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NATIONAL ADVISORY COMMITTEE FOR AZRONAUTICS

ADVANCE RESTRICTED REPORT

THEORY AND PRELIMINARY FLIGHT TESTS OF AN
ALL-1iOVABLE 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 is 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 stabllity and
a stable variation of the control forces during maneuvers,
Flight tests made with the Fairchild XR2K~1l 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 npossibility of a reduction in the size and the
diviag «of tall surfaces.

INTRODUCT ION

Control surfaces that have proved successful on earlier
designs freguently 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 orought about marked reductions in the effectiveness
and consequent increases in the size and the drag of the
surfaces. At present it is often found necessary to use an
area egual 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 sll—movable tail surface of the type used on gliders
and sailplanes permits a close degree of balance without
sacrifice of effectiveness and with smaller drag than the
conventional stabiligzer—elevator combination. The objec—
tion to the use of such a simple control on airplanes has
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been that the surface, 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 airpliane.

These defects csn be overcome by the arrangement
shown in figure 1. Here 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 of
the conventional stabilizer—elevator combination. (See
reference 1.)

0h the all—movable surfaces, the narrow flap in—
creases the 1lift and provides the restoring moment neces—
sary to stabilize the main surface about its pivot. Trim
adjustment is secured by changing the initial setting of
ivihfe! SEeliarm o S E efc aisle MU iie pocitionlof the pivot is behind
the zerodynanic center, the surface tends to float ggainst
the wind, increasing its angle of abttack in constant ratio
to the chanp"c in ‘wind ‘angle. '‘Hence, ‘if "the "airplane
changee its attitude with respect to the flight path, the
control surface will turn or tend to turn in a direetion
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 analysis and a program of flight tests are being
cary 1el out. The present report covers the elementary
theory of operation and some prelimingry flight tests of
an all—novable vertical tail surface on the lerch1¢d
XR2K—1 airplane.

THEORY

<

B

Lift and Hinge—lioment Characteristics

The 1lift coefficient developed per radian deflection
of the all—movable control may be denoted by CLi (figs.

1 and 2)., Within the linear range this 1ift may be con—
sidered to0 act at a fixed point determined by the propor-—




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

defilection Wwill be

X3
¥l s o

1

where ¢ is the mean chord of the tail. During changes

in the direction of the relative wind o, the center of

pressure of the additive 1ift is also fixed and coinegides
approxinately with the aerodynamic center of the airfoil,
The distance of this point from the pivot may be denoted

LY. Zgs Then
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If the pivot is located between the two centers of pres—

sure, X will be positive and x3 negative. Figures

3 and 4 show the estimated values of these guantities ob—

tained from wind—tunnel tests of airfoils with plain flaps.
With no control force applied, the surface turas

against the wind to the point where

G"Ch,\- + i0111 == O

A

fhe ddft in Shis conditionymwill joe “CLq o iCLi and may

be considerably larger than the 1ift with controls fixed.

Schairer and Bush in an unpublished document from the
Boeing sircraft Comrany have pointed out that friction in
the control system will introduce a lag in the flocating
action of the rudder which may result in a continuous
hunting oscillation with the control free. Thus, although
the tendency of the all-movable tail to flcat against the
wind increases the damping of large oscillations, as an
oscillation 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 approaches 90°., During the suc—
cessive stages of this process, the yawing moment developed



by the out—of-phase component of the rudder motions 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 Cy, and CLi may be determined from

the known properties of airfoils with plain flaps. Thus,
within the linear rage,

o
O : :

where ?ﬁf is the rate of change of the eguivalent angle

of attack with flap deflection., The control force required

tc produce a given change in lift is proportional to 1Cy.

Figure 5 shows this criterion compared with values for a
typical horizontal taill surface obtained from reference 2.
The numbers identify the individual surfaces as given in
reference 2.

The magximum 1ift 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 in a twin—engine airplane. Figure 6 shows the
estimated variation of maximum 1ift coefficient for sgero

~yaw with linkage ratio compared with the values given in

r”

reference 3 for a number of conventional tail surfaces.
The ability to maintain straight flight after engine fail-
ure is quite important because, if the airplane is per—
mitted to sideslip, the adverse yawing moment of the fuse—
lage, ailerons, and propellers will be added to that of
the asymmetric thrust. (See fig, 7.) It is evident from
the comparison that the all-movable area necessary to
satisfy this criterion is of the order of one—half that

of the conventional tail, Figure 8 shows an all-movable
surface designed to maintain zero yaw at 110 percent of
the minimum speed with less than 180 pounds control force,.
(See reference 4.)




If one engine fails suddenly, a certain amount of yaw
will develop before the pilot has time to check the motion
with the control, The ability to recover straight flight
in these circumstances 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 safetly
factor in the operation of a multiengine airplane.

The equilibrium angzgle of sideslip attained is inverse—
ly proportional to the slope of the 1lift curve with the
control free,- other things being equal. Figure 9 shows
this gquantity for an aspect ratio A of 4 compared with
values given in reference & for a number of conventional
tails., Although a large floating ratio is desirable in
meeting thiis criterion, it was assumed that a value of

1/2:1 was used in order to avoid the small amplitude hunt—
ing oscillations previously described.

Stalling Characteristics

In the yawed attitude of the airplane (see fig. 2),
the 1ift: olp By i@ normally greater than the 111t iCry
because of the instadbility of the fuselage and wing. ' Hence,
if the displacement exceeds a certain value, the flow will
separate on the concave side of the tail surface at a
relatively low 1lift coefficient and will cause 'a lighten—
ing of the control force necessary to hold the displace-—
ment., This condition corresponds to the fin stalling en—
countered with the conventional vertical tail surface butb
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 may be avoided by increasing the size of the sur—
face or by limiting its deflection or, preferably, by using
dorsal fiﬂs as suggested in reference 5, The pronounced
effect of narrow strips along the top and bottom of the
fuselage is shown in figure 10, which is taken from refer—
ence 6.

If the control were sudldenly released or reversed with
the airplane in the displaced attitude (see fig, 2), the
angle of maximum 1ift might be exceeded momentarily. Stall-—
¥n2in ‘this econdition would ccelir “at a"Righ®liftvand =would
be expected to result in a momentary, possibly severe,
buffeting. he duration of the buffeting would be limited
by the returning motion of the airplane,.



by the method of refer
.fixed area .shown in fi
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tructural Considerations

The foregoing comparisons show that the area of the
conventional tail often exceeds that needed to satisfy the

requirements of coantrol and stability by an amount ap—

proximately equal to the fixed area. The fixed portion
must be considered, therefcre, from the standpoint of its
stractural utility. One of the chief arguments for the
use of the conventional tail is that the fixed portion
provides an external structure on which to support the
novable portion., By uvusing somewhat thicker adrfoil sec—
tions such as are enployed in wing design, however, an
equivalent structure can be enclosed within the movable
surface (fig. 11) and the drag of the external structure
will be eliminated.

FLIGHT TESTS

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 XR2X—1 airplane. Although a reduction in
area was believed pessible with the all-movable tail, no
reduction was made for the preliminary tests.

! riginal tail is shown in figures 12 and 13, and
the areas are listed as follows, The fin area is defined
ence .7 as the unshaded part of the
gure 13,

=
o2 72
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Tt Al apes, snaare L8k 5wl o re g o w0 s ol Wb e RS TF
Fin area, square feebt ... w.. . e ! 4,1
Rudder area (including 0.7 sq £t balance area),
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The characteristics of the all-movable tail are as
followss -
Dobad aBBPe o s BRAUNBE 8L Rl irs Fate. § v IR E £ Mun b i A ek S W
Fixed -area (fuselage extension, fairing), square feet 2.1

area (including flap area), square feet. . . 11.6
Flap area (19 pefcent of movable area), square feet e
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The installation was intended to test the principle

of operation and was therefore designed for ease of con—

struction and.installation rather than. for:strueturasl, or
aerodynamic efficiency. - The result was a strut—-braced
tadll of. wood construction, covered.with 1/16—inch plywood
and mounted on ball bearings., A line drawing of the tail
isrgiven in figure l4; and -in figure lH5.the tail is shown
installed on the airplanes The nain surface was designet
to permit hinging at any point between 0,26€ and 0.30%.

' s mass—balanced when hinged at 0.27¢c.

The flap was hinged at 80 percent of the airfoil chord.
The gap between the flap and the nmain surface (approx.
0.007c) was not sealed, and the flap was not mass—balanced
about its own hinge axis. Althouzh the friction in the
nain and flap hinges was negligible, there was approxi—
mgtely 4 pounds of friction in the rudder system as a

whole. No trimmning device was provided. The variation
of flap ’efl ction with nain—surface deflection, with a
chemnatic layout showing how the noveument was obtained,

is shown in 1lgure 16, The ratio of flap deflection (with
respect to the nmain surface) to deflection of the nain
surface S/i was approximately 2:1, ZFigure 17 shows the
variation of rudder deflection i1 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 turns. Heasurements
of airspeed, yawing VeltcitV, anzle 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, All test
data presented were obtained at an indicated airspeed of
approximately 60 miles per hour in the gliding condition.

Comparative data for the two tails are presented in
figures 18 to 22, Figurc 18 precsents tho results obtainoed




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

yaw1ng acceleration. The values of yawing acceleration
were obtained by differentiating the records of yawing
velocity. igure 12 gives the results obtalnec in steady -
sideslip and shLows the rudder angle and the force required
to hold a given amount of sideslip. 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 mpde with the original tail and with

the all-movable tail h"qaea at 0.2%¢€ and 0.30¢. '‘Bigure 22
includes time histories that show the start of normal

turns made with the all~mcv~blo rudder free, hinged at

@ 2etand  OT30C.

e
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Discussion 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:

Tail Iy [ St | afds | Gg- | 9/f0di ] Gp. Hils

i o

Original 166 05 s SO RS0 S | 0502581 0 027NN OM0E]
All—-movable 208088 L1NE 285 1080 .050 « OB .045
where
a dynamic pressure at tail, pounds per square foot

Qg free—stream dynamic pressure, pounds per square foot

Sty tail area, square feet

Iz moment of inertia about Z axis, slug-feet sguare
r angular acceleration about Z axis (yaw), radians per
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second per second /

\dt /
UTi
CLU & 25 (for original tail for which 0.8 is an assumed
valué ‘of 19y /01)
Cr,
CL@ = (for all-movable tail for which 0.3

124 76088 131 )
is an assumed value of dag/d8)

No comparison of rudder ccntrol forces for the two
tails is available. For the rudder—kick data with the
all-movable tail both initial and final forces are given,
inagsmuch as the force increases as the sideslip builds up.
With the conventional rudder the maximum force is required
for the initinl deflection and less force is needed as
the sideslip increasces. A novement of the main—surface
hinge axis back should decrease the force for rudder de—
flection and increase the force necessary to hold a given
amount of si . This effect did not appear with this
vall in sideslips %o the ight with the hinge position
@omed ~from 0,27¢ tio 0,30¢

Directional stability.— The directional stabilibvy of
the airplane with each 2f the tails is shown in the time
Hietories 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 full aileron
deflection at 110 percent of the minimum speed should not
exceed 20°, With the original rudder, a sideslip angle
of 31° was obtained at 60 miles per hourj and with the
all-movable tail sideslip angles from 16° to 19° were ob—
tained, approximately a 40 percent reduction. Figure
20(b) is given for ruvdder free, s1hce no comparative data
were available with rudder locked. The record of the move—
ment of the all-movable tail (fig. 20(b)) shows that the
tall lagged in its floating response to the sideslip. A4p-—
Parently, friction and a low floating ratio made the tail
act much as o fixed surface. liuch of the reduction in the
angle of sideslip obtained with the all-movable tail was
evidently due, therefore, to aspect ratio or more favorable
air—flow conditions, 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 lateral motion.— The pertinent data in

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

Lateral—oscillation characteristics

Tail Feriod Damping in one cycle Figure
/ s
{sec) (percent amplitude)

Original 4.8 : 76

22

All-movable, 4,0 82 23
27 percent

All-movable, 346 72 24

30 percent

Either of the tails gives the airplane satisfactory
rudder—free lateral motion., The requirement of reference
4 thagt 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 Dbuilt
up and then suddenly releasing the control. The oscilla—
tion is not considered objectionable 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.

Rudder—free turns.— 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 sueh control are shown in figure 22 as time
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 %o be small. The airplane was subject to
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oscillations in yaw throughout the turn with the tail
hinged at Q.30€,

Tail stalling.— The tail stalling was characterized
by a gradual breakdown of the flow, beginning at the tip
and along the trailing edge and 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 no records were avail-
able to corroborate his opinion. There was no tendency
of the tail to oscillate or flutter and no vibration was
apparent.

Future Research

The all—movable tail shows promise as a means of re—
ducing the size of the tail surfacos as well as of im—
proving the balance and the feel of the controls. Research
is being continued with the object of discovering and over—
coming any difficulties that may arise in its application.
The action of the tail when stalled with the airplane
yawed was not fully investigated because the sideslip ob—
tainable with full rudder was insufficient to stall the
tail., (The ccmplete 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 sq 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
occur in a sideslip. Provision is beimg made for the
segond tail to be tested through a wide range of hinge
positions and at various ratiocs of flap deflection to
main—surface deflcction, It appears that flight tests of
an all-movable horizontal tail warrant ceansideration.

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 o isdngds tall ),
the following observations can be made:

¢
5]
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1. The pilots reported that the all-movable taill
performed satisfactorily in all respects. Flying the
airplane differed in no essential respects from flying
an airplane with conventional fin and rudder.

*:5

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

3, The directional stability with the all-movable
tail was as great with the rudder free as with the rudder
fixed

o,

ping of large rudder—free lateral oscilla—
sfactory. An undamped oscillation of small
5 btalned in the rudder—free turns with the

hinged at 30 percent of the mean acrodynamic chord.

5. The pilots were able to make satisfactory normal
th the all-movable tail using only the stick,

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

7. Purther developnent to realize the roduced area

advantaao of the all-novable tnil appears Jjustified.

Langley Hemorial Acronautical Laboratory,
uwtlo“wl Advisory Committoe for Acronautics,
ngley Field, Va,
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