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THE ROTATING FLAP AS A HIGH-LIFT DEVICE

Errata

The following corrections should be made to the text:
Page 8, CLR is defined as the 1lift coefficient acting on the complete

system but due solely to the rotation of the flap, This is given as the

difference between the GL at a given value of U/V and the OL with flap fixed

(B = 450), However, this value of CLR still includes the effect of the flap

acting as an ordinary flap on the wing through all its angles of rotation,

This effect is eliminated by interpolating for the value of CL at

U/'V = 0, from Fig,9, At low angles of incidence, the 1ift coefficient at
U/V = 0 is close to that for a fixed flap angle, B = 45°.
Now equation (4) of Appendix I gives
4T Y
@ - 2 sin a + A L
2 ma V N *2maV’
+a - 2 cos ¢
In Fig,5, the circulation around the wing = PO
Yo
A S 2av
wing
T
0 T .
. %ﬁ 5oVt 5a T - 2% sin a
From equation (4)
o Moy T
LR ) +-l - 2 cos " 22V
N P
T
CLR - ch = 5o iE(hne) - 11
Page 9.  The value given for f(\,¢) in position 2 is incorrect.
By iteration of the transformation equations in Appendix I, for
P
S = 220, £ - -0.52 we obtain A = 1,855 and cos ¢ = 0, 9186,

Hence £(\,9) = 2,363,
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The effects of these corrections on the table on page 9 are as follows:

U V. c 0 T
/V R o= v m/é * CLR r I1theor /Ttheor %
5 2.11 0, 64 20,3
4,0 0,14 x 106 6,8 10 2,075 0,63 Lo L7 20,1
15 2,075 0,63 20.1
5 1,025 0, 71 19, 6
2,0 | 0,32 x10° | 15.5 |10 |1.00 | o065 | 516 19.1
15 1,00 0. 69 19,1

These values of ﬁ/P

values of U/V) on an isol

The above calculations are due to Mr, AP, CoxX.

theor
ated flap as given in the Table on Page 8,

compare very closely with the values (for low
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ROYAL AIRCRaFT ESTABLISHMENT

The rotating flap as a high-lift device

by

L. R, Crabtree

With an Appendix by D. A. Kirby

ST ARY

It is well-known that a wing in an airstream can develop extremely
high values of 1lift coefficient if it is rotated about a spanwise axis.
A vore practical development of this syste: is a fixed mainplane with a
rotating trailing-edge flap. The results of some little-known German
research on both systems have been collected btogether and are presented
in compact form together with some further analysis. The emphasis is on
the wing-rotating flap combination, and it is shown that this is a very
attractive way of generating high 1ift., Sowe gaps in our inowledge of
the device are pointed out and sugzestions sre made for some further
research.
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x + iy . Co-ordinates in physical plane (Fig,5)
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Meagure of distance between wing and rotating flap: see Fig.b.
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E+ in, Co-ordinates in transformed plane (see Fig,5).



1 Introduction

From time to time numerous devices have been proposed for producing
high 1ift forces on aircraft wings, and considerable effort is currently
being expended on some of these schemes. One particular device to which
less attention has been devoted than appears to be merited is the rotating
flap, or auxiliary wing, mounted just below the trailing-edge of the main-
plane, Some research was carried out on this scheme a long time ago and
again in Germany during the 1939~1945 period, and the purpose of this
report is to collect together the results obtained in that work, and to
present them together with some further analysis. Thus it is hoped to
emphasize the potential value of the rotating flap as a high~lift device.

Some experimental results for an isolated rotating wing are presented
first, and the phenomena of autorotation and of the Magnus effect are
discussed. The thin aerofoil theory of a wing with a rotating trailing-
edge flap is developed, and experimental results for such a configuration
are given, The final discussion includes a correlation between the results
for the wing with rotating flap and for an isolated rotating wing,

2 Experimental results for a rotating wing

In the case of an isolated rotating wing, two separate phenomena
are involved. It has been known for some time that a lifting surface
such as a wing in a mainstream can develop high 1lift by rotation about a
spanwise axis, and at high rotational speeds the phenomena is similar to
the Magnus effect on a circular cylinder. At lower rotational speeds
however the phenomenon of autorotation is displayed, The latter was
studied by Maxwelll in the case of an inclined plane lamina allowed to
fall freely, liouillard? has also studied this problem., Measurements of
the frequency of autorotation as a function of mainstream velocity and
wing chord were made by Joukowskyl and the results have been presented
by von Holsth together with the results of his own experiments, It was
surmised that in general the ratio of peripheral velocity, U, in auto-
rotation, to mainstream velocity, V, was constant at about 0.5, Later
experiments by Klichemann showed that in fact the thickness~chord ratio,
t/c, has a definite effect as shown in Fig.1.,* It appears beneficial
to use thinner sections, for which higher speeds of autorotation are
obtained, and of course the drag of such sections would be expected to be
smaller,

Higher 1lift can be obtained by rotating the wing at speeds greater
than that of autorotation. Curves of the 1lift coefficient of various
configurations as a function of U/V are replotted from reference 5 in
Fige2, and the correaponding drag polars are given in Fige3s It will be
seen that end plates have a significant effect in increasing the 1ift
and (at all but the highest 1ift coefficients) decreasing the drag, The
maximum values of 1ift coefficient reported in reference 5 were about 8
to 12, the corresponding values of U/V being between 8 and 10, Thus

higher values of the ratio C (with rotation) to Cp min (without

rotation, in high speed flight) can be obtained than with most other
systems,

The question of the power abscrbed in rotating a wing at speeds
above that characteristic of autorotation has been investigated by
H Wiese®, A power coefficient is defined as

o = M _ N
R ~ 1 c T 13
QPUZQ So'é’ QPU e S

¥ That these curves do not pass through the origin is simply a
consequence of the friction in the bearings.
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where U = %'. w 1s the peripheral velocity of the wing rotating about the
centre of the chord, ¢, the surface ares being 5. 11 is the turning moment
applied to the wing, and N the work done per sec in rotating the wing.

Some of the results cbtained by Wiesc are presented in Figs4 in which

the power coefficient CR is plotted against the ratio U/V for the wing of

reference 5, (symmetrical biconvex circular-arc section, t/c = 04167, and
aspect ratio 2). Tests were made both with and without endplates.

In the range of U/V wvalues for which meximum 1lift coefficients are
attained, the coefficient of power required for rotation is not substantially
different from that required in stationary air (U/V = ). These results are
rather incomplete; but assuming them to hold also for a wing with rotating
flap, a simple calculation has been made in Appendix IT to estimate the
power required for reducing the approach speed of a typical four-engined
subsonic transport aircraft. '

3 Theory of a wing with rotating flap

In view of the practical difficulties associated with the isolated
rotating wing, an rbvious development was a wing with a rotating flap
situated just below the trailing-edge, This can ideally be represented by a
flat plate together with a vortex at the axis of rotation of the flap.

‘Thin aerofoil theory can be developed for this ideal case and it can be
solved by the potential fl~w method of conformal transformation. This is
closely related to the case of the two-dimensional jet~flapped aerofoil,
where the jet can be represented by a continuous distribution of vorticity
in contrast with the concentrated vortex of the present theory.

The appropriate transformation is

whereby a circle of radius a in the Z~plane is transformed- into a slit
of length ¢ = 4a alcng the real axis of the z-plane. The two planes
are shown in Fige5. The details of the calculation are given in
Appendix I where it is shown that, using the Kutta condition at the
trailing-edge, the 1lift on the mainplane per unit span is

. T
Cp, = 2m. sina+ 2 ( Ny ) « ==

where I' is the strength of the vortex representing the rotating flap and
(ak,¢) are the polar co—ordinates of its position in the circle - or
Z-plane. The relation between the physical parameters of the rotating
flap (eegs U/V) and the vortex strength, P, is not yet known. The
adequacy of the Kutta-Joukowsky condition is also questionable, and
further experiments are needed t- investigate both of these points,

The position of the vortex which gives the maximum lift for a given
incidence of the mainplane can be calculated by differentiating f(2A,¢)
= P(E,n) Wer.t. E say, holding m (the ordinate in the Z~plane) constant.
The condition is shown in the appendix to be & = a = 1, and this result
has been transformed back into the physical - or z=-plane to yield the
curve shown in Fig.6.

It may also be noted that the condition & = a + 1 yields a
minimum under the same assumptions.,

-5 -



4 Experimental results for a wing with rotating flap

The experiments reported by von Holst4 have been extended by

Kﬁchemann? who tested a rectangular wing-flap combination fitted with
elliptical endplates, Both wing and flap were of NACA 23015 section; the
mainplane had a chord ¢ = 30 cm and a span of 80 cme The flap chord was
0.25 ¢ and it was pivoted at its midpoint. Three different positions of
the rotating flap relative to the mainplane were tested, the co-ordinates
of the axis of rotation referred to the mainplane trailing-edge as origin
were as follows:-

Position X/c Y/e
1 ~0.13 +0,18
2 +0.05 +0+13
3 +0.13 +0610

These are shown in Kig.8. Of these positions the second was theoretically
the best (as described in Section 3, and indicated in Fig.6) whilst the
first roughly corresponds to a position of minimum efficiency.

The peripheral speed, U, of the flap in autorotation is roughly
constant for a given position of the flap and a given mainstream velocity,
V, over a fairly wide range of incidence. The variation of the ratio
Uy in autorotation with flap position is shown in Pig.7, and it may be

remarked that below a speed of about 10 m/s, the mainstream has insufficient
energy to promote autorotation of the flap.

The values of maxirmum 1ift coefficient CL max with the three

different flap positions are plotted against the ratio U/V in Fig.8. It
is seen that the theoretical prediction of position 2 as the most

efficient in producing 1ift was confirmed, The sudden drop in CL max

with the flap in this position for U/V>4 is due to a laminar separation
on the mainplane, the test Reynolds nuwiber of Osil x 106 being too low to
ensure transition to turbulence in the boundary layer well forward on the
wing. The separation first occurred in the endplate Jjunctions and was
present to a certain extent throughout the whole test range. At the

much higher full-scale Reynolds numbers and in the absence of endplates

the boundary layer would be turbulent end this reduction in CL max

would either not occur, or be postponed to a higher value of U/V. This
is simply because a turbulent boundary layer is better able to withstand
the larger, adverse pressure gradients associated with higher values of
U/V without separating. For any future tests a transition wire would

of course be fitted in order to eliminate this scale effect.

Detailed 1ift curves with the flap in position 2 are shown in Fige9
for a range of U/V wvalues, These may be campared with results for the
fixed {lap on the same figure. As previously stated, the loss of 1lift as
U/V is increased above 4 is caused by a laminar separation due to the
low Reynolds number of the tests.

Corresponding drag polars are plotted in Fig.10. Also included are
curves for negative values of U/V, and these demonstrate the effectiveness
of such a configuration as an airbrake, This is emphasized in the 1lift,
drag and pitching moment curves of Fige11 for all three flap positions

-6 -



at U/V = =2, For instance with the flap in position 2 at zero 1lift

(actually a small positive incidence), ¢, is comparatively large but

there is only a small (nose-down) pitching moment.

TLarge trim changes are to be expected when the rotating flap is in
operation and producing high 1ift. The pitching moment coefficient,

C, o/1 at maximum lift is plotted against U/V in Fig.12, for the three

flap positions. Detailed curves of Cm o/ against CL are plotted in
Fige13 for flap position No.2 for various values of U/V, Curves for the
flap fixed configuration are again shown for comparison,

5 Lfficiency of the rotating flap

The efficiency of the means by which a rotating flap produces high 1lift
may be gauged from an analysis of the results of Ref.7. A similar analysis
may be carried out for the isolated rotating wing of Ref.5, and the two
systems may be compared. Such a comparison is based on the circulation
produced about its own axis by the rotating wing or flap; an extremely
simple theoretical estimate of this circulation may be considered:-—

Tiheor = U %%

so that C

I

U
Zﬂov

where U dis the circumferential velocity of the flap or rotating isolated
wing and cf is the chord length of the flap. For wings of finite aspect

ratio the factor 2% may be replaced by

2R

= o

1+ K.

where & 1is the usual correction factor depending on the ratio between
endplate height and the wing span. The actual circulation generated, T,
is obtained from the Kutta formula for 1ift

L = pVI‘

where L is the measured lift and V the mainstream velocity.

For the isolated rotating wing therefore

T = %,.;CLch.

Analysis of the results of reference 5 for an aspect ratio 5 wing of
0.12 m chord, 0.167 t/c, biconvex circular arc section, fitted with end-
plates, gave the following table:-



. 2 2 T o
C, | U |V n/s [Um/s | T n%/s Tiheor ™ /s /Ttheor %

12,6 | 10 Lot L4 3,10 12,8 24,2
10,45 8 5l 11 3,20 12,8 2,9
8,0 16,85 6,0 1A 2,90 12,8 22,6
6.55(5.85 7.0 41 2,75 12,8 2104
5.7 {5.10 8.0 LA 2.75 12,8 2.4
L. L514,10 | 10,0 14 2,67 12,8 20,8

For the circular cylinder of A
"ef'ficiency"

12 fitted with endplates, the

T Cp,

E = = ,

T heor 2% , (U/V>

or E ?L<U/V> . (1 + K. %)

2%

T'or finite aspect ratio,veried from about 305 to L7%. 1t seems therefore
that a thicker section may be more efficient in producing lift as an
isolated rotating wing, although it is not certain how much of the
increased efficiency of the circular cylinder is due to its higher aspect
ratio, From Fig,2 it appears that the efficiency is higher at speeds up
to autorotation (U/V aoprox.0,5),

For the wing with a rotating trailing~edge flap the analysis is
a little more complicated, The results plotted in Pig,9 for flap position
No.2 have been used, and the method of analysis is as follows:~

The contribution of the 1ift acting on the flap itself is found from

Cy, x%pvzc = pVI
f

. _

* CLf. T

where ¢ is the mainplane chord and T is the circulation produced by
the flap about its axis of rotation.

The 1lift coefficient acting on the complete system CIR but due

solely to the rotation of the flap is obtained from Fig.9 by subtracting
the CL with fixed flap at a given incidence from the CL at a given

value of U/V, Then we hdve from equation (4) of the appendix
2T
CLR - GLf - -"-,E; . f(?\.,(P)

-8 -



2¢
hence CL = 5o 1+ (7 0)].

Iz

Now for flap position No.2, f(A\,9) = 0.272,

o T = ¢ .V.c/2.54 .

g

The theoretical circulation T produced by the flap about its

theor
axis of rotation is again estimated as

1"l:heor = U= Cp *

An appropriate correction may be made for the effect of finite aspect
ratio similar to that proposed above,

Results of the analysis are given in the following table, with

¢ =0,3mand Cp = 0.075 m,
V.c o] T
Ugp | B=77% Vs | @ CLR P | Ptpear | /Ttheor
5 2,61 2.10 L7.1
4.0 | 010 x 10° | 6.8 |10 2,50 | 2,00 Loi7 L7
15 2.36 11.89 L2,h
5 1.53 | 2,76 S5he2
2.0 | 0,32 x 106 15.5 10 1.40 | 2.55 5.16 50,2
15 1.26 2,30 L5, 2

The "efficiency" is seen to be greater when the rotating flap operates
in conjunction with a fixed mainplane rather than as an isolated rotating
wing, This is presumably because the constraint afforded by the trailing-
edge of the mainplane and its wake serves to concentrate the circulatory
motion produced by the rotating flap.

In any case the "efficiency" of' a rotating flap, as defined above, is
a very useful criterion and may be used as a basis for comparison in any
future ftests. It is clear that such tests should include considerations
of the effect of flap thickness~chord ratio, the effect of aspect ratio
of the wing-flap system, effect of increasing the Reynolds number,
and finally an application of the system to a particular aircraft.

6 Conclusions

The results of the test which have been described and enalysed show
that the combination of a wing and a rotating flap just behind its trailing-
edge is a very attractive scheme for generating high lift. This system is
a development of work on an isolated rotating wing directed toward the same

u—9-



end, The latter scheme would however involve severe difficulties in any
practical application to an aircraft,

Quite high values of 1lift can be obtained by simply allowing the
flap to autorotate, but a much higher 1ift is attained by rotating the
flap with higher frequencies. The values of the 1lift increment that can
then be achieved are of similar order to those obtained with the jet flap.
Some information on the power required to rotate the flap in this latter
case is presented, but much more experimental information is required,
Applying the data available for the isolated rotating wing as it stands
to the case of a wing with rotating flap and using it to calculate the
power required in a practical case shows that rather large amounts of
power would be required il the approach speed of the aircraft is to be
appreciably reduced. However, the information is so limited, and the
Reynolds number of the test so low, that much more experimental work is
required before this particular application can be seriously considered.
If the flap is rotated in the opposite direction (negative values of U/YV)
it is shown that a very efficient air-breke system results with a
possibility of controlling changes of trim.

Further tests would be desirable to check some outstanding questions,
and theses should include investigations into

(1) the effect of flap thickness chord ratio and ratio of flap to
wing chords,

(2) +the actual induced loading on the mainplane, and a check on the
adequacy of applying the Kutta condition at the trailing edge,

(3) the effect of aspect ratio and of sweep,

(h) the effect of Reynolds number (the tests reported here were
done at quite small values of R).
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AFFPENDIY I

Theory of an aercofoil with rotating flap

Referring to Fig.5, the z-plane represents the flow about a two-
dimensional flat plate with a vortex located below and behird the trailing=
edge.

This flow is transformed into a Z-plane by the conformal transformation

A 1)
-7 g

whereby the slit along the x-axis from =-2a to +2a in the z-plane becomes
a circle of radius a centred on the origin in the Z-plane,

The complex potential of the flow in the Z-plane is

2

. . i(T+T)
P(2) = V<ZS. e %, %— . em> + ©

27

. g - &
~ia il 1
cnze 4 5h .40 >(2)

&%

where 41 =M o7 is the position of the vortex of strength T which
represents the rotating flap in the circle-plane and

is the position of an equal but opposite vortex at the image point, This
image vortex is necessary to make the circle into a streamline of the
flow in the Z-plane. The circulation about the origin is then (T + PO).

The complex velocity is W = %%

AW = v.o-1, v
x

1]

of i 22 eia+i(r+ro) AL A0 4 A4 (s
2 SR T TR T-L 2Rt E- g,

Putting W = o we obtain an expression for the positions of the stagnation
points., Fixing the near stagnation point on the mainplane at the trailing-
edge, according to the Kutta-Joukowski condition,enables the circulation
about the origin to be determined:-

i.e. put w=o0 in equation (3) and substitute £ = a,

T+ T )\_.1

. o _ . A T
T s 2 gin & + TV (%)

A +-% ~ 2 cos ¢

This reduces to the familiar result of thin aerofoil theory
when T = o,

)
271V

= 2sina (5)



or, since L = C —}pvzc = PV T,

where ¢ = La

n.u CL = Zﬂ * Sin o .

From equation (L) we see that the 1ift acting on the system at a fixed
incidence and free-stream velocity, for a given value of T, is proportional
to

hﬂ

1
Y 2 2 2
A ~

= £+ 2 ’ (6>

’)»+-1x-200s<p €2+n2—2a5+a2

if we write M = E+ 1, n for the position of the subsidiery vortex T in
the circle plane,
Holding m constant and differentiating equation (6) w.r.t., & we obtain
E = alinm
for a stationary value of the 1lift.

Investigation of the second derivative shows that minimum 1ift occurs
under the specified conditions when

E = a+ 1 (7)
and that maximum 1ift is obtained when
‘E = a-1. (8)

Relations between the co-ordinates in the z-plane and the Z-plane are
obtained from the trensformation (1):-

<1 + -7%2-> . &
-3)-
where <§>2 + <£>2 = 7»2

dl
H

o
i
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We mey therefore construct the locus of beat positions of the
rotating flap in the physical or z-plane, using equation (8), as in the
following table.

M g 2 x
/a_ /a >" -éz y/za
0 1.0 1.0 1.0 0
~0,5 1.5 2.5 1.05 ~0s15

-0075 1075 3-625 1.117 "0027

"'1-0 200 500 1.20 -0..’.;.0
"'105 205 9.0 1039 "0067
-2.0 3.0 |13.0 1,615 | =0,92

This locus, represented by the last two columns,is plotted in Fig.6.

-1l -






APPENDIX IX
by D.A. Kirby

Power required to rotate the flap of a typical four-engined transport

The scheme of using a rotating flap works on a principle similar to
that of the jet flap and it may therefore be expected that the power
required to achieve a given reduction of the approach speed will be of
a similar order in both schemes, In the absence of measured values for the
rotating flap, an attempt is made here to obtain at least a rough estimate
of the power required by using the values measured on an isolated rotating
aerofoil, i.e. it is assumed that the powers measured by Wiese (Fig.L) eve
sufficiently representative of the practical case. It is further assumed
that the values of the 1ift plotted in Fig.9 give a measure of the gains
in 1ift+ which can be expected. This implies that, without supplying
extra power, the autorotating flap gives about twice the 1lift increment
of the slotted flap without rotation. In view of the nature of the
availsble data, it may be expected that the analysis is pessimistic.

The following data obtained from an analysis of several current
sircraft have been used in the calculations:-

(i) Plap area S, = 0,17 x Ving area (8).

f

(ii) Flep chord cp = 0.25 x Ting chord (e).

(iii) Flap aspect ratio per side = 7.
(iv) Total availsble engine horse power = 8 x Wing area in sq ft.
(v) Approach speed (VA) with flaps down but not rotating = 120

Inots, the approach CL then being 1.2,

(vi) Stalling speed Vg = A/'1.3.

The experimental results of Fig,9 are for a flap chord/wing chord
ratio of 0,25. It is considered that this is large for the case ol a
rotating flap., The same effect on lift coefficient could be obtained
with a smaller flap, as it depends primerily on the ratio U/V, in which
case the power regquired could be less than that obtained here,

The power required to drive the flaps is given by:~

P o= CRX%PU3S;E‘

‘ : s
2 . L(UY 103
or § = R *3 <§A:f ZPVp

n

where QR power coefficient

U

peripheral velocity of flap,

For a flap aspect ratio of 7, QR has been talken from Fig.hk as 0,15,

- 15 -



3 V, \3
Horse Power _ U 1189 / A
Then _— = 0.15 x 0,17 <—_VA> X ---550 700 OO>

where V, and U are in ft/sec

p at sea level I,S.A.

H.Po U 3 VA
T oo () ()

U \3 (VS >3
0.12%1 (= —
(vA j 100

when VA =1,3 VS .

If it is assumed that the increments in CL A% when the flap is

rotated are 80% of those given in Fig,9 for a full span {lap with endplates

then VS and VA are:-~

Flap condition CL max CL approach VS knots VA knots VA ft/sec
Fixed at B=45°| 2,03 1,20 92,3 120,0 202,7
Autorotating 2,27 1.34 87.3 113.5 1.7
Driven at -g- =2 2,55 1.51 82,3 107,0 | 180.7
A
Driven at -‘-}l = 4| 3.38 2,00 71.5 93.0 | 157.0
A
and the powers are:-
Plap condition % reduction inV, ﬁ_o_r_s_g_]f_cw____er for Cp = 0,15
Autorotating 5. s 0
Driven at — = 2 10,9 2.6
A
Driven at L8 =l 22,5 13,6
Vs

Thus reductions in the approach speed of up to 7 or 8% could be
achieved with a small power, PFurther reductions would become very costly
and the use of all four engines to drive the flap would only reduce the
approach speed by 17%.

- 16 -



It is unlikely that much power could be diverted to drive the flap
because of

(i) the performence requirements with one engine cut and for a
baulked landing,

éii) the reduction in lift/drag ratio when the flap is rotated
Fig,10), This is largest when the flap is autorotating.

The data used above were all obtained from tests at a low Reynolds

number, The higher CL ma which will be obtained full scale at the

same U/V will allow further reductions in the approach speed and a
decrease in the power required., The above analysis emphasises the
importance of obtaining more extensive and reliable data before a proper
assessment of the scheme can be made, Further, 1t will be essential ‘o
reduce the size of the rotating flap in comparison with that of a
conventional flap to malke best use of the scheme,

- 17 -
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FIG. 2. LIFT COEFFICIENT AS A
FUNCTION OF THE RATIO OF PERIPHERAL
AND FREE-STREAM VELOCITIES
FOR ROTATING CIRCULAR CYLINDER
AND BICONVEX CIRCULAR-ARC SECTION

WITH AND WITHOUT END PLATES.
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FREE— STREAM SPEEDS.
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