root constraint. For this particular case 
an increase in wing stiffness has the least powerful effect in raising the reversal speed, but this is 
not necessarily true in general, and each case must be considered separately. 

6. A c k n o w l e d g e m e n t . - - A c k n o w l e d g e m e n t s  are due to Mr. P. J. Curt of Structures Department, 
Royal Aircraft Establishment, for assistance given in the analytical and experimental work. 
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APPENDIX I 

The  Relation between ~o and 

1. Introduction.--I t  is apparent that  provided the torque distribution and mode of distortion 
of the flap are known, then a definite relationship may be determined between the twist of the 
flap at the reference section relative to the flap root ~00, and the twist of the flap root relative 
to the wing, 7. In what follows the relationship is determined for a torque distribution propor- 
tional to the square of the flap chord and a linear mode of distortion. 

2. Determination of the Relationship.--  

S~° S 

FIG. 3. 

c t  

Let the taper ratio of the flap, c , / c r -  h. Let the torque per unit length at the flap root be 
unity. Therefore, since the torque distribution is proportionM to the square of the flap chord, 
a t  the current section the torque d T  is given by 

(h - -  1)s + 1 --hs~} ~d~j. . .  
~ T = s  (1 - - ~ )  . .  (A.1) 

Integrating to give the total  flap torque 

T = s(1 - -  ~1)(1 + h + h ~) 
3 

. .  (A.2) 

This torque is reacted by the elastic stiffness of the root constraint. 

s(1 - ~.)(1 + h + h ~) 
m~7 - -  3 . . . . . .  

where my is the torsional stiffness of the flap root constraint. 

Therefore 

.. (A.3) 

The mode of twist of the flap is linear, namely 
- 

0 

8 



The torque dT is now transferred by the  principle of work to an equivalent  torque at  the  reference 
section, 

~7 --  . (A.4) . . . . . . . . . . . . . .  

Subst i tu t ing equat ion (A.1) and  integrat ing we obtain 

T '  --  s(1 - -  ~1)~(3h ~ + 2h + 1) . . . .  (A.5) 
- -  1 2 ( V o  - -  zh)  . . . . . .  

This torque  is reacted by the  flap torsional stiffness. Therefore 

s (1  --  w)2(3h 2 + 2h + 1) (1.6) 
m~0o = 12(~0 --  ~)  ' " . . . . . . . . .  

where r G is the  torsional stiffness of the  flap relative to the  root as measured at the  reference 
section. Combining equations (A.3) and (A.6) the  desired relation be tween ~0 and 7 is obtained.  

TABLE 1 

Details of the Wing of the Specific Aircraft 

Wing span (centre-line to tip) 

Aspect ratio 

Wing taper  ratio 

Flap taper  ratio 

Flap + aileron chord'~ 
R-;;-{ c d7 / 

Aileron chord'~ 
?h-Z -d / 

Distance from centre-line to flap root constraint  

Distance from centre-line to aileron root end 

Distance from centre-line t o  reference section 

s --  16 f t  

A 

t ip chord "~ = 
root c h o r d /  

h =  

E 1 

5.5  

0.75 

0.75 

O .  50 

E2 = 0 " 2 1  

s r h = 0"7 It 

s~7~ = 10" 0 ff 

S~o = 12"0 ft 

9 
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