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WATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

THEORY AND PRELIMINARY FLIGHT TESTS OF AN
ALL-FOVABLE VERTICAL TAIL SURFACE

By Robert T, Jones and Harold F. Kleckner
SUMMARY

An improved type of all-movable tail surface has been
developed and tested- in flight. The surface iIs pivoted
behind the guarter—~chord point and is provided with a plain
flan that deflects in the same direction as the main air-
foil. This arrangement provides control— free stability and
a stable variation of the control forces during maneuvers.,
Flight tests made with the Fairchild XR2X~1 airplane showed
a vertical tail surface of this type to be satisfactory in
all the maneuvers attempted, including those that involve
complete stalling of the surface. The all-movable tail was
found to be more effective than the conventional type and
offers the nossibility of a reduction in the size and the
drag of taiil surfaces

IR ODU OT ION

Control surfaces that have proved successful on earlier
designs frequently cannot be adapted efficiently to modern
airplanes on account of the high degree of control—force
balance required. Attempts to provide the necessary balance
by increasing the nose overhang and the balancing— tab ratio
have brought about marked reductions in the effectiveness
and consequent increases in the size and the drag of the
surfaces. At present i1t Is often found necessary to use an
area equal to 33 percent of the wing area for the horizon-—
tal and vertical surfaces, The drag of these surfaces IS
an even greater percentage of the wing drag.

An all-movable tail surface of the type used on gliders
and sailvplanes permits a close degree of 'balance without;
sacrifice of effectiveness and with smaller drag than the
conventional stabilizer—elevator combination. The objec—
tion to the use of such a simple control on airplanes has
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been that the surfac®, if stable about its own pivot,
tends to trail into the wind and hence provides no stabi-—
lizing action for the airplane with the control free.
With the control. fixed, the trailing tendency leads to

an unstable variation of control force with the attitude
of the airplane.

These defects can be overcome by the arrangement
shown in figure 1. EHere the surface is pivoted about a
point behind its aercdynamic center and is equipped with
a plain flap which deflects in the same direction as the
main surface. Such an arrangement corresponds to the
"leading tad" that has been used on the movable part or*
the conventional stabilizer—elevator combination, (See
reference 1.)

On the all—movable surfaces, the narrow flap in—
creases the lift and provides the restoring moment neces-—
sary t0 stabilize the main surface about its pivot. Trim
adjustment is secured by changing the initial setting of
the flan. DBecause the position of the pivot is behind .
the z2erodynanic center, the surface tends to float against
the wind, increasing its angle of attack in constant ratio
to the change in wind angle. Xence, if the airplane
changes its attitude with respect to the flight path, the
control surface will turn or tend to turn in a direction
to restore the airplane to its original attitude, pro—
viding increased control— free stability and stable control—
force reactions. (See fig. 2.)

With the foregoing possibilities in mind a more
through anzalysis and a program of flight tests are being
carried out. The present report covers the elementary
theory of operation and some preliminary flight tests of
an all-movable vertical tail surface on the Fairchild
XR2K~1 airplane.

THEORY

Lift and Hinge—lioment Characteristics

The lift coefficient developed pes radian deflection

of the ail—movable control may be denoted by CLi (figs. :

1 and 2). Within the linear range this lift may be con—
sidered to act at a fixed point determined by the propor—

H
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tions and the relative rate of motion of the flap. If the
distance between this point and- the pivot is denoted. by
Xi, the hinge—moment coefficient of the control due to

deflection will. be

where € 1S the mean chord of the tail. During changes

in the direction of tlie relative wind «, the center of

pressure of the additive 1ift is also fixed and- coincides
approxinately with the aerodynamic center of the airfoil.
Tho distance of this point from the pivot may be denoted-

by x¢. Then

o
-
Ch,, = O, =  (apmprox.)

A

If the pivot is located between the two centers of pres—
sure, x, will be positive and x; negative. Figures

3 and 4 show the estimated values of these quantities ob—
tained fros wind—tunnel tests of airfoils with plain flaps.

With no control force apnlied, the surface turas
against the wind to the point vhere

achm * ichi = 0

The lift in this conditvtion will be o & i0. and mag
"Ly B

be considerably larger than the lift with controls fixed,

Schairer and 3ush in an uvunpublished document from the
Boeing Aircraft Commnany have pointed out that friction is
the control system will introduce a lag in the flcating

acticn of the rudder which may result is a continuous
hunting oscillation vith the control free. Thus, although
the tendency of the all-movable tail to flecat against the

wind increases the damping of large oscillations, as an
oscillatiocn dies out the effect of friction will be magni-—
fied and will continually increase the phase lag as the
rudder movements become smaller . As the rudder movements
vanish, their phase lag aporoaches 509, During the suc—
cessive stages of this process, the yawing moment developed
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by the out—of—phase component of the rudder notions must
never be sufficient to equal the damping moment developed
by the yawing of the airplane. Although the exact limits
have not been established, preliminary calculations sup—
ported by flight tests indicate that in order to insure
complete damping, It may be necessary to limit the float—
ing ratio — that is, the ratio of rudder deflection to
angle of yaw — to 1/2:1 or less.

The values of OCp, and CLi may be determined from

the known properties of airfoils with plain flaps. Thus,
witkhin the linear range,

/ dag \
C = : + —
Ly 7 g\ o/ 36
ou .
where -afl is the rate of change of the equivalent angle

of attack with flap deflection. The control force required
to produce a given change in lift is proportional to iCy.

Figure 5 shows this criterion compared with values for a
typical horizontal- %$sil surface obtained from reference 2.
The numbers iderntify the Individual surfaces as given in
reference 2.

The maximum lift coefficient obtainable by deflecting
the control at zero yaw is a measure of the vertical tail
area required to maintain straight flight after engine
failure iii a twin—engine airplane. Figure 6 shows the
estimated variation of maximum lift coefficient for zero
yaw with linkage ratio compared with the values given in
reference 3 for a number of conventional tail surfaces.
The ability to maintain straight flight after engine fail —
ure is guite important because, if the airplane is per—
nitted t0o sideslip, tbe adverse yawing moment of the fuse—
lage, ailerons, and propellers will be added to that of
the asymmetric thrust. (See Pig. 7.) It is evident from
the comparison that the all-movable zrea necessary to
satisfy this criterion is of the order of one—half that
of the conventional tail. Figure 8 shows an all— novable
surface designed t0 maintain zero yaw at 110 percent of
the minimunm speed with less than 180 pounds control force.
(See reference 4.)
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If ore engine fails suddenly, a certain amount of yaw

will develop before the pilot has tine to check the motion
with the control. The ability to recover straight flight
in these c‘ircumstances will depend in a Large measure on

the amount of adverse yaw that develops while the control
is free. The tendency of the all—-movable rudder to set
itself against the yaw thus provides a definite safety
factor in the cperation 0of a multiengine airplane.

The equilibrium angle of sideslip attained IS inverse—
ly proportional to the slope of the lift curve with the
control free, other things being equal. Figure 9 shows
this guantity for an aspect ratio A4 of 4 compared with
valucs given in reference 3 for a number of conventional
tails. Although a large floating ratio is desirable in
meeting this criterion, It was assumed that a value of
1/2:1 was used in order t0 avoid the small amplitude hunt—
ing oscillations previously described.

Staliing Characteristics

In the yewed attitude of the airplane (see fig. 2),
the lift “CLa is normally greater than the lift iCry

because of the instability of the fuselage and wing. Hence,
if the displacement exceeds a certain value, the flow will
separate on the concave sicde of the tail surface at a

relatively low lift coefficient and will cause a lighten—
ing of the control force necessary to hold the displace—
ment. This condition corresponds to the f£in stalling en—

countered with the conventional vertical tail surface but
will be delayed- to a larger angle of sideslip in the case
of the all-movable surface, if this surface is large enough
to provide weathercock stability with controls fixed. The
condition nay be avcided by increasing ths size of the sur—
face or by limiting its deflection or, preferably, by using
dorsal fins as suggested in refereiice 5. The pronounced
effect 6f ngwrrow strips alonz the top and bottom of the

fuselage is shown in figure 10, which is taken from refer—
ence 6.

If the control were suddenly released or reversed with
the airplane in the displaced attitude (see fig. 2), the
angle of maximum li1ft might be exceeded momentarily. Stall-
ing in this condition would occur at a high lift and would
be expected. to result in a momentary, possibly severe,
buffeting, The duration of the buffeting would be limited
by the.returning motion of the airplane.



Structural Considerations

The foregoing comparisons show that the area of the
conventional tail often exceeds that needed to satisfy the
requirements of coatrol and stability by an amount ap-—
proximately equal to the fixed area. The fixed portion
must be considered, therefore, fron the standpoint of its
structural utility. One of the chief arguments for the
use of the conventional tail is that the fixed- portion
provides an external structure an which to support the
movable gortion, By uwging somewhat thicker airfoil sec-—
tions such as are employed in wing design, however, an
equivalent structure can be enclosed within the w@ovable
surface (fig, 11) and the dras 03 the external structure
will be eliminated.

PLIGHT TBSTS

Tail Design and,Construction

In order to check the general behavior of the all—
movable surface and to discover possible limitations, pre-—
liminary flight tests were made using an all—movable tail
on the Fairchild XR2K-1 airplane. Although a reduction in
area was believed possible with the all-movable tail, no
reduction was made for the preliminary tests,

The original tail is shown in figures 12 and- 13, and
the .arcas are listed- as follows. The fin area is defined
by the method of reference 7 as the unshaded part of the
fixed area shown in figure 13.

Total area, squars feet + « & + & & & & = & & = & =« « +3.7
Fin area, square feet +« « & & « & 2 = = 2 = = =2 = » « 4.1
Rudder area (including 0.7 sqg ft balance area),
square feet. .+ & & & & & & = = = = = » s« s 2« 9.6
Aspect ratio & « & = = & = 2 = = 2 = = 2 = = s = = « = 2.3
The characteristics of the all-movable tail are as
follows :

Total area, square feet. .+ + + « & + &+ & & 2 2 2 2 « 213.7
Fixed area (fuselage extension, fairing), sguare feet 2.1
Movable area (including flap area), Square feet, . . 11.6
Flap area (19 percent of movable area%, square feet 2.2
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Aspect ratio . + &« & & & & ¢ L, ® & ® o ® = = = w2 ox ox 2.9
Taper ratio. L] . [ ] L] - » [ ] L] L] [ ] L] [ L] . [ ] » [ ] L] [ ] [ ] 1.5:1
Mean aerodynamic chord, €, inches. , . , % « « « &« 25,5

Airfoil section: XACA low—drag, 18 percent thic

The installation was intended to test the principle
of operation and was therefore designed for ecase of con—
struction ani;. installation rather than for structural or
acrodynanic efficiency. The result’ was a strut— braced
tail of wood construction, covered with 1/16—inch plywood
and nmounted on ball bearings. A line drawing of the tail
is give;? in figure 14, and in figure 15 the tail IS shown
installed on the airplane. The main surface was designed

to permit hinging at_any point between 0,26€ and 0.30%C.
e taill was gasg—balaiceg when hlﬁge at 5.270.

The flav was hinged at 80 percent of the airfoil chord.
The gap between the flap and the main surface (approz,
0.007c) was not sealed, and the flap was not mass—balanced
about 1ts own hinge axis. Although the friction in the
nain and flap hinges was negligible, there was approxi—
mately 4 pounds of friction in the rudder systen as a
whole. o trimming device was provided-. The variation
of flap deflection with nain—surface deflectioc, with a
schematic layout showiags how the movement was obtained,
is shown iii figure 16, The ratio of flap deflecticn (with
respect to the main surface) to deflection of the nain
surface 6/i was approxzimately 2:1. Figure 17 shows the
variation of rudder deflection 1 with pedal movenent.

Tests and Results

The flight— test progran included tests with the orig-—
inal tail installation and with the all— movable tail,
hinged first at 0.27¢ and then at 0.30€, Records were ob—
tained for steady sideslips, rudder kicks, lateral oscil—
lations, aileron rolls, and normal turans. Heasurenments
of airspeed, yawing velocity, angle of sideslip, stick
and rudder position, and rudder force were made with NACA
recording instruments, Measurements of rudder force were
not obtained for the tests with the original tail because
no force recorder was available at the time, AIll test
data presented were obtained at an indicated airspeed of
approximately 60 miles per hour in the gliding condition.

Conparative data for the two tails are presented iIn
figures 18 to 22. Figure 18 presents the results obtained

¥
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from tests in which abrupt rudder kicks were made from
trimmed flight with stick fixed. Plotted against change
in rudder angle are change in rudder force, maximum change
in angle of sideslip, maximum yawing velocity, and maximum
yawing acceleration. The values of yawing acceleration
were obtained by differentiating the records of yawing
velocity. Figure 19 gives the results obtained in steady
sideslip and skows the rudder angle and the force reguired
to hold a given amount of sideslin. Figure 20 shows for
each tail a time history of an abrupt aileron roll made
with the original rudder locked, the all—movable tail free.
In figure 21 are presented time histories of typical lat—
eral oscillations made with the original tail and with

the all-movable tail hinged at 0.27¢€ and 0.30¢. Figure 22
ineludes time histories that show the start of normal
turns made with the all-mevable rudder free, hinged at
0.27¢ and 0.30%¢.

Digcussion of Flight Results

Rudder effectiveness.— The relative power of the two

vertical tails is shown by figures 18 and 19. The calcu—
lations of the values of the normal— force coefficients
developed by the two tails are summarized as follows:

i

Tail | 1,

[€2]
ct

e/, S Or /01 CLi CL&

Original . 1660 | 13.7 | 0.30 9.3 1 0.0256 | 0,027 ) 0.034

All-movable 2080 1] 11.6 .8

o

10.0 .050 . 075 .045

where
q dynamic pressure at tail, pounds per square foot
gy free—-stream dynamic pressure, pounds per square foot

S; tail area, square feet

Iy, monment of inertia about Z axis, slug— feet sguare

L 13

angular acceleration about Z axis (yaw), radians per
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2\
seccnd per second Sr /
at /
CL_.,
Cr,, = Bwé (for original tail for which 0.8 is an assumed
value of dag/di)
C14
- (for all—-movable tail for which 0.3
@6 1+ (o0.305/02)

is an assumed value of Oag/08)

Ho comparison of rudder control forces for the two
talls is available. For the rudder—kick data with the
all-movable tail both initial and final forces are given,
ingsmuch a8 the force increases as the sideslin builds up.
With the coaventional rudder the maximum force is required
for the initial deflection and less force is needed as
tane sideslin increasces. A movenent of the main—surface
hinge axis bvack should decrease the force for rudder de—
flection and increase the force necegsary to hold a given
amount of sideslip, This effect did not appear with this
tall in sideglips to thae right with the hinge position
moved from 0,87Y¢ to C.30%€.

Directional stobility.— The directional stability of
the airplane with each 2f the tails IS shown iii the time
histories of aileron rolls (fig. 20). The original tail
did not provide sufficient directional stability to meet
the requirements of reference 4 that, with rudder locked,
the sideslip angle developed as a result of Tfull aileron
deflection at 110 percent of the minimum speed should no#
exceed 20°. With the original rudder, a sideslip angle
of 31° was obtained at 50 miles per hour; aad with the
all-movable tail sideslip angles from 16° to 19° were ob—
tained, approximately a 40 nercent reduction. Figure
20(b) is given for rudder free, since no comparative data
were available with rudder locked. The record- of the move—
ment cf the all—-movable tail (fig. 20(b)) shows that the
tail lagged in its floating response to the sideslip, Ap—
parently, friction and a low floating rntio made the tail
act much as o fixed surface. livcir of the reduction in the
angle of sideslip obtained with the all-movabdle tail was
evidently due, therefore, to aspect ratio or more favorable
air— flow conditicns. Additional tests are necessary to
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determine the true floating characteristics of the all—
movable tail and Its ability to provide greater direction—
al stability control free than control fixed.

Rudder— free Laterat+reotton.— The pertinent data in

the time histories of lateral. oscillations, (figs. 21)
are sumnarized as follows:

Lateral—oscillation characteristics
Tail Period Damping in one cycle Figure
{sec) (percent amplitude)

Original 4.8 76 22
All-movable, 4.0 82 23

27 percent
All-movable, 5.6 72 24

30 percent

Either of the tails gives the airplane satisfactory
rudder— free lateral motion. The requirement of reference
4 thet the lateral oscillation should damp to one— half
amplitude within two cycles was satisfied. Figure 21 shows
the buffeting oscillation that can be produced by holding
the rudder over until a large angle of sideslip is built
up and then suddenly releasing the control. The oscilla-—
tion is not considered objectioaable because it could not
be produced except by this maneuver, The effect of fric—
tion in the system iS seen in the flat peaks in the move-
ment of the rudder after returning to neutral.

Budder—free turans.- One of the advantages of the all-—
movable tail is that its use results in an increase in
the weathercock stability with rudder free, giving im—
proved! control of the airplane by means of the stick alone,
The results of such control are shown in figure 22 as tine
histories of the start of gliding turns made with the feet
off the rudder pedals.

The pilots felt that the airplane made satisfactory
turns with the rudder free; the angles of sideslip result—
ing are seen to be small. The airplane was subject to

53
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oscillations in yaw throughout the turn with the tail
Singed at 0.30¢,

Tail-sialling.— The tail stalling was characterized
by a gradual breakdown of the flow, beginning at the tip
and along the trailing edge ard Spreading forward until

the stall was complete. The stall was not apparent to the
pilot except by observation of the action of tufts attached
to the tail, The pilot reported what he thought to be a
lightening of the rudder force, but rno records were avail—
able to corroborate his opinion. There was no tendency

of the tail tc oscillate or flutter and no vibration was
apparent .

Fature Research

The all—movable tail. shows promise as a means of re—
ducing the size of the tail surfaccs as well as of im—
proving the balance and the fecel of, the controls. Research
is being continued with the object of discocvering and over-—
coming any difficulties that may arise in iIts application.
The action of the tail when stalled with the airplane
yawed was not fully investigeted because the sideslip ob—
tainable with full rudder was insufficiect to stall the
tail. (The complete stall was obtained by suddenly re—
versing the rudder in a moderate sideslip.) In order to
clear up this point, a second tail of one-half the area
(5.8 sg ft) has been designed and is under construction
for the Fairchild XR2K—~1 airplane. The smaller tail is
expected to decrease the directional stability of the air-—
plane to a point where complete stalling of the tail will
oceur in a sideslip. Provision is being made for the
second tail to 'be tested through a wide range of hinge
positions and at varicus ratios of flap deflection to
main— surface deflection. It appears that flight tests of
an zll-movable horizontal tail warrant consicleration.

CONCLUSIONS

From the results of preliminary flight tests of a
Fairchild XR2K-1 airplane on which was installed an all-—
movable vertical tail the same size as the original tail,
the following observations car, be made:
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1. The pilots reported that the all-movable tail
performed satisfactorily in all respects. Plying the
airplane differed in ro essential respects fron flying
an airplane with conventional fin and rudder,

2. The all—movable tail developed considerably
greater normal force pur unit area than the original

tail.

3. The directional stability with the all-movable
tail was as great with the rudder free as with the rudder
T iXed..

4, The damping of Large rudder—~freec laterzl oscilla—
tions was saotisfactory. An undamped oscillation of small
amplitudce was obtained 1IN the rudder—free turns with the
tail hinged at 30 percent of the mean acrodynamic chord,

5, The pilots were able to make satisfactory noermal
turns wyith the all—movable tail. using only tkhe stick.

6, The stalling of the all—movable tail was obtained
without flutter or vibration and was apparcnt to the
pilot only through observation cof tuft action.

7. Purther developnent to realize the reduced arca
advantage of tho all—movable t~il appears justified.

Langley iemorial Acronautical Laboratory,
Hotiongl Advisory Committee for Acronaulics,
Longley Field, Va,
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Figure 9.~ Slope of Lift curve with control free. A=4; 0.20c flap. (data
for convontional tail surfaces taken from reference 4,)
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Figure 17.- Variation of ruddcr doflcction with pedal movement. All-
movableo tail on Fairchild XRRE~1 airplane.
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