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A FLIGHT INVESTIGATION
SHORT WIDE AILERONS
OF WING DIHEDRAL

OF THE LATERAL CONTROL CHARACTERISTICS OF
AND VARIOUS SPOILERS WITH DIFFERENT AMOUNTS

By FRED E. WEICK, HARTLEY iL SO ULfi, and MELVIN N. GOUGE

SUMMARY

Plight tests were made to determine the lateral control
charactetitics of short wide ailerons and spoilers, as a
consequenceof the promise shown in Win.&tunnel-testsby
these devices as means of obtaining lateral control, par-
ticularly at angles of attack above the stall. Eeveral
forms of spoilers, front-hinge,t,qear-hinge, plain retract-
able, and saw-tooth retractablewere tested alone and in
combinationwith the ailerons. The tests were madewith
several di$erent amounts of wing dihedral so that the
eJect of theyawing momentsof the di#erent Mend control
combinations, which variedfrom large negative to large
positive values, could be evaluated. In conjunction with
the tests, observationswere madeto throwsome light on the
feasibility of operating the airplane w“th two controls
instead of the present three.

The short m“deailerons gave no control abovethe stall.
The spoilers gave some control in the stalledjiying range,
althoughthe tests showed thatfor safe operation in this
range lateralstability as well as lateralcontrolis required.
The spoilers wereunsatisfactory, however,becauseof a lag
between the movement of the control surface and the
response of the airplane. A combination of the ailerons
and spoilers appears to o$er possibility for further de-
velopment,the spoilers giting control beyond the stall and
the ailerons by their immediate action coveringup the lag
of thespoilers in thenormal$ight range. The importance
of the yawing action of a lateral control system wasfound
to increase considerablywith increasing dihedral. Large
positive yawing moments, though an advantageabove the
stall, may be undesirable in the normal $Zght range
becausethey tend to depress the nose of the airplane while
rolling into steeply bankedturns.

Two-control operation of the airplane in flight was
found to be feasible with either the rudder and elevator
combination or the aileron and elevatorcombination, but
it limited the maneuverability and would therefore be
desirgble only with certain types of airplanes. The
landing characteristics of an airplane with two controls
havenot been evaluated. .

INTRODUCTION

The present investigation is an extension of a wind-
tunnel investigation (reference 1) comparing various
lateral control devices with particular reference to the
conditions at high angles of attack, where conventional
aileronshad beeriknown to give unsatisfactory control.
Some of the control arrangements tested in the wind
tunnel gave suiliciently promising rolling and yawing
moments at angles of attack above the stall to warrant
tests of their effectiveness in flight.

One such control arrangement consisted of ordinary
iilerons of wide chord and short span which, with the
proper d.ifl?erentialmovement, gave reasonably high
rolling moments at angles of attack above the stall,
together with yawing moments that had small adverse,
w negative,l values with respect to the wind axes but
favorable, or positive,’ values with respect to the body
axes. The wide-chord ailerons, of course, had the dis-
~dv@age of high hinge moments, but it seemed
likely that they might give fairly satisfactory control
~bove the stall and that, if they did, some satisfactory
meansmight be found for balancing the hinge moments
and making the control force reasonably light.
Another control device that seemed promising was the
spoiler, which consists of a plate raised up from the
upper surface of the forward portion of the wing. ‘ The
rolling-moment coefficient given by the spoiler was
found to increase as the angle of attack of the wing
was increased to the stall (angle of attack for maximum
lift coefficient), and reasonably high values were main-
tained to angles fairly well above the stall. The
spoilers gave very high values of positive yawing
moment with respect to wind axes, -which it seemed
might be advantageous in that they tend to make an
airplane yaw or turn in the direction corresponding to
the roll. Uncertainty existed concerning the effect of
yawing moments on the lateral control of an airplane
under various conditions of flight, as to which axes the

1These signs correspond to the AT.A.C.A. standard usage onfy for the conditions
of a right-hand turn, which is assumed throughout this investigation.
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yawing moments should be referred in order to cor-
respond to the pilot’s reactions to the motion of the
airplane, and as to the direction and magnitude of the
yawing moments that pjlots would consider most
desirable.

The present tests were made to determine the char-
acteristics of the short wide ailerons and spoilers in
flight and also to throw some light on the effect of the
yawing moments produced by lateral control devices.
The aileronswere given diflerent movements that gave
yawing moments ranging from extremely adverse ones
to only slightly adverse ones, with respect to the wind
axes. The spoiler and aileron combination and the
spoiler alone gave positive values of yawing moment
of different magnitudes. As the effect of the yawing
moment is coupled with the rolling characteristics of

A Fairchild 22 airplane was used for the tests. In
order to obtain a comparison of the short wide ailerons
and spoilers with a representative example of a con-
ventional lateral control system, the tests were also
made with the standard ailerons for this airplane.

APPARATUS AND TESTS

The Fairchild 22 airplane used for the tests is a
small parasol monoplane. Its general appearance is
shown in figure 1 and its principal dimensions are given
in the 3-view drawing of figure 2. The standard lateral
control system for the airplane consists of long-span
narrow-chord ailerons fitted to the wing of an N-22
airfoil section that has!!circular tips and is set at j~”
dihedral (fig. 3). The ailerons are unbalanced and
have a differential motion.

I
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FIGURE1.—Fairchdd 22airplane.

the airplane in yaw, the tests were made with the I For tests of the short wide ailerons and spoilers,
wing s& at various amounts of dihedral from 0°
to 9°.

The tests were mainly of a qualitative nature, the
pilots following a standard program of tests with each
control arrangement at each dihedral angle and making
notes of their observations step by step. Where
~eculiar phenomena were noticed, instrument records
were obt;ined to check the pilots’ observations.

The standard program of tests -wasso arranged that,
in addition to covering the lateral controllability with
the vmious control devices under different conditions
of fright and with various amounts of dihedral, infor-
mation was obtained on some of the other flying and
handling characteristics of the airplane. Observa-
tions were made of the stability with various amounts
of dihedral and the feasibility (with certain stability
and control characteristics and under certain condi-
tions of flight) of using only “one lateral control,
the rudder or the ailerons, instead of both as at
present.

special wing was used (fig. 4). This wing had the same
airfoil section as the standard wing, but was made with
square tips so as to correspond more closely to the
model used in the wind-tunnel tests of reference 1. It
was adjustable from 0° to 10° dihedral and was origi-
nally equipped with short wide ailerons and front- and
rear-hinge spoilers. The short wide ailerons could be
operated either with an equal up-and-down movement
(fig. 4 (a)) or dMerentially (fig. 4 (b)). With both
movements the ailerons could be rigged at 0°, as shown,
or up 10°. The rear-hinge spoilers (fig. 4 (b)) were
arranged to couple to the differential ailerons so that
their hinge moments would to some extent balance
those of the ailerons and reduce the stick force required.
The front-hinge spoilers (fig. 4 (c)) were operated by a
special control stick ahead of the main one so that in
case they did not give satisfactory control the pilot
would still be able to use the ailerons. The arrange-
ment also permitted the pilot to operate the front-hinge
spoilers and ailerons together.
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During the tests, for reasons noted later, the front-
hinge spoilers were replaced by retractable spoilers
(fig. 4 (d)). The area of the retractable spoilerswas
later reduced by the removal of the cross-hatched por-
tion of figure 4 (d), and finally saw teeth were cut into
the remaining area (also shown in fig. 4 (d)). The
mechanical linkage of the differential ailerons and the
rem-hinge spoilers was modified to give a movement of
17° up and 5° down to the ailerons and 14° to the
spoilers. The rear-hinge spoilerswere also modified by
reducing the area as shown on figure 4 (a). The move-
ment of the control surfaces relative to the control
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FIGURE2.—Three-view drawing of Fairchild 22 airplane.

stick for all control arrangements with the exception
of the retractable spoilers, where the movement was
similar to that for the front-hinge spoilers, is shown in
figures 5 to 9, inclusive.

The tests with the special wing were made at 0°,3°,
6°, and 9° dihedral. As a result of the various modifi-

cations made during the tests not all of the control
devices were tested with each dihedral. Table I shows
the various arrangements and the dihedral angles at
which they were tested.

The tests consisted of a standard seriesof maneuvers
designed to show qualitatively the stability and lateral

~e-~. -------=_@’.

FXGURE3.—Standard wing for Fairchdd 22 airplane.

control characteristics of the airplane and were per-
formed with the various control devices and with the
various amounts of dihedral, the pilots making notes
on mimeographed forms provided for the purpose.
(See forms A to E, inclusive.) The forms A, B, and
C, covering the stability characteristics and the roll
due to the rudder, were filled out once for each dihedral
angle. Forms D and E were filled out for each difFerent
control arrangement at each dihedral tested. For each
condition form D was filled out three times; once for
normal three-control turns, once for turns made with
only the elevator and rudder, and once for turns made
with only the elevator and the particular lateral control
device being tested.

TABLE I.—Dihedral angle corresponding to di.ferent control
arrangements

Wing Lateral control arrangement
Diheal

degreea

Standard. - Aiferorrs1original Merential ---------------------------- %.
Special---- Aiferons 1equal np-and-dom-rigged OO------------------ o, 3, (i 9.

Do------ Aiferons equal up-and-down-rigged 10” uP------------- 0.
Do---- Aiferons original differential-rigged OO------------------- o.
Do--- Ailerons original differential-rigged 10” up--------------- o.
Do____ Aikrons modified differential-rigged O“---------- 3,6.
Do- . . . . Ailerons modified differential-rigged 10” nw------------ 3,6,9.
Do ------ Afferons original differentird-or$-inal rear~hingespoilers-[ O.
Do-- ---- Affsrons modified dit%rential-re ueed raor-lrkmesnoilers., 3,& 9.-.--, -. .
Do---- Frorrt-hmge spoflem.-..-.--. ----------. ----. --=---------- o. -
Do--- Long plain retractable spoiled --------------------------- o.
Do-... -. Short plain retractable spoflem--------------------------- 3,6,9.
Do-.. -. Ailerorrs-modhied differential-short plain retractable 3,6,9.

I spoilers.
Do---- Saw-tooth retractable spoflem---------------------------- I 9
1Long narrow ailerons.
~Short wide aiferons on all arrangements with special wing.
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The tests were made by two pilots zbut in only a few
cases did they both fly the same arrangement of the
control system with the same dihedral, the necessary
checks being obtained by the correlation of the data
for a given condition with the remainder of the data.
Where there appeared to be inconsistency in the in-
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FIGUBE4.—Specisl wing for Fairchild 22 airplane.

dividual reports the questionable points could usually
be cleared up by discussing them with the pilots. In
general, however, the pilots’ observations were fairly
consistent and it seems safe to conclude that all the

$One of the test pifots, Melvin h’. Gough, is rdsoone of the authors.

COMMITTEE FOR AERONAUTICS

most important results were satisfactorily observed
but that ii.nedistinctions maybe uncertain.
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FIGURE5.—Re1ative movement of the standard ailerons.

,In a few cases in which a peculiar characteristic, a
lag or delay in the response of the airplane to a control

~ 60
eJ~.

% 40

$
. . /
%

; 20
/ ‘.

Q
‘u / y
b
co

t

/ ‘

Q1
>= / ‘

Qc
-+.220
$$ / ‘
..
rc 30 20 /0 o 10 20 30

Left Sfick de flecf ion, degrees Righf

FXGURE6.—Relative movement of the short wida aiferons, eqrml up-and-down.

movement, was noted by the pilots, instrument data
were taken to obtain more complete information re-

t ‘L-eff Sfic.4 deflec fion, degrees f7;g/7+

FIGURE7.—Relative movement of the short wide ailerons, origimd ditTerentinl,am]
rear-hinge spoilers.

garding the phenomenon. For these tests, instruments
were installed to record simultaneously the position of
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Form A

LONGITUDINAL STABILITY

STATIC.—Trim for cruising, and with throttle and stabilizer constant,
noso rrirplmreover S1OW1y mrtff air speed is 5 mffos per hour higher—
than mkrrm control stick. Does nose rise? . . ------ Repeat, pulling
stick back nntil air speed is 5 miles per hour lower than cruising before
rckashrg. Does nose drop? --------

Trim for throttled glido at above rmrfsffg speed ( m.p.h.), and
push stick forward until speed increases 5 miles par hour, then release
stick. Does nose rfse? . . . . . ..-

Rcpeat, decreasing speed 5 miles per hour. Does nose drop? -------.

Trhn for throttled glide, stabdizer fulf trollheavy ( m.p.h.), and
push stick forward until speed increases 5 miles per hour, then release
etick. Does nosa rise? --------

Repeat, decreasing speed 5 mites per hour. Does nose drop? --------

DYNAMIC.-Trim for cruising ( m.p.h.), push stick forward,
causing dive, then release it. Do oscillations die? --------
IIow rapidly?

Repent, pullhrg stick back before releasing. Do oscillations die down?
. . . . . . . . How repidly?

Trim for throttled glida at above cruising speed and push stick forward,
then release it. Do oscillations die? -...... - How rapidly?

Repeat, pulling stick back before releasing. Do oscillations dfa down?
. . . . . ..- How rapidly?

Trim for throttled glide, stabilizer frdl tail heavy ( m.p.h.), and
push st[ck forward, then releaseit. Do oscillations die down? .-... -..
How rapidly?

Repeat, pullbrg stick back before releasing. Do oscillations die down?
. . . . ---- How rapidly?

Roumrh

Formc

LATERAL-STABILITY TESTS
All to be mndc from approximately 3,000-foot altitude

From throfffecigfirfewith stabilizer se: frdl tail heavy (elevator free,
hrdkatcd air speed 62m.p.h.) and rudder balanced, perform the following
maneuvers:

[1) Medium slip to right-same air speed. When steady, release all
controls and note motion

Repeat to left. Note motion:

.

From Iecelflight at indicated air speed of 62 miles per hour, with ste.
blllzer adjnsted for trim (elevator free) and rudder balanced

(2) Medinm slip to right-same air speed. When steady, release aR
controls and note motiom

Repeat to left. Note motiorx

If alrplana is unstable in latter run, perform foRorvin~ From lerd
jllgld at hrdicatcd air apeed of miles per hour, with stabilizer ad-
Justcd for trfrrr(elevator free) and rudder balanced:

(3) Medium slip to right+ame air speed. When steady, release all
controls and note motion:

Repeat to left. Note motiorx

Tfenmrks:
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Form B

DIRECTIONAL STABILITY
3,000-foot altitude

From level Sight at indicated air speed of miles per hour, perform
a medium right skid, holding wings level. Release rudder, keeping
wings level with afferons, and note motion in yaw:

Repeat to left. Note motforr

ROLLING DUE TO RUDDER

lir straight level Sight (crnfskrg)at mites per hour, apply full
right rndder gently and note directionand amount ofbark

Right wing------------ ------ degrees.
Repeat with Iaftrudder.

Right wing------------ ------ degrees.
Repeat with right rudder movadsuddenly.

Right wing ------------ ------ degrees.
Repeatwith left rndder movedsuddenly. .

Right wing------------ ------ degrees.
In throttled glidejust nnstalled ( m.P.h.) aPpW full right rudder

gently and note direction and amount of bank
Right wing ------------ ------ degrees-

Repeat with left rndder.
Right wing ------------ ------ degrees.

Repeat with. right rudder moved audderdy.
Right wmg . ----------- ------ degrees.

Repeat with left rudder moved suddenly.
Right wing ------------ ------ degrees.

In throttled glide frdfy staRed ( m.p.h.) apply frill right rudder
gently and note direction and amount of bark

Right wing ------------ ------ degrees.
Repeat with left rndder.

Right wing ------------ ------ degrees.
Repeat with right rudder moved suddenly.

Right wing ------------ ------ degrees.
Repeat with left rudder moved audderdy.

Right wing ------------ ------ degrees.

Form D

TURNS AND SPECIAL MANEUVERS
3,000.frmt altitude

Note any pecnfiarities, inchrdhrg slipping or skidding in the entrance,
the steady position, or the recovery, in the foflorving turns:

Controls

CRUISING ------ miles per hour.
1. TVidaTurn Right --------------------------------------------

Left ----------------------------------------------
2. Medium Turn Right --------------------------------------------

Left ----------------------------------------------
3. Mfrr. Rad. Turn Right --------------------------------------------

Left ----------------------------------------------
4. Try following straight path in gusty air----------------------------

THROTTLED GLIDE, JUST UNSTALLED ------ miles per honr.
1. Wida Turn Right --------------------------------------------

Left ----------------------------------------------
2. Medium Tnrn Right --------------------------------------------

Left ----------------------------------------------
3. Min. Rad. Tnrn Right --------------------------------------------

Left ----------------------------------------------
4. Try following straight p]th in gusty air----------------------------

—

THROTTLED GLIDE, FULLY STALLED ------ rnffes per hour.
1. Wide Tnrrr R,ght--.-----:-----------------------------------

Left ----------------------------------------------
2. Medium Turn Mght --------------------------------------------

Left ----------------------------------------------
3. Min. Rad. Turn Mght --------------------------------------------

Left ----------------------------------------------
.- .. .——. .— -—-

Try slow roll Right --------------------------------------------
Left ----------------------------------------------
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Form E

General questionnaire to supplement teats on aileron control

1. Are ailerons heavy on the ground? --------------------

2. While taxying are they easily handled? ----------------
Effective? ------------------

3. Is there a possib~lty of them becoming jammed by foreign
bodies? ------.----_--------

4. Are the ailerons easy to operate and effective under the
following conditions:

I I 1
Effect of yaw

Stick foree ~E&&&fi DuetoeiIerons?
Desirable?

High speed.-------. -..-. ------: ------- ------------ ----------- ------------------

Crakirg ------------------------------ ------------ ------------ ------------------.
CUkliugj@unstolled neargroundin

gusty au----------------------------- ------------ ------------ ------------------

Ftiystdled,gtitimg ------------------ ------------ ------------ .----.------------

FuRystaUed,power on---------------- ------------ ------------ ------------------

Quick maneuvers, such os sharp turns- ------------ ------------ ------------------

5.

6.

7.

8.

9.

10.

11.

Isasideslip easy to start? __________ Stop? -----------

Isaskid easy to start? ------------- Stop? -----------

Dothe ailerons vibrate? ------------ Twist? ----------

Any effect on ground loop? ---------------------------

Doyou like them? -----------------------------------

my? --------------------------------------------

Could yougetusedto them?- -------------------------

Would you everlikethern? ---------------------------

Y ~eff Sfick deflection, degrees Righf

FIGOSES.—Relative movement of the short wide ailerons, modfied differential,
and rear-hiige spoilers.

thelaterttlcontrol device andtherolling velocity of the
airplane. The test procedure consisted of recording
the rolling velocity forthe first few seconds following
rtna.bruptmovement of thelaterrtl control device from
neutral.

CHARACTERISTICS DESIRABLE IN A LATERAL
CONTROL SYSTEM

Thereis some question as to what characteristics are.
most desirable in alateral control system and its seems
advisable to insert the present views of the authors on

OMMITTEE FOR AERONAUTICS

this subject before discussing theresults of the flight
tests. These views are based primarily on a general
study of the lateral control problem and the flying
experience of the two test pilots, but they htt.vealso
been influenced unimportant respects by the present
tests.

ROLLING ACTION

Rolling moment,—The rolling moment indicates the
possibility of the pilot’s maintaining the airplane on
an even keel during flight through gusty air and of the
time required to attain the maximum rate of roll for
maneuvering. It is probable that the upper limit of
the value of the rolling moment desired depends only
on structural considerations and on the reactions of
the occupants of the airplane to the acceleration pro-
duced by the moment, although this fact has not been
definitely established. At the start of the wind-tunnel
investigation of lateral control devices (reference 1,

Sfick de flee f ion, degrees t?igh+

FIGUSE 9.—Re1ative movement of tha front-hinga spoilers.

part I) a criterion, representing the probable satis-
factory lower limit, was selected on the basis of the
acceleration obtained with conventional ailerons at
10° angle of attack. The value of this criterion cor-
responds to a lateral movement of the center of pres-
sure of 7:5 percent of the span. Recent experience
indicates that this value is likely to be ample for any
condition of flight that might be encountered, and is
therefore a desirable value to attain. Where a com-
promise must be made, however, between the rolling
moment and some other characteristic of the control
system, particularly the control force, a decidedly
lower value of the rolling criterion, possibly as low as
that corresponding to a lateral displacement of the
center of pressure of 3 or 4 percent of the span, may
be used and found reasonably satisfactory for prac-
tically all conditions of flight.

Maximum rate of rolL—The maximum rate of roll
that can be attained with a lateral control device is to
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some extent an indication of the maneuverability of
the airplane. This characteristic of the lateral con-
trol system, however, is in most, although not neces-
sarily in all, cases directly proportional to the rolling
moment, so that the two characteristics may generally
be considered together. Thus, the lower limit for
the mto of roll may be taken as that accompanying a
rolling moment giving the desired value of the rolling
criterion. Conversely, there is apparently an upper
limit to the desirable rate of roll which will impose an
upper limit on the rolling moment. The upper limit
of the rate of roll is taken as that above which pilots
are not likely deliberately to go because of the practice
nnd skill required to stop the rolling velocity, when
attained, with the airplane in a desired attitude. This
limit has not yet been definitely established, but is
believed to have been exceeded in several present-day
a.irpkmesat and above the cruising speed.

Additional requirements .—Two further desirable
characteristics of the rolling action are: First, the
response of the airplane in roll to any movement of
the lateral control surface should be immediate,
any noticeable delay or hesitation in the action be-
ing objectionable. Second, the action should be so
graduated that the acceleration and maximum rate
of roll increase smoothly and regularly as the stick
deflection is increased.

YAWING ACTION

The tests of the present investigation indicate that
the pilots’ observations of yawing action due to the
lateral control correspond to the yawing moments as
measured with respect to the wind axis. If the yaw-
ing moments are of moderate magnitude, their actual
value and even their direction would appear to be un-
important within the usual unstalled flight range,
although it seems probable that an entire absence of
ymving due to the aileron control would be more
desirable. Large negative values of the yawing
moments are known to be undesirable because they
tend to make the airplane turn away from the desired
bank, thus introducing a sideslip that resultsin a rolling
moment opposing that of the ailerons. The present
tests have shown that large positive yawing moments
may also be undesirable in the normal flight range
because they tend to lower the nose of the airplane
during the entrance to tight turns. The practical
importance of the yawing action of the aileronsdepends
upon its relation to their rolling action and to other
characteristics of the airplane, such as the dihedral of
the wings. For example, above the stall, if the direct
rolling action is poor, large positive yawing moments
may be of considerable assistance in maintaining
lateral control.

CONTROL FORCE

It seems desirable, from the pilot’s point of view,
to have the control force as light as is consistent with

m,i.ntenance of the feel of a definite neutral position,
md to have increasing deflection of the stick require
jhe application of a noticeably increasing foree. As
\herolling action should also be related to the stick
inflection, an increasing effort on the part of the pilot
willbe required to obtain greater rolling action. It is
?robably desirable also that the ratio of effort expended
to rolling action obtained should be independent of the
~peedof the airplane; that is, if the effectiveness of the
!ateral control increases with speed, the required Sticli

forces should also be heavier at high speeds, so that
therewill be no tendency to overcontrol at these speeds.
I!he control force is of great importance in obtaining
~atisfactory lateral control. As shown by the present
tests, an airplane that requires light control force
~pparently seems much more controllable to a pilot
than one that requiresheavy control force, even though
for fuU deflection the heavier control may be consider-
ably more powerful than the lighter one.

RESULTS

LATERAL CONTROL CHARACTERISTICS

Standard Fairchild 22 ailerons.-The standard
ailerons of the F–22 are considered by the pilots to be
representative of good conventional lateral control
systems. The rolling action they produce is satis-
factory up to the stall, although it noticeably decreases
with decreasing air speed. Although the yawing
action is adverse, it causes no annoyance to the pilots
in the normal flying range, being evidenced only by a
slight movement of the nose away from the bank
before the airplane starts turning in the desired direc-
tion, and by a momentary increase in the rate of rota-
tion when the ailerons are displaced for recovery from
the turn. The required stick forces are light and are
proportional to the deflection obtained for normal
maneuvers. For abrupt maneuvers, the forces re-
quired are definitely heavier. The stick force increases
with speed, as does the control effactiveness. In
stalled flight, however, the ailerons give no control,
rotation continuing in either direction against full
opposite aileron deflection.

Short wide ailerons with equal up-and-down move-
ment, rigged OO.—With the short wide aileron with
equal up-and-down movement rigged 0° and with other
control systems tested on the special wing, excepting
the saw-tooth spoilers, only the characteristics with the
wing at 0° dihedral, or at 3° dihedral in those cases
where tests were not made at 0°, will be considered at
this point. The effect of dihedral will be treated in a “
later section. Reference to table I will show the
dihedral angle for the tests of the particular control
device under discussion.

The characteristics of the short wide ailerons with
equal up-and-down movement were, with two impor-
tant exceptions, generally similar to those of the
standard ailerons. , The decreasein effectiveness as the
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stall was approached was greater with the short wide
ailerons, so that the airplane would roll out of steeply
banked turns against fti aileron deflection just below
the stall, whereas the standard ailerons gave satis-
factory control up to the stall The stick forces, as
expected, were definitely greater with the short wide
ailerons. In a sideslip it was found that the wide-
chord aileron on the. forward wing tip tended to trail
up sticiently to overbalance the inherent banking
effect of the wings, so that at 0° dihedral a fairly heavy
force had to be applied to the stick to hold the aileron
down and to prevent the wing from “digging in. ”
Another point, having no connection with the aero-
dynamic characteristics of the control system, was
noted: During taxi runs, any roughness of the ground
caused movement of the ailerons and, because of their
large unbalanced mass, induced annoying reactions in
the control column.

Short wide ailerons with equal up-and-down move-
ment rigged up 10°, with original d.illerential move-
ment rigged 0°, and with original differential move-
ment rigged up 100.—With the other arrangements
the short wide ailerons had the same objectionable
characteristics as previously noted. The progressive
variation in the yawing action shown by wind-tunnel
tests was observed in flight. For no arrangement did
the pilots consider the yawing action positive. l?rob-
ably because the short wide ailerons had the lowest
yawing moment with d.HerentiaJmovement and rigged
up 10°, this arrangement gave the greatest control near
the stall, although in no case was the control above the
stall satisfactory.

Short wide ailerons with modified differential move-
ment rigged at 0° and up 100.—With the modified
differential movement the short wide ailerons, though
less powerful for full deflection, were considered super-
ior to the arrangements of these ailerons previously
tested because of the lighter stick forces required.
These forces, however, were stilI sIightly greater than
those for the standard ailerons. Satisfactory turns
were made right up to the stall and above the stall
the control with the modified differential movement
was about the same as with the original difleiential
movement, although the available deflections were less.

Short wide ailerons with original differential
movement and - original rear-hinge syoilers.-The
original rear-hinge spoilers did not move appreciably
until the aileron was deflected 5°. Thus, for maneu-
vers requiring ordy small aileron movements, the
spoilers did not come into action and the control
was comparable to that obtained with differential
ailerons alone. When sufficient movement ‘was given
to the stick to deflect the spoilers, the resultant roll
was too violent; in addition, the control force changed
sign after the roll had started so that, whereas it was
necessary to apply a fairly heavy force to deflect the
spoilers, an equally large force was required to return
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the stick to neutral. It is worth noting that this
condition of overbalance was not indicated by the
usual wind-tunnel tests without rotation. Apparently,
rotation decreases the hinge moments of the ailerons
without affecting those of the spoilers.

The yaw was positive but small with this control
system. The combination of ailerons and rear-hinge
spoilers gave definite control above the stall and could
be used to start or stop rotation of the airpkme.
The airplane, however, was laterally unstable in the
stalled-fight range and its flying characteristics were
poor, constant juggling of the lateral controls being
required to keep the wings level. In this range, con-
trol depended entirely on the spoilers and was not
obtained until the stick was deflected enough to operate
them. The effectiveness of the system did not increaso
smoothly with stick deflection. The greatest increase
occurred as the spoiler came into operation. Voly
little improvement in the effectiveness was noted
from this point on to full stick deflection.

Short wide ailerons with modified deferential
movement and reduced rear-hinge spoilers,—Becauso
the combination of short wide ailerons and rear-
binge spoilers had given fair control above the stall
an attempt was made to improve its characteristics in
the normal flying range. Reduction of the movement
uppeared to offer the greatest promise. The previous
tests had shown that only a small deflection of the
spoilers was necessary to obtain practically the full
rolling action of the device. lt therefore seemed
probable that changing the mechanical linkage between
the control stick and the control surfaces, so that full
deflection of the stick would give only a small deflec-
tion of the spoilers, would reduce the stick force and
make the control system smoother in action without
appreciable loss in the control effactiveness. With
the smaller movement the control action was fair.
The stick forces were lighter but the overbalanced
:ondition, although reIieved, was still present. The
spoiler area was then reduced progressively until the
combination lost its effectiveness beyond the stall,
although a slight overbalance still remained.

Front-hinge spoilers.-When the front-hinge spoilers
were&st tried the pilots noticed that the airplane ap-
parently did not start to roll until the control stick had
~eengiven a medium amount of deflection, after which
;he rolling velocity suddenly built up to a much higher
~alue than had been experienced with any control
;ystem tested previously. This characteristic made it
mpossible to perform smoothly maneuvers requiring
;he coordination of the spoilers with the elevator or
:udder and led to overcontrolling when an attempt was
nade to keep the wings level in gusty air. A closer
nspection of the spoiler action, however, disclosed that
‘or any spoiIer movement there was an appreciable lag
m delay between the movement itself and the start of
;he desired rotation in roll of the airplane. No lag
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was apparent in the ymving action. In order to sub-
stantiate the pilots’ iiudings, records were made of the
rotation of the airplane in roll immediately following a
movement of the stick. A specimen time-history of the
motion is shown in figure 10, together with similar in-
formation for the standard ailerons. The records
showed that the delay before rotation started was of
the order of a quarter of a second and that the final rate
of roll was about three times as high as that obtained
with the standard ailerons. The lag was present at all
speeds.

The time lag seems surprisingly small to have much
eflect on the control obtained with spoilers, but ap-
parently it is sufficient to prohibit the use of the spoilers
C1OWto the ground because of the danger of overcon-
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FMMIE 10.—Tlme-hMory curves showing the lag characteristics of vnrious control
systems. Indkatcd airspeed, 50 mifes per hour; full control deflection.

trolling. The system appeared to the pilots to have no
“graduation” in normal operation. The airplane either
rolled violently or not at all. When the stick was de-
flected step by step and held at each position until the
action occurred, however, the pilots reported that
control was fairly well graduated, as had been indi-
cated by the wind-tunnel tests. Even with complete
knowledge of the rolling characteristics of the spoilers,
the pilots found it impossible to perform in a satisfac-
tory manner maneuvers requiring coordination of the
spoilers with either of the other controls.

The yawing moments of the spoilers were large and
positive, ashad been expected. Although the lag in the

rolling action.made it difEcult to obtain deiinite obser-
vations of “thepositive or favorable yawing action, it was
noted that when a rapid entry was made into steeply
batilcedturns below the stall, the yawing action tended
to depress the nose of the airplane as soon as an appre-
ciable angle of bank was attained, and considerable
trouble was experienced in holding the airplane to the
desired flight path. The spoilers gave a fair degree of
control above the stall, probably through action of the
positive yawing moment. It was impossible to deter-
mine whether the spoilers had lag beyond the stall,
because of the general instability of the airplane in this
range. The control force -wasreasonably light.

Plain retractable spoilers.-It was considered pos-
sible that the lag might be reduced by creating a more
abrupt disturbance of the air flow than that caused by
the front-hinge spoilers; for this reason they were re-
placed by spoilers of the retractable type, in which the
spoiler surface is contained within the wing and moved
out normal to the wing surface (fig. 4 (d)). The con-
struction of the wing necessitated that the retractable
spoilers be mounted forward of the position occupied by
the front-hinge spoilers. Instrument records from tests
of this type of spoiler showed that the lag was greater
than with the front-hinge spoilers, probably because of
the more forward location of the retractable spoiler;
also, a definite initial rolling in the wrong direction
occurred. In other respects, the two types of spoilers
had about the same characteristics. Removal of the
outer portion of the spoiler reduced the violence of the
rolling action.

Saw-tooth retractable spoilers.-Before the retracb
able spoilers were rejected as controls to be used by
themselves, a further attempt was made to eliminate
lag. By this time, it was evident that the action of the
spoilers depended almost entirely on their effectiveness
in breaking down the flow over the after portion of the
wing and that the objectionable lag was caused by the
time required to bring about this breakdown. It was
suggested that with a saw-tooth spoiler, instead of the
air being deflected upward from the wing, turbulence
might be set up by the sides of the teeth and that this
turbulent flow might pass directly along the wing sur-
face, and cause more rapid destruction of the lift.

This form of the spoiler was tested at 9° dihedral
after all other tests had been completed. The lag was
found to be slightly reduced but the reduction cannot
be directly attributed to the shape of the spoiler, for
the dihedral, as is noted later, influences the apparent
lag of such devices.

Short wide ailerons with modified differential move-
ment and plain retractable spoilers,-The combination
of short wide ailerons with modified d.iflerentialmove-
ment and plain retractable spoilers had not been in-
cluded in the original program, although its possibilities
had been appreciated. It is, in effect, similar to the
combination of ailerons and rear-hinge spoilers without
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the direct balancing of hinge moments. The lag of
the spoilers was in part covered up by the immediate
action of the ailerons. A slight increase in the rate of
roll could be noticed when the spoilersbecame effective,
but it was not objectionable. The yawing action was
positive but, of course, less than with the spoilersalone.
As with the other spoiler arrangements, the system gave
control at angles above the stall.

EFFECT OF DIHEDRAL

In order to make an appraisal of the effect of dihe-
dral on the characteristics of the various lateral control
systems, it was first necessary to determine the effect
of dihedral on the stability characteristics of the air-
plane. It was known that the dihedral principally
affected the rolling characteristics of the airplane under
conditions of sideslip. It was not expected that the
longitudinal stability would be greatly affected by the
dihedral change and the flight tests showed this to be
true. The airplane was longitudinally stable with all
the dihedral angles for the conditions tested and, as far
as the pilots could determine, the characteristics were
the same in all cases. An attempt to separate the di-
rectional stability characteristicsfrom the more general
lateral stability characteristics was successful only at
0° dihedral, where the rolling due to sideslip was small.
There the tests indicated that the airplane had a fair
degree of directional stability.

With 0° dihedral the airplane was defitely unstable
laterally. When deliberately caused to sideslip in
either direction, it would turn in the direction of the
initial slip and spiral indefinitely -whetherthe controls
were freed or returned to neutral. By an increase of
the dihedral to 30, the stability characteristics -were
somewhat improved. In this condition, the airplane
was unstable onIy with the controls freed. With the
controls neutralized the airplane would recover to
straight flight after a few oscillations. With 60

dihedral the airplane was stable both with free controls
and with the controls returned to neutral.

The airplane exhibited instability of a different type
with 9° dihedral and controls free. When sideslip was
started to the right, for example, and the controls
freed, the airplane would turn directly to the left away
from the initial sideslip (whereas with 0° dihedral, it
had turned into the sideslip) and would commence a
left nose-down spiral accompanied by a rapidly increas-
ing air speed. When the controls were returned to
neutral during a sideslip, the airplane returned to
straight flight with no apparent oscillation.

In connection with these tests it was noted that the
rudder, when freed, had a greater tendency to deflect
to the right than to the left, thus introducing some
asymmetry in the motion following a right or left
sideslip. The reason for this has not been ascertained.
The observations on the lateral stability previously
given represent average conditions for the two direc-
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tions of sideslip. It was also observed that in a side-
slip the wide-chord aileron of the forward wing would
trail up when the controls were released and stay there
through all the ensuing motion until straight flight, if
the airplane were stable, was regained. If the airplane
was unstabIe, the ailerons remained in the initial
position taken, regardless of the form of the instability.

With the wing set at 0° dihedral the rudder gavo
almost independent directional control, the banking
due to the yaw produced being very slight when the
ailerons were held in neutral. Turns could be made
without the ailerons but they were characterized by
skidding during entry and sideslipping during recovery,
the amount depending on the abruptness with which
the rudder was used. As noted preciously, if the ail-
erons were freed during rudder movements, the trailing
of the outer ailerons might result in the wing digging
in and banking in the wrong direction for the turn; a
deliberate sideslipping therefore required careful han-
dling of the ailerons. The increased banking effect
obtained with 3° dihedral eliminated aII tendency of
the forward wing to dig in and made sideslips easier to
perform. The effect was noticeable also when rudder
turns were made. Tight, or steeply banked, rudder
turns, however, were difEcuIt to enter as the airphum
would nose down during the time taken to roll to the
desired angle of bank. If an attempt was then made
to bring up the nose with the rudder, the airplanewould
start sideslipping and would roll out of the bank. The
airplane always banked in the direction of the turn
set up by the rudder, whether the ailerons were held in
neutral or freed. With 6° dihedral, the rudder had a
powerful banking effect and it was difllcult, with full .
aileron deflection, to hold the wings level for any but
small amounts of sideslip. The roll that could be
generated by the rudder at 9° dihedral was so great that
the rudder had to be handled with discretion and
sideslipping was practically impossible. With 6° and
9° dihedral, the airplane showed a progressively greater
tendency than at 3° to nose down and roll out of rudder
turns.

The effect of the dihedral on the control obtainable
with the difFerentlateral control systems depended on
the magnitude and direction of the yawing action of
the control systems. The wind-tunnel tests and the
previous flights had shown that, of the control systems
tested with di.flerentdegrees of dihedral, the short wide
ailerons with equal up-and-down movement gave the
largest negative yawing moments. With this control
system the negative yawing moment, which at 0° dihe-
dral had offered no difEculty, became increasingly im-
portant when the dihedral was increased to 3°, 6°,
and 9°. With 9° dihedral, the rolling moment in-
duced by the yawing action of the ailerons was prac-
tically equal to the rolling moment of the ailerons
themselves. Turns could be made at all dihedrrd
angles, however, with only the ailerons and elevators.
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The negative yawing moment was apparent from the
skidding and sideslipping it caused at the start and
completion of the turns. With 0° dihedral, opposite
fiileron movement was necessary to force the airpla”ne
out of the bank at the end of the turn. With the
higher dihedral angles, the sideshpping set up on re-
covery from an aileron turn was sticient in its effect
to return the wings to level without the necessity for
application of opposite aileron. The amount of aileron
and stick deflection necessary was considerably greater
for turns with the larger dihedral angles. At all di-
hedral angles ditliculty was experienced in making
steeply banked turns without the rudder, as the nose
tended to drop. At the higher dihedral angles, the
sideslipping accompanying a steeply banked turn in-
duced a rolling moment large enough to roll the air-
plane out of the bank against full aileron.

The change of dihedral had much the same effect on
the control characteristics of the aileron with differen-
tial movement rigged both at 0° and up 10° as with the
equal up-and-down movement. The difference in the
yawing moment between these various conditions was
noticeable. The best turning characteristics were ob-
served with the differential ailerons rigged up 10°.
.But even with this arrangement the control was poor
at 9° dihedral, a detailed report indicating that at 64
m.p.h., if the rudder and elevator were fixed in neutral,
a full deflection of the ailerons would result in a slow
roll in the desired direction but accompanied by a
yawing motion away from the desired turn. After a
roll of about 10°, the sideslip induced by the yawing
action resulted in a rolling moment opposed to that of
the ailerons sufficient to damp out the rolling velocity.
The airplane would then maintain straight flight, hold-
ing a yawed and banked attitude.

The combination of differential aileron and rear-
hinge spoilers with their small, though negative, yaw-
ing moment was not much affected by the dihedral
change, except that at the higher dihedral angles an
increasing force was required for turning. The yawing
moment—which does not. have the lag in its action as
does the rolling moment—was an aid to the retractable
spoilers at the higher dihedral angles, as the roll due to
the yaw was great enough to eliminate the apparent
lag with dihedral angle of 6° or more. With the 6°
dihedral angle the airplane would roll directly on appli-
cation of the spoilers, but an abrupt increase of roll
was noticed when the flow over the spoilers broke down
completely. At 9° dihedral, the lag was not in any
way noticeable.

DISCUSSION

Short wide ailerons.-These ailerons when used by
themselves gave no lateral control above the stall for
any arrangements tested. Apparently, the changes in
the magnitude of the yawing moment that were ob-
tained by using a differential instead of an equal up-
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and-down movement and by rig@ng the ailerons up
10° were not sufficient to influence appreciably the
control characteristics above tthestall. In this con-
nection it should be noted that, ivhereas at the start
of the wind-tunnel tests of reference 1 it was thought
that pilots would base their reactions on the yawing
moment about the body axes of the airplane, and the
moments given in the reference report were accord-
ingly given about the body axes, the pilots’ reports
of the present flight tests show definitely that their
reactions correspond more closely with what would
be expected from a consideration of the yawing
moments about the wind axes.

In the opinion of the pilots, the wide-chord ailerons
were distinctly inferior t.othe standard ailerons. These
opinions were based primarily on stick forces because
neither set of ailerons gave control in the stalled-flight
range, and there was no question of sacrificing part
of the desirable characteristics in the nm.nml flying
range to obtain some benefits in the stalled range.
The stick forces are of such great importance to the
pilots in judging the relative merits of dift’erent con-
trol systems in which the change of rolling action is
of relatively small magnitude that the greater rolling
action expected from the tunnel tests (reference 1)
for the short wide ailerons was not apparent in the
flight tests. Evidently the procedure of fight test-
ing various control systems regardless of the stick
forces and later balancing the ailerons to obtain the
desired stick forces is not feasible. In the future the
relation of stick forces to the rolling and yawing action
will have to be considered in the initial wind-tunnel
tests. The pilots also preferred the modified to the
original differential linkage for the wide-chord ailerons
because of the decreased stick forces.

Spoilers,-The spoilers alone. were it not for the lag,
would offer a satisfactory single control in both the
unstalled and stalled flying range, and it is recom-
mended that means of reducing the lag be further
investigated. A possible disadvantage of the spoilers,
aside from the lag, appears to be their large positive
yawing moment, because during the roll into abrupt,
steeply banked turns the yawing action is sufficient
to lower the nose of the airplane well below the desired
flight path unless a considerable amount of rudder
control is used simultaneously away from the direction
of the turn. An absolute evaluation of the importance
of this item could not be made on account of the lag,
but. it is very probable that the large positive yawing
moment may prove detrimental. The yawing moment
can be considerably reduced, however, by a decrease
in spoiler area, the present installations giving more
rolling control than is considered desirable.

The spoilers, whether used by themselves or in con-
junction with the ailerons, seemed to be the sole type
of lateral control device tested that gave any control
above the stall, possibly because of their large positive
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yawing moments (the tests having shown that the
rudder gave a fair amount of control above the stall).
No definite conclusion can be drawn concerning this
point, however, as it may be possible that ability of
the spoilers to give control at high angles of attack
depends only on the fact that they have no adverse
yawing moments. If this is true, then of course the lag
becomes a consideration. The lag beyond the stall
was not noticed in the flight tests, but other factors
entered the tests that would have prevented the lag
from being observed even if present. In this connec-
tion, the flight tests showed that control beyond the
stall is not in itself sufficient for safe flying at low
speeds.

Apparently the stalling of the wing results in such
a violent form of instability, not only of the motion of
the airplane but of the flow as well, that the condition
is by no means comparable with that of longitudinal
instability or lateral instability in the normal flying
range. Beyond the stall, gustiness of the air may
cause one wing to drop violently and the airplane to
start into a spin before the pilot has a chance to react.
With the spoilers, it was possible to stop and reverse
the rotation simply by crossing the stick; it was ex-
tremely diilicult, however, to stop the rotation when
the wings were level and to maintain them level for any
length of time. Attempts at straight flight usually
resulted in a series of violent oscillations during any of
which considerable altitude might be lost or the direc-
tion of flight changed.

Spoilers in combination with ailerons,-The com-
bination of spoilers and ailerons shows the greatest
promise of any of the systems tested. The spoilers
provided some control at large angles of attack, the
ailerons, by their immediate action, eliminating the
apparent 1~~of the spoilers.

AIthough the speciiic combinations tested were
unsatisfactory for particular reasons, such as high
stick forces and overbalance of the rear-hinge spoiler
and aileron combination, the independent tests of the
two components showed how the d.iflicultiesarose and
the mm.ner in which they could be treated. As pre-
viously discussed, the wide-chord ailerons have no
particular advantage over the narrow-chord ailerons
and are,moreover, the cause of the high hinge moments.
The spoilers couId therefore be combined with the
narrow-chord ailerons with no great loss in effective-
ness and the need for balancing the hinge moments
would be eliminated. With retractable spoilers of the
type used in the tests, the line of action of the aerody-
namic force always passes through the axis of rotation.
The only hinge moment for this device is attributable
to the weight of the surface and its supporting mem-
bers, and if the weight could not be held down to a
small enough value, mass balances might be used.
Experience with the special wing has shown that the
mechanism required for operating one-way systems,

such as spoilers with their hinge axes at either the
front or rear edge, leaves much to be desired. With
the retractable spoilers, a two-directional system, in
which the spoilers would be flush with the surface
when the stick was in neutral and one spoiler would
move into the wing as the other moved out, might
easily be adapted. A possible disadvantage of the
retractable spoilers lies in the fact that the gap needed
in the wing surface near or ahead of the maximum
ordinate may adversely affect the Ii.ft and drag chm-
acteristics of the wing. The yawing moment of the
combination could be given any practical value, within
limits, by varying the size and location of the spoiler
surface. In the event that the positive yaw proved
not to be necessary for control beyond the stall, the
yawing moment could be completely eliminated.

Dihedral,-Increasing the dihedral, as expected,
increased the roll due to sideslip; the results obtained
with the increased dihedral, in general, showed that
this was the only variable of importance. Lateral con-
trol systems with negative yawing moments are ad-
versely affected by increasing the dihedral. In the
present tests with 9° dihedral it has been seen that the
rolling moment resulting from the yaw was sufficient
to counteract entirely that of the wide-chord ailerons.
Even though the rolling moment of the ailerons was
not entirely counterbalanced at 6° and 3° dihedral,
increased deflections and consequently increased forces
were required for normal maneuvering. With the
spoilers for which the yawing moment was positive,
the dihedral had considerable effect in reducing the
apparent lag. At 9° dihedral the rolling setup through
action of the positive yawing moment was apparently
sufficient to cover up the lag of the spoilers. This
statement seems to be a contradiction of the fact that
with the saw-toothed spoiler, lag was recorded with
instruments at 9° dihedral. A possible exphumtion is
that the lag in the rolling action may depend directly
on the drag caused by the spoiler-and the plain spoiler
had considerably more drag than the saw-tooth spoiler.
Thus, the saw-tooth spoiler may cause considerably
less yawing than the plain spoiler and have grenter
lag in its rolling action, so that at 9° dihedral, the saw-
tooth spoiler could still have shown some apparent
lag, whereas the plain spoilers showed none. The
rolling due to the rudder was so greatly increased by
the dihedral that at 9° dihedral steady stalled flight
was more nearly maintained with use of the rudder
than with any of the lateral controls.

The fact that the airplane exhibited spiral instabil-
ity with 0° dihedral showed that the fin area was too
large for the dihedral. As the ratio of dihedral to fin
area was increased, the airplane became laterally
stable. The optimum dihedral angle tested was 6°.
With 9°, the dihedral was too large for the fin area
(rudder free) and instability was again present. In
this condition the airplane turned out of the sideslip,
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maintaining its initial yaw, and spiraled with increas-
ing speed in the opposite direction.

The ability to sideslip is important in a conventional
airplane with a small range of gliding angles and a
poor field of view ahead and down, as it permits the
pilot to obtain a better view of the landing field before
the start of or during the landing glide. Dihedral
decreases the ability to sidesJip. The rolling due to
yaw, with dihedral angles above 6°, was sufficient to
preclude the practical use of sideslipping as a maneuver.
Evidently, the ability to sideslip and maintenance of
lateral sttbility involve opposite considerations con-
cerning the dihedral arid some compromise must be
made regarding them. As lateral stability is probably
more important than the ability to sideslip, the opti-
mum dihedral angle for this airplane with the special
wing, considering both features, is probably of the
order of 50—an angle that will give a fair amount of
lateral stability and still will permit a limited amount
of deliberate sicleslipping.

Two-control operation of the airplane,-The two-
control operation of the airplane-with proper lateral
stability and lateral control characteristics-off ers sev-
eral distinct advantages, the principal and underlying
one being the greater simplicity of coordinating two
controls instead of the present three. With only a
single control for the rolling and yawing motions, which
always occur together, the present difficulty of coordi-
nating the rudder and ailerons in blind flight -wouldbe
eliminated. It would seem, also, that further difficul-
ties such as that of maintaining the proper angle of
attack while maneuvering in a wind close to the ground
and that, encountered by students, of learning to coor-
dinate the three controls, might be reduced, if not
entirely eliminated.

The present tests threw some light on the feasibility
of two-control operation of the airplane. The tests
showed that the rudder and elevators can be used satis-
factorily without the ailerons when the wing has a fair
amount of dihedral. At small dihedral angles (for
example, 0°) the roll due to rudder action is too small
m compared to the directional effect. Turns made
with the rudder and elevator are accompanied by an
appreciable amount of skidding at the start and side-
slipping on recovery to straight flight. Also, if the
rudder were operated abruptly the course would be
changed considerably before much rolling took place.
Control with the standard wing with ji” dihedral was
satisfactory, but the skidding and sideslipping in turns
was still present, particularly in abrupt turns. With
3° and 6° dihedral, the roll due to the rudder was
greater but at 6° the nose tended to drop in sharp
turns and a heavy elevator force was required. With
9“ dihedral, the rudder became an extremely sensitive
rolling control, and required more or less delicate
manipulation. Beyond the stall within the range of
angles of attack attained, therudder gave afair amount
of control with the higher dihedral angles.

The elevator and aileron combination gave better
control at the smaller dihedral angles than did elevator
and rudder. An kicrease of dihedral necessitated
greater stick forces for the ailerons having a substan-
tial amount of adverse 37a.w; turns became more diflicult
and, at the highest dihedral, impracticable. Large
positive yaw, on the other hand, caused the nose to
drop during the entry into turns.

Apparently, a moderately satisfactory two-control
system could be developed using the elevator in combi-
nation with either the rudder or the ailerons. Both
systems have their limitations. The rudder requires
a fairly large amount of dihedral, whereas the ailerons
work better with a small amount of dihedral. It is
still questionable as to whether the aileron-elevator or
the rudder-elevator system is best to use. The aileron-
elevator combination would give roll as the primary
motion, with the directional control as secondary.
The aileronswould be useful for raising a wing dropped
in gusty air during an approach to landing without
turning the airplane out of the wind. The rudder-
elevator combination gives yaw as the primary motion
and would be useful for correcting the course on a cross-
country flight without going through considerable
maneuvers.

Several disadvantages of the two-control system
were noted during the tests. The maneuverability of
the airplane was decreased. Under some conditions
this would be an a~vantage, as there would be less
danger of putting the airplane in an awkward attitude.
On the other hand, great maneuverability and inde-
pendent control about the three axes may be necessary
for landing and taking off in gusty air, particularly if
it is necessary to take off or land cross wind.

CONCLUSIONS

1. The wide-chord ailerons offer no advantage over
narrow-chord ailerons where structural considerations
will permit the installation of either type.

2. Spoilers situated on the forward portion of the
wing give unsatisfactory control because of a lag
between the movement of the control surface and the
response of the airplane in roll.

3. Provided that the lag can be eliminated, these
spoilers offer a very promising means of obtaining
control both below and above the stall. The possi-
bilities of eliminating the lag should be investigated.

4. A satisfactory lateral control system effective
throughout the whole flight range of angles of attack
can probably be developed, utilizing retractable
spoilers in conjunction with narrow-chord ailerons.

5. With small dihedral angles, adverse aileron yaw-
ing moments of fair magnitude offer no difficulty in
the operation of the airplane in the normal flight range,
but at angles of attack above the stall, they seriously
interfere with the possibility of obtaining lateral
control.
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6. The importance of the negative yawing moments
increases with increasing dihedral. A dihedral angle
may be easily attained at which the yawing moment
caused by ailerons may induce a rolling moment due
to the dihedral suilicient to completely counterbalance
that of the ailerons.

7. Large positive yawing moments may be as unde-
sirable as negative yawing moments at angles of attack
below the stall with low dihedral, as they result in
depressing the nose of the airplane during the entry
into steeply banked turns.

S. The operation of an airplane with two controls
instead of the usual three is feasible with either the
elevator-aileron combination or the elevator-rudder
combination but limits the maneuverability of the air-
plane. Two-control operation may be desirable for
certain types of aircraft but further tests are neces-
sary to investigate its effectiveness under conditions
requiring that the airplane be landed cross wind in
gusty air.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

3NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLEY FIELD, VA., May 19,1934.
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