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RESUME AND ANALYSIS OF N. A. C. A. LATERAL CONTROL RESEARCH

By F_ED E. W_ICK and ROBERT T. JON_.S

SUMMARY

An analysis of the principal results o/recent N. A. C. A.

lateral control research is made by utilizing the experience

and progress gained during the course of the investigation.

Two things are considered o/ primary importance in

judging the effectiveness of different control devices: The

(calculated) banking and yawing motion of a typical small

airplane caused by a deflection o/ the control, and the stick

force required to produce this deflection. The report in-

cludes a table in which a number _ different lateral control

dew,ices are compared on these bases.

Experience gained while testing various devices in

flight with a Fairchild 22 airplane indicated that, follow-

ing a sudden deflection o/the control at low speed, an

angle of bank of 16 ° in I second represented a satisyactory

minimum degree of effectiveness/or this size o/airplane.

Some devices capable o/ giving this degree of control were,

however, considered to be not entirely satisfactory on ac-

count of sluggishness in starting the motion. Devices

located near the trailing edge of the wings had no detectable

sluggishness. Lateral control forces considered desirable

by the test pilots varied from 2 to 8 pounds; 15 pounds was
considered excessive.

Test flights demonstrated that satisfactory lateral control

at high angles of attack depends as much on the retention oJ

stability as on aileron effectiveness.

The aerodynamic characteristics of plain sealed ailerons

could be accurately predicted by a modification of the

aerodynamic theory utilizing the results of experiments

with sealed flaps. Straight narrow-chord sealed ailerons

covering 60 to 80 percent of the semispan represented about

the most e_icient arrangement of plain unbalanced ailerons

from considerations of operating force. The stick force of

plain ailerons can be effectively reduced by the use of a

differential linkage in conjunction with a small fixed tab

arranged to press the ailerons upward.

INTRODUCTION

In 1931 the Committee started a systematic wind-

tunnel investigation of lateral control with special

reference to the improvement of control at low air

speeds and at high angles of attack. Many different
ailerons and other lateral control devices have been

subjected to the same systematic investigation in the

7- by 10-foot wind tunnel. (See refers,me 1.) The

devices that seemed most promising were tested in

flight (references 2 and 3). In many cases, however,

devices that produced what seemed to be satisfactory

rolling moments and favorable yawing moments did

not give satisfactory control.

An analytical study of control effectiveness was

therefore made (reference 4) taking into account a

number of secondary factors, including the yawing

moments produced by the controls, the effect of the

controls on the damping in rolling, the lateral-stability

derivatives of the airplane, the moments of inertia, am!

the time required for the control moments to become

established after the deflection of the surfaces. The

computations consisted of step-by-step solutions of the

equations of rolling and yawing motion for the condi-

tions following a deflection of the controls. The results

of these computations based on aerodynamic data ob-

tained from wind-tunnel tests of wings incorporating

various devices agreed satisfactorily with the results

measured in flight for widely different forms of control,

such as ailerons and spoilers.

The study of conditions above the stall indicated

that satisfactory control could not be expected without

some provision to maintain the damping in rolling and

that a dangerous type of instability would arise if the

damping were insufficient. Since damping in rolling

depends on an increase in the lift of the airfoil with

increasing angle of attack, it follows that, in order to

obtain satisfactory lateral control, the outer or tip por-

tions of the wing, which govern the rolling moments,

must remain unstalled. If damping in rolling is re-

tained, it is practically insured that control moments
will be retained as well.

The progress of the investigation has thus led to a
more accurate interpretation of the results of the wind-

tunnel tests. In the present paper the experience

gained during the course of the investigation is made

the basis of a revised method of comparison of lateral

control devices. Wind-tunnel measurements of control

and stability factors (reference 1) are utilized in com-

putations to show the banking and yawing motions

that would be produced by the controls acting on a

small typical airplane. These computations follow the

method of analysis given in reference 4. In section I of

the report the new basis of comparison is explained and

1
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a number of the devices that were tested in reference 1

are analyzed and compared. The principal items of

comparison are collected into a table. Section II

presents an analysis of the rolling, yawing, and hinge

moments of plain flap-type ailerons and deals with the

application of these data in the design of control

systems.

I. COMPARISON OF LATERAL CONTROL

DEVICES

REVISED BASIS OF COMPARISON

AIRPLANE USED IN COMPARISON

The procedure adopted in the lateral control investi-

gation has comprised a wind-tunnel test program fol-
lowed by flight tests of the different devices on the
Fairchild 22 airplane. Not all of the devices tested

in reference 1 have been tried in flight, however, and

the present reporL may be considered an analytical

extension of the flight-test procedure that was applied

to some of the devices. The procedure employed to

test lateral controls in flight is simulated by means of

computation. Thus, the comparative criterions used

herein are based on application of tile devices to a hypo-

thetical Fairchild 22 type of airplane, which is the type

used in the flight tests.

The Fairchild 22 airplane was necessarily somewhat

modified for each different flight test and wings of differ-

ent moment of inertia, plan form, and section were

used in some cases. The wing of the hypothetical air-

plane assumed in the computations represents an aver-

age of the tested wings. Furthermore, since the char-

acteristic ratios of dimensions (tail length, tail area,

radii of gyration about various axes, etc.) used agree

very closely with statistical averages of these quanti-

ties, the assumed airplane may be considered to embody

average stability characteristics. The principal charac-

teristics of the assumed airplane are as follows:

Weight, W ........................... 1,600 lb.
Wing span, b........................ 32 ft.
Wing area, 8 ......................... 171 sq. ft.
Wing loading, W/,._.................... 9.4 lb. per sq. ft.
Area of fin and rudder ................. 10.8 sq. ft.
Tail length ........................... 14.6 ft.
Ix ................................... 1,216 slug-ft.*
lz ................................... 1,700 slug-ft. 2

ROLLING ACTION

It is recognized that different types of airplanes re-

quire different amounts of control. At the start of

the wind-ttmnel investigation of lateral control devices

(reference 1) a rolling _.iterion (RC=CJCL) represent-

ing a conservative lower limit of rolling control for all

types was assumed. The assumed satisfactory value

of the rolling criterion was 0.075, which corresponds to

a lateral movement of the center of pressure of 7.5

percent of the wing 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 compromise must

be made between the rolling moment and some other

characteristic of the control system, particularly the

control force, a decidedly lower value of the rolling

criterion may be used. It appears that a value pos-

sibly as low as half the original one may be found

reasonably satisfactory for practically all conditions of

flight with nonacrobatic airplanes.

The criterion of rolling conti'ol used in the present

analysis is the angle of bank attained in 1 second fol-

lowing a sudden deflection of the control. This criterion

shows the actual amount of motion produced and

depends on both the acceleration at the start and the

final rate of roll. It includes the effect of yawing

moment given by the control as wel_ as the stability

characteristics and moments of inertia of the airplane.

The values of the criterion are found by computation

and as such are applicable only to the particular type

of airplane (F-22) that has been assumed.

Experience gained in flight tests of the Fairchild 22

airplane with various lateral control devices indicated

a minimum satisfactory amount of rolling control car-

responding to about 15 ° of bank in 1 second. (See

fig. 1.) Ailerons capable of giving this amount of bank
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Fl(zual¢ 1 --Banking of Fairchild 22 airplane a/tec sudden deflection of lateral con-

trol devices at low speed. (The narrow plain ailerons and tbe retractable ailerons

were considered to give a satisfactory amount of control; the floating-tip ailerons

were reported as weak.)

at low speed have been found reasonably satisfactory

in practice with this type of airplane. Owing to the

present general use of highLlift flaps on airplane wings,

the size and deflection of ailerons are usually deter-

mined by the low-speed condition of flight with the

flaps deflected. For comparative computations, in the

present report, a lift coefficient of CL----1.8 is assumed as

representative of the low-speed condition of flight with
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flaps. The sizes or deflections of the lateral controls

are selected in each case to give an angle of bank of 15 °

in 1 second at CL= 1.8.

In addition to providing a sufficient amount of bank-

ing motion, two further desirable characteristics of the

rolling action are: (I) The response of the airplane in

roll to any movement of the lateral control surface

should be immediate, any noticeable delay or hesita-

tion in the action being objectionable; and (2) the

action should be so graduated that the acceleration and

ma_mum rate of roll increase smoothly and regularly
as the stick deflection is increased. Conventional

ailerons or similar lateral control devices located near

the trailing edge of the wing easily meet these require-

ments and show, in analyses of motions recorded in

flight, practically instantaneous response of rolling
acceleration to control-surface movement. From 0.1

to 0.2 second is ordinarily required to deflect the

surfaces and, during this interval, the rolling accelera-

tion apparently keeps pace, although only a slight

amount of rolling motion is accumulated by the time

of full deflection. Comparison shows that good

synchronization of the calculated motion with the flight
records was obtained when the assumed full deflection

was taken at the instant the actual deflection reached

half its ultimate value. This assumption was used

in the computations for plain ailerons and other

devices that gave no indication of sluggish response
characteristics.

CONTROL FORCE

During the course of the lateral control investigation

it became apparent that the force required to move the

controls is of extreme importance in obtaining satisfac-
tory lateral control. As shown by the flight tests of

references 2 and 3, an airplane that requires a light

control force is likely to seem more controllable to a

pilot than one that requires a heavy control force, even

though with full deflection the heavier control may be

considerably more powerful than the lighter one. It

seems desirable to have the control force as light as pos-

sible and yet to maintain the feeling of a definite neu-

tral position. This characteristic is especially impor-

tant in the aileron control since the effort expended in

moving the stick sidewise is relatively greater than for

other control movements. (See reference 5.) Correla-

tion of test-flight reports and control-force records indi-

cates that the forces required to operate the ailerons

sholfld not exceed about 8 pounds in order to be con-

sidered desirable. A lower limit of stick force of about

2 pounds at full deflection is apparently considered

essential so that there may be a noticeably regulated

increase of force with deflection. Friction of the con-

trol mechanism plays an increasingly important part

as the operating force is reduced and should in no ease
be great enough to mask the "feel" of the control. It

is probable that with sufficiently little friction a force

not greatly in excess of 2 pounds would be considered

most desirable. A force of 15 pounds is to be consid-

ered excessive.

As previously stated, the size or maximum deflection

of the control devices compared in this paper have

been selected to give an angle of bank of 15 ° in 1 sec-

ond following full deflection and, considering the aver-

age airplane fitted with a high-lift flap and flying at a
lift coefficient of 1.8, the ailerons are compared (see

table I) on the basis of the stick force required to

attain this angle of bank of 15 ° in 1 second at lift

coefficients of 0.35, 1.0, and 1.8, which compose the

usual flight range. The lift coefficient of 0.35 repre-

sents the conditions of high-speed and cruising flight.

The lift coefficient of 1.0 is considered to represent two

conditions, the first being that of low-speed flight with-

out a flap, such as is used in an approach to a landing

with an unflapped airplane, and the second being one
with a flap fully deflected, which represents as high a

speed as is usually attained in that condition. The

value Cz=l.8 can be obtained only with the flap de-

flected and represents the low-speed flight condition

with the high-lift device in use. When representative

values of this nature are used, it is necessary to exam-

ine the complete original data to show that the critical

values are representative of conditions throughout the

flight range. Such an examination has been made for

the comparisons of the present report.
The stick force for a 15 ° bank in 1 second is used as

the basis of comparison at all flight speeds and lift co-

efficients even though the conventional ailerons will

produce a decidedly greater bank in 1 second at higher

speeds.. The 15 ° value is taken throughout because it

is considered to represent the ma.x_num control likely

to be used in ordinary flight at any speed and is there-

fore of greater interest as a basis for stick forces re-

quired than the maximum possible deflection, as long

as the force at maximum deflection does not approach

the strength of the pilot.
The data for some of the ailerons were obtained with

plain unflapped wings with which a lift coefficient of 1.8

could not be attained and, in order to have all the

lateral control devices on a comparable basis whether

mounted on flapped or unflapped wings, their sizes and

maximum deflections were selected to give essentially

the same rolling effect as the others at a lift coefficient

of 1.0. The analysis showed that conventional ailerons

which give an angle of bank of 15 ° in 1 second on a
flapped wing at a lift coefficient of 1.8 could, when

fully deflected, give an angle of bank of 22.5 ° with the

flap retracted at a lift coefficient of 1.0. The ailerons

on the unflapped wings were therefore selected to be

capable of giving 22.5 ° bank in 1 second at a lift co-

efficient of 1.0, but the values of the stick forces required

were computed for partial deflections giving a 15 ° bank
in 1 second at lift coefficients of both 1.0 and 0.35. The

first aileron of table I is of the conventional unbalanced

flap type on a rectangular wing of aspect ratio 6. It

has a chord 0.25 c, and a span 0.40 b/2 and has equal
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up-and-downlinkage.It willbenotedthat,foran air-

plane equipped with these ailerons, the stick force com-

puted for a 15 ° bank in 1 second at the cruising-flight

condition is 4.7 pounds with aileron deflections of only

:t:3.4 °. At a lift coefficient of 1.0, representing the low-

speed flight condition for the unflapped wing, the same
amount of control was obtained with a stick force of

3.6 pounds and aileron deflectionsof -4-7.4°. All the

stick forces are given for an assumed aileron linkage

such that at the maximum deflectionthe control stick,

which has a length of 20 inches on the Fairchild 22

airplane and is so assumed for the average airplane,is
deflected 25° from neutral. The maximum aileron

deflection is 11.2° and is the deflection required to

produce a bank of 22.5° in I second at C_.----1.0.Here

the ailerons are not being taxed to their fullestexten_.

The maximum amount of control specifiedin a design

has a predominating effect on the operating force.

Figure 2 shows a calculated example of the variationof

.k
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Fmt'RE 2.--Rela¢ion becween s¢ick force and maximum amount of conCrol obtained.

Fairchild 22 type airplane; 0.80 _ totaled ailerons deflected =i:20a; aileron chord

varied,

operating force with specified control in which it was

assumed that ailerons with equal up-and-down motion

and the most efficient length and deflection (:k20 °)

were used in each case. The rate of increase of operating

force with amount of control depends on the manner

in which the increase of control is obtained, as will be

more fully developed in a later section.

YAWING MOTION AND SIDESLIP

The effect of the yawing moment produced by the

ailerons is considered in two ways. First, the secondary.

effect of yaw on the rolling motions is inherently in-

cluded in the computed banking effectiveness. Thus,

the bank in 1 second is that produced by the ailerons

Without aid from the rudder. If it is assumed that a

sufficiently powerful rudder were used in such a way

as to prevent sideslip, a given aileron device would,

in general, produce a somewhat greater banking effect.

This assumption is not used here, however, and the

deflections of the control surfaces given in table I are

those required to produce the specified angle of bank in

1 second with the particular combination of roiling and

yawing moments produced by the aileron in question.

The second effect considered is the sideslip produced

by the sudden use of the aileron control for banking.

In flight the rudder is used to avoid sideslipping and

the amount of rudder action necessary for this purpose

is in direct proportion to the sideslip incurred by the

ailerons alone.

The angle of sideslip accompanying a 15 ° bank in l

second following the sudden displacement of the lateral

controls is also given in table I. The first aileron

listed, it will be noted, produces a sideslip of 7 ° at CL=

1.0 and of 3 ° at CL-_0.35 when the rudder is not used

to correct for this condition.

LATEIRAL STABILITY

In the ordinary unstaUed-flight range the effects of
the lateral-stability factors on the lateral control ob-

tained are included in the computations of the angle of

bank reached in unit time. The angle of bank _1 is the

angle that would be produced by the control operating

on the average airplane. The effect of a given control

on an airplane of greatly different lateral-stability

characteristics might, of course, be considerably different

than indicated in this case.

One of the most important factors in the interaction

of lateral stability and control below the stall is the

effect of the secondary yawing moment induced by the
control and an allowance for this effect should be made in

the proportioning of the airplane for lateral stability.

Modifications that tend to increase spiral stability in

free flight (namely, reduced vertical-fin area and in-

creased dihedral) tend to render the airplane uncon-

trollable under the action of ailerons giving adverse

yawing moment. The degree of "weathercock" stability

should be sufficient to restore the airplane from a yawed

attitude when the wings are held level by use of the

ailerons. For safety in this respect the ratio of adverse

yawing to rolling moment given by the ailerons shouhl

not be allowed to approach the ratio of yawing to roll-

ing moments that naturally act on the airplane either
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in pure sideslipping or pure yawing motion. (See

reference 6.)

One of the lateral-stability factors, the damping in

rolling, has been shown by the analysis in reference 4 to
have a critical effect on the controllability obtained,

satisfactory lateral control requiring that positive damp-

ing exist. Since the damping in rolling depends on a

positive slope of the left curve, the damping exists only

at angles of attack of the outer portions of the wing that
are below the maximum lift coefficient. While some

semblance to control may be obtained at angles of

attack above the stall if controls giving favorable yaw-

ing moments as well as sufficiently powerful rolling

moments are used, the instability associated with

uneven stalling and autorotation is so violent that it is

necessary for the pilot to use the controls continually to

keep the airplane near the desired attitude. If suffi-

ciently rapid rolling is once started, either by the controls

themselves or as the result of gusty air, it cannot be

stopped. The angle of attack at which the damping in

rolling becomes zero and above which autorotation takes

place (aL,.O) is used herein as an indication of the
limit of the flight attitude above which satisfactory
lateral control cannot be obtained. This value was

given in the reports of reference 1 for both the angle of

attack at which autorotation was selfstarting and the

angle of attack at which the damping became zero when

the wing was rotating at the rate pb/2V=O.05, a value

representative of the rolling likely to be caused by gusty

air. The latter value of a has ordinarily been found to be
about 1° lower than the former value and, being there-

fore more decisive, is used in the present report. The

difference between the angle of attack for zero damping

and the angle of attack for the maximum lift coefficient

of the entire wing (aL,=0--ac ..... ) has been tabulated

under Lateral Stability to show whether the maximum

lift coefficient can be expected to be reached in flight

before satisfactory lateral control is lost. It will be

noted that for ailerons 3 and 4 the wing loses its damp-

ing in roll at an angle of attack 1 ° higher than that at

which the maximum lift coefficient is reached. Thus, as

far as the stability is concerned, lateral control should

be possible throughout the entire unstaUed-flight range,

including the angle of attack for maximum lift coeffi-
cient.

WING PElU'OllMANCE CHARACTERISTI_

The same criterions used throughout the reports of
reference 1 to show the relative performance character-

istics of the wings are used in the present report and
are tabulated in the last three columns of table I.

The maximum lift coefficient CL... is given as an

indication of the wing area required for a desired mini-

mum speed. The ratio CL../Co.,. is an indication of

the speed range and, for a given minimum speed, shows

the relative effects of the wings on the maximum speed

attainable. The ratio LID taken at a value of the lift

coefficient CL=0.70 is an indication of relative merit in

climbing flight. In a series of performance computations

made for airplanes of different wing loadings and power

loadings and with both plain and slotted wings, this

criterion was found to be satisfactory throughout the

entire range. It should be noted that the comparative

values used in the present report are based on tests made

in the 7- by 10-foot atmospheric wind tunnel and hence
do not coincide in absolute value with results of tests

made at different Reynolds Numbers:

APPLICATION TO AIRPLAN I_q OF DII_EI_ENT SIZES AND LeAnINGS1

Because the flight experience that led to the specifi-

cation of a satisfactory degree of control was restricted

to the Fairchild 22 type of airplane, there is some doubt

about the application of this experience to other types

and especially to large or very small airplanes. The

Fairchild 22 type of airplane, of course, serves as well

as any other when different aileron devices are simply

compared among themselves. The principles govern-

ing the extension of the computations of motion to

geometrically similar airplanes of different sizes and

loadings are well known and can be applied here, but

this extension of the computations does not definitely

answer the question as to what constitutes a satisfactory

degree of control for large (or very small) airplanes.

According to the principles of dynamical similarity,

large or small similar airplanes of the same wing loading

would show the same linear rise and fall of the wing

tips(_) during a 1-second banking motion. Large

and small airplanes do actually show a tendency toward

similarity in important dimensions and size of control

surfaces, and it seems logical to assume that a given

value of the vertical distance described by the wing

tips within 1 second following a sudden control deflec-

tion that represents a satisfactory amount of control

for the Fairchild 22 airplane should be satisfactory for

any size of airplane.

For similar airplanes the linear distance described

by the wing tips in banking _V)is independent
of

the size. Figure 3 shows this distance plotted against

wing loading and gives the separate effects of rolling

and yawing moments of coefficient 0.01 at different

lift coefficients. The banking effect of any combination

of rolling and yawing moment may be found by

superposition, i. e.,

-2-=_i\Y/c,.o.o, 0.01\-2-/c..o.0, (1)

The ordinates of the figure give directly the circum-

ferential displacement of the wing tip in feet for a

unit of 0.01 rolling- or yawing-moment coefficient.

It is important to note that the banking effects of

rolling and yawing moments can be separately con-

sidered and later added in any desired proportion to
obtain the total combined effect.
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The computations show that, in general, smaller

values of the control-moment coefficients are required

to produce a given wing-tip displacement in a unit of
time for the more heavily loaded airplanes. Another

point of interest in connection with the secondary
adverse yawing moments produced by conventional-

0 IO ZO 3o
_V/nqload/rig,lb.per sq.tZ

FIQURE 3.--Wing-tlp displacement produced in !second by suddenly applied rolUnl

and yawing momma_ for diffmt wlnK l_tnlp and flight speeds.

type controls is that these moments are more effective

in hindering the control with lightly loaded Mrplanes

than with heavily loaded ones. Note that in the usual

case the banking effectof the yawing moment is to be

deducted in equation (1) since thismoment is usually

adverse and thereforenegative.

The variation of control force with sizeand loading

of the airplane may be determined from general rules

as in the case of the variation of the amount of rolling

motion. As shown by figure 3, heavily loaded air-

planes require smaller control-moment coefficients for

a comparable amount of control than do lightly loaded

airplanes. In general, a heavily loaded airplane that

is otherwise similar to a lightly loaded one will have

smaller control surfaces. On the other hand, the heav-

ily loaded airplane will fly at a higher speed so that the
dynamic pressure will be greater. Figure 4 shows a
calculated example of the variation of stick force with

wing loading at a given lift coefficient and for a given
maximum amount of control. Here, as in figure 2,
the most efficient combination of size and deflection

is assumed for each point. Figure 4 shows that the

stick force required to obtain a given angle of bank in 1

second is practically the same for all wing loadings up

to 10 pounds per square foot but that it increases

somewhat as the wing loading increases further.

With moderately large airplanes, somewhat higher

stick forces are apparently tolerated by pilots without

serious objection. With extremely large airplanes,

however, the operating force becomes too great to be

satisfactorily overcome by the pilot and either serve

controls or auxiliary power is required. With auxil-

iary power, the pilot might presumably operate a valve

or easily deflected controller governing a special power

I I 1--111 -
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Fmunz 4.--Relation between the wing ]oadt_g and the stick force required for a

given amount of control (@l. -22.5a; C_- 1.0).

source that deflected the control surfaces. Under such

conditions the magnitude and variation of the hinge

moments would be relatively less important and the

maximum deflection of the control surfaces would

very likely be determined by the maximum rolling and

yawing moments they could produce rather than by

the hinge moments and the resultant deflecting force

required. Although some indication of the relative

performance of the various lateral control devices

compared in this report can be obtained from the data

as given, it would be desirable to reanalyze the original

data given in references 1, 7, 8, 9, and 10 if a compari-

son on the basis of ailerons operated by auxiliary power

were desired.

COMPARISONS OF VARIOUS DEVICES

PLAIN AILERONS

Effect of aileron and wing plan form.--The tests of

reference 1, part I, were made with rectangular wings

having ailerons of three different proportions: 0.25 c_

by 0.40 b/2 (which were taken as the standard for

comparison throughout the series), 0.15 c_ by 0.60 b/2,

and 0.40 c_ by 0.30 b/2. These sizes were selected to

give approximately equal rolling moments with the

same angular deflection. These ailerons are numbered

2, 3, and 4, respectively, in table I. With equal

up-and-down deflection, the stick force is much larger

for the short, wide ailerons than for the long, narrow

ones and is, in each case, slightly less for the low-speed

condition than for high speed. If a suitable differential

linkage is employed, the stick forces at the low-speed
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condition, where the wide ailerons have the advantage

of a large floating angle, are quite low for all three

sizes of aileron. At the high-speed condition, however,

the 0.40 c_ by 0.30 b/2 aileron requires a rather high

stick force, even with the best differential.

The sideslip incurred by an angle of bank of 15 ° in

1 second is not greatly different for the different aileron

plan forms either with or without differential linkages.

The values are slightly lower at C_._---1.0 with the differ-

ential linkages than with the equal up-and-down, and

with the 0.25 c_ by 0.40 b/2 plan form than with either

of the others.

It is possible by methods to be described in section II

to compute an optimum size of the aileron, i. e., the size

giving the desired amount of control with the least stick

force. The effect of varying the aileron span and chord

is shown in figure 5, the chord for each span value being

',,0

o .2 4 .G .8 /.o
Aileronspan/w_ng sem_pan

FIGURI 5.--Variation of stlck force with aileron span. Aileron chord proportioned

to give @= ,t=22.5" with maximum deflection of _.qs* and :1:20°;rectangular wlng,

average airplane; CL-1.0; sealed ailerons.

the smallest that will give an angle of bank of 15 ° in 1

second with the assumed average airplane. From this

figure it is apparent that with equal up-and-down deflec-
tion an aileron span of 80 percent of the wing semispan

will give the lowest stick force, but the variation is small

for ailerons between 60 percent and 100 percent of the

wing semispan. Other computations not shown lead

to the same conclusion for ailerons having differential

linkages.
The relations of aileron chord and span, considering

especially that the hinge moment increases with the

square of the chord while the rolling moment increases

only as the square root of the chord, are such that lower

1822--37--2
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stick forces are obtained with narrower chords. Tile

narrower ailerons require greater deflections and the

reduction in chord size is limited by the fact that

deflections greater than about -{-20 ° are inefficient.

Marked separation of the air flow takes place at about

this angle of deflection on all the conventional flap-type

ailerons tested and, as shown by the typical curves of

figure 6, the rolling-moment coefficients increase at a

lower rate beyond 20 ° deflection. If it is attempted to
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FIorJRZ 6.--Typical rolling- and binge-moment coefficient curves for plain ailerons.

reduce further the chord of the aileron by extending the

deflection beyond this break, the stick force will be

higher because of the loss in mechanical advantage.

Figure 5 illustrates this point, for when an aileron

deflection of -t-25 ° is assumed, narrower ailerons are

required but the stick force is larger for all aileron spans

than with a deflection of :E20 °.

Aileron 5 (table I) represents the narrowest sealed

aileron covering 80 percent of the wing semispan that

gives the required control with a deflection of -t-20 °.

The aileron chord in this case is only 5.3 percent of the

wing chord, and the stick forces are lower than for any

of the previous ailerons. If a differential motion is

used, a somewhat wider aileron is required. With

narrow ailerons the floating angle is very small, and a

tab is required to make the ailerons float at a suffi-

ciently high angle that the differential linkage will be

effective in reducing the stick force. (See reference 11.)

Aileron 6 of table I is the smallest one covering 80

percent of the semispan that will give the required
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amount of control with a differential motion and with
suitable aileron tabs. The assumed tab covers the

entire trailing edge of the ailerons, has a chord 1.5
percent of the wing chord, and is permanently bent
downward 14 ° . :For this case the entire aileron chord

including the tab is 7.8 percent of the wing chord and
the stick force is only 0.5 pound for the high-speed
condition and 0.1 for low speed.

These values of stick force are lower than are con-

sidered desirable for the Fairchild 22 airplane but are
interesting in showing the possibility of obtaining a
satisfactorily low stick force in larger and heavier
airplanes. For small airplanes, one satisfactory method
of increasing the stick force to the value desired would
be to use greater up travel than 20 ° with differeutial
ailerons, thus getting into the range of inefficient stick
force although obtaining the advantage of slightly
smaller adverse yawing moments.

In many practical cases the chord of the aileron varies
along the span. Inasmuch as the hinge moment varies
as the square of the chord and the control effectiveness
only about as the square root of the chord of an aileron
element, the stick force required to give a certain
amount of control is inherently greater if the chord of
the aileron varies appreciably along the span. This
relation is true in spite of the fact that the portion of
the aileron nearer the tip of the wing has a greater
lever arm, which suggests that it might be advantageous
to increase the chord of the aileron as the wing tip is
approached. Thus, it is possible to state as a general
rule that to obtain the lowest stick force, ailerons should
have an essentially constant chord over their entire
span. 1

On wings having rounded tips it is sometimes the
practice to use ailerons having skewed hinge axes like
aileron 7 in table I. This aileron corresponds in span,
area, and gap to the 0.25 c= by 0.40 b/2 aileron 2, but
the stick force is decidedly higher for the skewed ailerons
on account of the variation of the aileron chord along
the span.

Ailerons 8 and 9 of table I are of tapered plan form
and are mounted on tapered wings. In the computa-
tions of the rolling effect with the tapered wings the
reduction in the moments of inertia due to the taper
are taken into account. For example, for the wing
with 5:1 taper, the value of Ix was changed from 1,216
slug-feet _ for the original average airplane to 860,
and the value of Iz from 1,700 to 1,400 slug-feet 2. The
lateral-stability derivatives were also changed to take
account of the taper. (See reference 4.)

A comparison of ailerons 8 and 9 with aileron 1,
which has the same relative chord size but is attached

to a rectangular wing, shows that the stick force be-
comes lower as the taper of the wing is increased. The
sideslip or adverse yawing effect is also smaller with
the tapered wings than with the rectangular. The

I The greater taper mathematically compatible with a minimum stick force is

le_s thau about $ percent of the aileron chord.

lateral-stability factor, damping in roll, is reduced to
zero at an angle of attack 3 ° below the stall with the
5:1 tapered wing, indicating that the airplane could
not be safely maintained at the maximum lift condition
in flight.

The ailerons on tapered wings dealt with up to this
point have had chords that were the same percentage
of the wing chord at each position along the span, the
ailerons tapering with the wings. It has been stated
that the lowest stick force would be obtained with

constant-chord ailerons. Computations have been
made comparing the straight or constant-chord ailerons
on a tapered wing with the ailerons that taper with the
wing, and the results are shown in figure 7. The straight
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Fmuui 7.--V_-latlon of stick force with aileron span aod chord for straight and

tapered _fl_'ol_ ou 8:1 tapered wing. Ai]eron chord proportioned to give $1= -

22.5 _ with m_d_em deflections of ±2O_; C_-I.O; sealed ailerons.

or constant-chordaileronsrequirelower stickforces

for any given aileronspan. It isinterestingto note

that with taperedaileronsthe aileronspan givingthe

lowest stickforceis about half the wing semispan;
whereas with constant-chordaileronsthe best aileron

span is80 percentofthe wing semispan,asitisinthe
case of rectangularwings. Ailerons 10 and 11 are

the optimum sizes for the tapered and straight

ailerons,respectively,on a 5:1 tapered wing. With
equal up-and-down deflections,the stickforcesfor the

straightaileronsare about halfthosefor the tapered.

In eithercasethe stickforcescould be nearlycounter-

balancedby means ofa suitabledifferentiallinkageand

tab,as willbe developedmore fullyinsectionII.

_ffectofhinge gap.--Wind-tunneltestshave shown
that even a slightgap between ordinary unbalanced

aileronsand the wing upon which they are mounted
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causes a relatively large loss in rolling moment. This

loss for unbalanced flaps having a gap of one thirty-

second inch on a wing of 10-inch chord was found to be

approximately 30 percent. The hinge moment is also

reduced by the gap but to a much lesser extent and the

resultant stick force for a given amount of lateral con-

trol is greater because a larger aileron deflection is

required, which necessitates a linkage having a poorer

mechanical advantage. The effect on the stick force

is shown in table I by a comparison of the values for

aileron 2, which has a gap, with those for aileron 1,

which is sealed.

BALANCED _LEEONS

Balanced ailerons of the Frise and Handley Page

types are widely used at the present time, the particular

forms of aerodynamic balance incorporated in these

ailerons giving improved yawing moments as well as

reduced hinge moments. Good results are obtained

with proper designs but the exact shape of these ailerons

has a critical effect on the rolling and hinge moments,

and each different installation is likely to require con-

siderable individual development. Figure 8 shows

typical curves of rolling and hinge-moment coefficients

for Frise type ailerons. The rolling-moment coefficient
for the example shown increases less rapidly with de-

flection after an upward angle of 7 ° to 10 ° has been
reached, which is considerably lower than the 20 °

critical deflection for plain unbalanced ailerons (fig. 6).

Thus, it is uneconomical with respect to stick force to

use large up deflections and, owing to the smaller maxi-

mum deflections, larger ailerons are required for effi-

ciency than when ailerons of the plain unbalanced
sealed type are used. The break in the curve of rolling-

moment coefficient against deflection is associated in

the case of the Frise and Handley Page types of aileron

with the downward projection of the nose of the aileron

and the resultant breaking away of the flow from the
under side of the aileron. This effect can be reduced

or possibly eliminated by using a raised-nose portion.
The Frise and Handley Page types of aileron have

gaps between the aileron and the wing, and the effective-
ness of the ailerons cannot be assumed equal to that of

smoothly sealed flaps.
The hinge-moment curves as shown in figure 8 have

very low and even negative slopes at places, and ex-
treme differential linkage cannot be used because over-
balance would occur with medium or small deflections

of the up aileron. Because the hinge-moment curves

are far from straight, it is more difficult to select suit-

able differential linkages for ailerons of this type than
for plain unbalanced ailerons. Satisfactory linkages

have often been obtained in practice, however, and there

are many excellent examples in which a nice balance
of conditions has been obtained with satisfactory con-

trol and light stick forces.
Ailerons 12 and 13 are examples of the Frise type.

A comparison of aileron 12 with the same size of plain

A. LATERAL CONTROL RESEARCH

unbalanced but sealed ailerons shows that the stick

forces at the low-speed condition are about the same

for both types of aileron, both with equal up-and-down

and with differential motion. At the high-speed con-

dition the Frise ailerons have somewhat lower stick

forces than they have for the same control at low speed.

It is worthy of note that, although the deflections are

small in both cases, the Frise ailerons are apparently

not greatly oversized for, in their Case, substantially

greater deflections would be inefficient. The plain

ailerons, on the other hand, have maximum deflections
well under the limiting 20 ° value and are decidedly

oversized, considering the amount of control specified.
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Fleulll $.--Typical rolll_- and hinp-moment coefficient curves for Frise ailerons.

If a fixed tab is used to trim the ailerons upward,

lower values of stick force can be obtained with the

plain unbalanced ailerons (reference 11). The tab will

not give the same improvement with the Frise ailerons

because of the varying slopes of the hinge-moment

curves.

The 0.40 c_ by 0.30 b/2 Frise aileron 13 has a different

sectional form than aileron 12 in that the nose portion

is raised, and this aileron gives smoother curves of roll-

ing and hinge-moment coefficients. The Frise aileron
with the raised nose shows no improvement in yawing

effect over the plain unbalanced ailerons of the same

size, but the 0.25 c_ by 0.40 hi2 Frise aileron, which has

the more typical Frise sharp nose, gives a slight im-

provement in this respect.

The drag of all commonly used forms of Frise and

Handley Page ailerons is sufficiently great to be con-
sidered a serious disadvantage in connection with

\,,\
\,
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modern high-performance airplanes. For this reason,

the development of a type of aerodynamic balance that

does not add to the drag is desirable.

FLOATING-TIP AILERONS

Conventional ailerons operating on a lifting portion

of the wing suffer several fundamental disadvantages.

First, the production of rolling moment by a lifting
wing gives rise to the adverse yawing moment; and,

second, the loss of lift at the stall is accompanied by a
loss of effectiveness of the ailerons. It has become ap-

parent during the investigation, however, that the stall
of the wing or, at any rate, of the outer portions of the

wing, is accompanied by such a loss of stability that it is

hardly an advantage to retain aileron rolling moments

in this condition.

In the case of floating-tip ailerons, control is secured

by surfaces that contribute no lift. This arrangement

avoids both the adverse yawing moment of ordinary

ailerons and the loss of rolling moment associated with

stalling of the main wing; but it increases the drag of

the airplane and adds to the over-aU dimensions. If

the airplane is designed to fulfill certain performance

specifications, such as landing speed, climb, ceiling, etc.,

the floating-tip ailerons cannot be considered an integral

part of the main wing as they do not contribute effec-

tively to the area or span so far as induced drag and
lift are concerned.

A number of floating-tip aileron devices were tested
in the course of the investigation of reference 1. Ap-

parently the most usable of these are the tip ailerons on

the 5:1 tapered wing. Two methods of comparison
have been followed. In one case (aileron 14) the ail-
erons were included within the over-all dimensions of

the 5:1 tapered-wing average airplane. The values

given in the table for this case (short wing) were based

directly on the results of tests made in the 7- by 10-foot
wind tunnel (reference 1, part XI). The criterions

show the effect of reduced area and span of the lifting

portion of the wing as a reduction of the climb and
maximum lift.

In order to take account of the effect of simply

adding a tip aileron to a normal-size wing, further cal-
culations were made. In this case (aileron 15) it was

assumed that the over-all span of the average airplane

was increased by the additional span of the tip ailerons;

lmnce, the aspect ratio of the lifting portion of the wing

remained the same. The added span of the wing, al-

though it contributed practically no lift and hardly

modified other stability characteristics of the airplane,

considerably increased the damping in rolling. This

fact was accounted for in the computations, data on

damping of the tested 5:1 tapered wing with floating-

tip ailerons included in the original plan form being

extrapolated for this purpose. It would be natural to

assume that the floating-tip ailerons would be lust as

effective as the main portion of the wing in contributing

damping. The tests showed, however, that the damp-

ing of the 5:1 tapered wing with floating tips was only

85 percent of that with the tips rigid.

The rolling moments produced by floating-tip

ailerons can be predicted with good accuracy by the

conventional aileron theory. The induced yawing

moments correspond to those given by plain ailerons

with an extreme uprigging or negative droop corre-

sponding to the neutral floating positions of the tip

ailerons. Ordinarily, the tip ailerons, on account of

the local upwash at the end of the rigid wing, float at a

negative angle of attack relative to the mean direction

of flight and hence give slight favorable induced yawing

moments with respect to the wind axes. The yawing

and hinge moments used in table I for the long-wing

airplane (aileron 15) were predicted from the results

of the wind-tunnel tests on the short 5:1 tapered wing.

The tabulated results of the computations show that

the stick forces required for satisfactory control are

reasonably low in the case of the short 5:1 tapered wing.

It will be noted that only relatively small deflections of

these ailerons are required for control, a fact that can

be attributed partly to the reduced damping in rolling

shown by this wing. On the other hand with the long

wing, when the tip ailerons were added to the regular

wing span, the damping in rolling and moment of

inertia were increased and, hence, larger stick forces

were required to produce the given bank. The same

hinge-axis location, and hence the same degree of

balance of the ailerons, were assumed in both cases.

It will be noted that about the same force was required

to produce 15 ° bank at high and low lift coefficients.

Although the floating-tip ailerons give small favor-

able yawing moments, it will be noted that their use

results in some inward sideslip during the 15 ° bank.

The rolling motion of the wing induces a small adverse

yawing effect as is indicated by the adverse sign of the

yawing moment due to rolling. This cause combined

with the inward acceleration due to gravity is sufficient

to bring about the inward sideslip in spite of the favor-

able yawing moment of the floating ailerons.

It has often been suggested that tip ailerons be

trimmed by tabs so as to float downward and give

some lift. Such an arrangement should improve the

performance characteristics but would void the advan-

tage of these ailerons in giving favorable yawing
moments. If the tip ailerons were trimmed so as to

produce as much lift as the adjacent rigid portion of

the wing, it is to be expected that they would show the

same proportion of adverse yawing mament to rolling
moment as do conventional ailerons.

At stalling angles of attack for the main wing the

floating tips remain unstalled. Hence, they should be

expected to aid in preventing the loss of damping in

roiling at or near the stall. The only floating aileron

device that effectively prevented the loss of damping in

rolling in the wind-tunnel experiments was the long nar-
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row aileron attached to a rectangular wing. (See refer-

ence 1, part XI.) In this particular case the performance

characteristics were so poor that the device as tested

could not be considered practical for application.
As noted in table I, the lateral-stability character-

istics of the 5:1 tapered wing with the floating-tip

ailerons are almost as bad as those on the conventional

rigid 5:1 wing and are somewhat worse than those of

the rigid rectangular wing. Inasmuch as the damping

in rolling is lost at an angle of attack 2 ° below the

angle for maximum lift, the airplane could not be safely
maintained in flight above this angle even though the

ailerons continue to give undiminished roiling moments.

Flight tests of floating-tip ailerons on a tapered wing

fitted to a Fairchild 22 airplane support this conclusion.

Wind-tunnel results with floating-tip ailerons showed
a smaller adverse effect on the performance character-

istics of the 5:1 tapered wing than on any of those

tested. The effect of reducing the span and area of

the rigid portion of a given wing is shown by the

comparison of the performance criterions of the short

5:1 tapered wing, having an over-all aspect ratio of 6,

with those tabulated for the conventional rigid 5:1

tapered wing, having the same over-aU span and area.

Here the maximum speed of the airplane will be hardly
affected while the climb and maximum lift will be

reduced, as indicated. Simply adding the tip portions

to the normal-size wing _ increase the parasite drag

at high speed but, as shown by the tabulated criterions

for this case, will probably slightly improve the climb.

SPOILER8

Spoilers in the form of small flaps or projections

raised from the upper surface of the wing have pre-

sented attractive possibilities as lateral control devices

because they give positive or favorable yawing moments

and large rolling moments at the high angles of attack

through the stall. (See fig. 9.) As spoilers giving

apparently satisfactory rolling and yawing moments

had been developed in the 7- by 10-foot wind-tunnel

investigation (reference 1, part V), they were tested

in flight on a Fairchild 22 airplane (reference 2). When

the spoilers were first tried in flight, the pilots noticed

that the airplane apparently did not react until the

control stick had been given a medium amount of

deflection, after which the rolling velocity suddenly

built up to a much higher value than had been experi-

enced with any previously tested control system.
This characteristic made it impossible to perform

smooth maneuvers requirh'_" the coordination of the

spoilers with the elevator or rudder and led to over-

controlling when an attempt was made to keep the

wings level in _lsty air. Closer inspection of the

spoiler action, however, disclosed that for any spoiler
movement there was actually an appreciahle delay

between the movement of the spoiler itself and the start

of the desired rotation in roll of the airplane. In

order to substantiate the pilot's findhigs, records were
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made of the rotation of the airplane in roll immediately

following a movement of the stick and a specimen
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F1GU&Z 9.--Comparison of rolling- and yawiIlg-moment coefficients obtained with

ailerons and spoilers.

time history of the motion is shown in figure 10, to-

gether with similar information for other lateral con-
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trol devices including conventional ailerons. The

records showed that the delay before rot, llti(m st,arte(l
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in the desired direction was of the order of half a second.

This lag seems surprisingly short to have much effect
on the control obtained with spoilers, but apparently
it is sufficient to prohibit the use of thb spoilers close
to the ground because of the danger of overcontrolling.

The lag of spoilers was then studied by means of a
special hinged wing model of 4-foot chord mounted
in the 7- by 10-foot wind tunnel (reference 12). This
installation reproduced the conditions encountered in
the flight tests. The tests with spoilers located in
different positions along the chord of the wing showed
that the lag was relatively large with the spoilers near
the leading edge and became less after the spoiler was
moved to the rear until it was zero for normal trailing-
edge flap-type ailerons.

The spoiler located near the rear of the wing was
found to act with a negligible amount of lag (less than
one-tenth second could not be detected by the pilots)
and seemed to give some promise of making a satis-
factory lateral control device. Flight tests were there-
fore made of a retractable spoiler located 83 percent
of the wing chord back of the leading edge which,
because ofitsrearward position,was referredto as a
"retractable"aileron. The aileronwas made in the

form of a platecurved ina circulararc to form a seg-

ment ofa cylinderand was moved inand out through
a slitin the upper surfaceof the wing and about an

axisat the centerof the cylinder. This arrangement

produced no aerodynamic hinge moment and was

found to operatesatisfactorilyin flighton a Fairchild

22 airplane (reference3). The retractableaileron
mounted on the assumed average airplaneisnumber
16 in table I. The stick-forcecharacteristic(zero

force)isnot the most desirablebut could be brought

up toa desiredvalueeitherby the additionofa spring

in the aileronlinkageor by an off-centerlocationof
the hinge axisof the aileron.A largeamount ofcon-

trolis availablefrom aileronsof this type and the

yawing characteristicsaremore satisfactorythan those
of conventionalailerons.

Combinations of conventionalaileronswith spoilers

locatedahead of them and deflectedsimultaneously

showed some promisein the wind-tunnelinvestigation

(referenceI,part V) and were found to give satis-

factorycontrolfreefrom lag when testedin flighton
the :Fairchild22 airplane (reference2). With the

spoilerdeflectedin frontof the aileron,the floating

angleofthe aileronisraisedand,ifproperlydeveloped,

certaincombinationsseem very promisinginregard,to

both yawing effectand stickforce. Estimated char-
acteristicsofone such combinationaregivenintableI,
aileron17.

Another possiblecombination that has been tested

and may deservefurtherdevelopment isone in which

two spoilersarelocatedin tandem and deflectedsimul-

taneously. The tests with this arrangement (reference
12) showed that the lag of the combination was no

greater than that for the rear spoiler alone, whereas the
final rolling moment was the same as for the front one
when used without a flap. Later tests indicate that
spoilers located on the forward portion of the wing
may be rendered ineffective by the action of a split
flap. One other point has not yet been completely
determined, namely, whether the rolling motion would
get under way with sufficient acceleration immediately
after the start. This point will be dealt with further in
the next section on slot-lip ailerons.

SLOT-LIP AILERONS

Means for the elimination of the lag of spoilers were
investigated in the 7- by 10-foot tunnel and it was found
that the lag could be eliminated by providing a slot or
passage through the wing back of the spoiler. This
investigation has resulted in the development of what
have been termed the "slot-lip" ailerons (references 8
and 12). The slot-lip aileron is a combination of a
spoiler-type flap located on the upper surface of the
wing and a continuously opened slot, the flap forming
the upper portion or lip of the slot. The computed
control performances for two arrangements of slot-lip
ailerons in different positions along the chord of the
wing are listed 18 and 19 in table I.

The slot-hp ailerons satisfactorily eliminate or reduce
to a negligible value the actual lag intervening before
the wing startsmoving in the desireddirection,and

they givea very high maximum rateofrolling;but the

rollingneverthelessincreasedlessrapidlyimmediately
afterthe startof the motion than with conventional

trailing-edgeflap-type ailerons.This condition is
illustratedin figure10, which includescurves from

flightrecordsof slot-lipaileronson the Fairchild22
airplaneand slot-lipaileronson the WI-A airplane.
It willbe noticedthat with the W I-A the rateofroll

increases nearly as rapidly as with conventional ailerons
but with the Fairchild 22 the action was considerably
more sluggish. The differences in the behavior of these
two airplanes have been studied (reference 8) and it
has been concluded that the superior response character-
istics shown by the W1-A are due in large measure to
the relatively great dihedral (5°) and to the smaller
moments of inertia of this airplane. The secondary
yawing action of the slot-lip ailerons is favorable, hence
the dihedral effect increases the rolling action. Other
differences favorable to improved response of the
W1-A are: (1) The more rearward location of the
aileron (0.30 c, compared with 0.20 c, tested on the
Fairchild 22) a-d (2) the slightly greater size of the
slot.

The lateral control with the slot-lip ailerons on the
WI-A seemed satisfactory to the pilots, but on the
Fairchild 22 it was found to be too sluggish and to give
somewhat the same feeling as a slight amount of lag.
This comparison, aided by several others of a pertinent
nature, indicates that an additional point must be
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covered in a specification for a completely satisfactory

lateral control dealing with the acceleration or rate at

which the rolling increases during the first half second
or so following the actual start. It may be stated in

simple quantitative terms, applying to the conditions

for the assumed average airplane, that the angle of
bank one-half second after a sudden deflection of the

controls should be at least one-third the angle of bank

reached at 1 second. Thus, if a bank of 15 ° is reached

in 1 second, at least 5 ° of this should be attained in the
first half second. 2

The sluggishness of the slot-lip ailerons is a great
handicap in the method of comparison of control effec-

tiveness used in the present report, in which a certain

angle of bank must be obtained in a time of 1 second.
Even though these ailerons give a high final rate of roll,

excessively great deflections are required to attain an

angle of bank of 15 ° in 1 second at a lift coefl_cient of

1.8, and the stick forces are excessively high. This

particular disadvantage might be overcome by the use

of a suitable aerodynamic balance but, even so, the
sluggishness of the slot-lip ailerons might prevent them

from being considered satisfactory if it were of the

magnitude found on the Fairchild 22 instead of that
found on the W1-A.

The sideslip accompanying a 15 ° bank in 1 second is

negligible with the 0.55 cw slot-lip ailerons in the usual
flight range with untapped wings. With more forward

locations the yawing moment becomes decidedly posi-
tive, resulting in outward sideslip. Because of the

action of the slots at high angles of attack, the damping

in rolling is retained to an angle of attack beyond that
for maximum lift coefficient and, for this reason, it

should not be difficult to design an airplane incorporat-

ing these ailerons in such a manner that lateral control

and stability would be reasonably satisfactory at all

angles of attack that could be maintained in flight.

The continuously open slot, however, results in a high

drag, which reduces the high-speed and climbing per-

formance to a noticeable extent. The drag is less for
the rear positions of the slot-lip ailerons and a special

investigation has been made in the 7- by 10-foot tunnel
to develop slots with reduced drags. Some success has

been attained but, considering the best results to date,

these ailerons do not seem suitable for modem high-

performance airplanes.

,.ATEaA,. COaT,O,- W_THmGn-rrrr fLAtS

Since the inception of the research program of refer-

ence 1, wing flaps have come into very general use and

have further complicated the problem of lateral co-. i_rol.

in steady flight ordinary ailerons give rolling moments
that vary almost inversely with the lift coefficient;

hence, wings equipped with high-lift devices require

I AS mentioned previously, in order to simplify the computations and to make

poalble a Comparison with flight r_ords, the starting timo has besn arbitrarily taken

u the instant at which the control surfaou reached half their fired deflection,
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relatively large control surfaces. The installation of

an effective flap then becomes more difficult.

Another problem introduced by the use of high-lift

devices concerns the adverse yawing moment of the

ailerons. The ratio of induced yawing to rolling

moment increases (adversely) in direct proportion to

the lift coefficient. Furthermore, the effect of a given

yawing moment on the rolling control is usually greater

with flaps in use on account of the increased dihedral

effect due to the flap. Thus it appears almost neces-

sary to use some device that causes large changes of

profile drag resulting in a favorable component of yaw-

ing moment or to use wings with washout at the tip

portions (partial-span flaps) so that the induced yawing

moment is reduced. Many of the devices developed

in reference 1 for use with full-span flaps show satis-

factory yawing moments on account of the profile-drag

increments caused. Comparisons of a number of the

most promising devices have been made and are listed
in section B of table I.

Plain ailerons on wings with partial-span flaps,--On

account of the general use of partial-span split flaps

with ordinary ailerons, some tests of this arrangement
were made in the 7- by 10-foot wind tunnel (reference

7). The tests were made with tapered wings because

they represent the most efficient application of the ar-

rangement and are most used in practice. The most

interesting result of these tests was the small loss of

maximum lift coefficient entailed by the substitution of

ailerons for the tip portions of the flap, particularly in
the case of ailerons 21 and 23 as listed in table I, where

only 30 percent of the semispan was used for the aileron
portion. The indicated reduction amounted to less

than 10 percent of the maximum lift shown by the same

tapered wings with full-span split flaps. The reduction
was about the same for the two taper ratios tried. It

will be noted that the 5:1 tapered wing gave more

efficient control as regards stick forces under all condi-
tions. In each case the stick force is slightly less for

the longer ailerons, although of course the wings with

shorter ailerons showed better performance character-
istics. Both sizes of ailerons on the 5:1 tapered wings

showed a marked diminution of effectiveness above

about 10 ° angle of attack, presumably due to flow

separation at the tip portions.

The deflection of the partial-span flap introduces a

large relative washout of the aileron portions so that at

a given over-all lift coefficient the ratio of yawing to

rolling moments is less with flap down than with flap
neutral. It will be noted that the tabulated values of

sideslip remain about the same at CL=I.8 as at CL= 1.0.

The sideslip at Ca= 1.0 would have been appreciably
less than indicated if a flap-down condition had been
assumed here.

Although the lateral-stability characteristics of the

highly tapered wing are unfavorable, there are indica-
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tionsthat theuseof a partial-spanflapmaynotag-
gravatetheinstabilityin everycase.Theresultsof
theailerontests,aswellasvisualobservationsofthe
flowbymeansof tufts,showthattheeffectof theup-
washat thetipsintroducedbyloweringtheflapmay
be compensatedby a strongspanwiseflow,which
inhibitsthestallingof theseportions.Theindications
arethattheangleofattackforautorotationalinstability
wouldbeabout the same with the flaps as without for

the wings tested, although rolling experiments were not
tried.

Plain ailerons with retractable flap,--A plain aileron

with a split flap retracting ahead of it was developed as

a means of control with a full-span flap. Tiffs device

has been tested in flight with a modified Fairchild 22

airplane and is one of the few lateral control systems
incorporating full-span flaps that has proved entirely

satisfactory in flight (reference 3). This device is so
designed that the retracted flap does not interfere with

the ailerons in any way and hence the control char-

acteristics with flap neutral are those of plain ailerons.

With the flap deflected, however, the characteristics are

similar to those of the upper-surface ailerons tested in

the 7- by 10-foot wind tunnel (reference 1, part XII).

Although the deflected flap is in such a position as to

shield the under surface of the ailerons entirely, it was

observed in the tests that the ailerons in this condition

were nearly as effective as conventional ailerons with

unsealed gaps. The effectiveness of downward deflec-

tion, however, falls off rapidly at an angle of about 8 ° .

The rolling-moment characteristics of the plain

ailerons with retractable flaps are such as to favor a

differential motion, since the upgoing aileron is more

effective than the downgoing one at high lift coefficients.

The hinge-moment characteristics are, however, dis-

tinctly unfavorable for this mode of operation inas-

much as the ailerons show a downward floating tend-

ency with the flap down. Relatively large deflections

of the ailerons are required to meet the control require-

ments at low speed on account of the shielding effect of

the flap, and consequently a relatively high gearing

ratio of ailerons to control stick is needed. The result

is that the stick forces required for the specified banking

control are somewhat higher than those for conventional

ailerons throughout the flight range. These forces (see

aileron 24, table I) are well within the desirable range

for the Fairchild 22 airplane, although they indicate

undesirably high values for larger airplanes.

The yawing action of these ailerons is about the same

as that of the conventional ailerons with partial-span

flaps. Although the induced yawing moment of _he

ailerons with the full-span flap is greater than that with

the partial-span flap, the ailerons cause larger com-

pensating changes of profile drag.

Several possible means of improving the control-force

characteristics of these devices suggested themselves.

The device listed next in table I (aileron 25) shows the

calculated _,ffects of such improvements. First, the

span of the aileron Was increased to what has previously

been found the most efficient value and the chord of the

aileron was reduced as much as seemed practical.

Second, it was assumed that a trailing-edge tab (0.02

c. bent down 15 °) was attached to the aileron so as

to avoid the downward-floating tendency. It was

assumed that lowering the flap caused the same change

in floating angle with the tab as without. Since the

deflection of the flap caused a large change in the

floating position of the aileron, it was desirable to

change the balancing characteristics of the differential

with flap deflection. Consequently, it was assumed

that the differential cranks were rotated into new

positions as the flap was deflected. The resulting stick

forces tabulated give an indication of the improvement

that might be effected by such development of the

device.

Retractable ailerons (spoilers).--Tests of spoilers

(reference t2) showed that for locations behind about

80 percent of the wing chord the lag in rolling action

would probably be negligible. Flight tests were subse-

quently made of a Fairchild 22 airplane equipped with a

curved-plate spoiler that moved edgewise into and out

of the wing through a narrow slit in the upper surface

at 83 percent of the airfoil chord. This plate was

arranged to rotate about a hinge at the center of curva-

ture, so that the air pressure (being normal to the plate)

caused no resultant hinge moment. The test airplane

incorporated a full-span split flap and, inasmuch as the

downward motion of the spoiler took place entirely

within the wing, the flap and spoiler did not interfere.

The flight tests showed very promising results, al-

though the feature of zero hinge moment was not

found especially desirable. Angular-velocity and con-

trol-position records taken simultaneously in flight

showed no definite lag or sluggishness in the response

to control movements. (See reference 3.) The devices

as tested (0.15 c, by 0.50 b/2) were somewhat larger

than necessary to give the assumed satisfactory degree

of control. ,as is indicated in the table, a maximum

deflection causing a 7.4 percent c_ projection of the

spoiler should be sufficient for control in the flap-down
condition.

An important advantage of the retractable ailerons

(aside from their advantage in permitting the use of a

full-span flap) is that they give small favorable yawing

moments throughout the greater portion of the flight

range. At high lift coefficients with the flap in use,

however, small adverse yawing moments result. (See

reference 13.)

Although the deflected spoiler causes quite an increase

of profile drag, it is not expected that the incidental

deflections required for control in normal flight would

appreciably affect the performance. The performance

criterions listed are, of course, for undeflected controls.

External-airfoil flap-type ailerons.--The external-

airfoil (Junkers or Wragg) type flap has been studied

u_ _t possible means for improving the take-off and



RI_SUM]_ AND ANALYSIS OF N. A. C. A. LATERAL CONTROL RESEARCH 15

ceiling characteristics of airplanes in addition to pro-

dding the high-lift features of ordinary and split

flaps. As this device showed promise of improved

performance, several methods of securing lateral control

with such a flap have been studied.

A simple method of providing lateral control with

full-span external-airfoil flaps is to move the flaps

themselves independently as ailerons. (See reference

10.) Thus the ailerons are used simultaneously as a

high-lift device and to provide rolling moments without

sacrificing a special part of the wing span. In order to

employ these flaps to their best advantage, it is neces-

sary to deflect them downward over the entire wing

span, thereby avoiding excessive induced drag. The

action of the flaps deflected downward as ailerons is

similar to the action of ordinary ailerons with droop.

The external-airfoil flaps show a superiority over ordi-

nary flaps for this purpose, however, in that they

retain their lift-changing effectiveness at greater

downward deflections (in excess of 20°)°

.451eron 27 in the table is an arrangement of these

flaps whereby the entire span is deflected downward

20 ° and the semispan portions are moved differentially

from this downward position to provide rolling control.

This arrangement was tested in flight with the

Fairchild 22 airplane and was found to give unsatis-

factory yawing characteristics, although the rolling

moments seemed to be ample. The computations

made for the average airplane indicated an adverse

sideslip of 10 ° accompanying a 15 ° bank at low speed
with the flaps down.

A possible way of improving the adverse-yaw char-
acteristics of these devices is to make use of the effect

of washout. This method was used in the case of

aileron 28, where the flap was considered to extend

unbroken over the middle portion of the wing with the

parts of the flap used as ailerons covering the outer 50

percent of the semispan portions. Wind-tunnel tests

(reference 10) showed that_ with the inner portion

down 30 ° and the outer, or aileron, portions down only

10 °, the performance criterions were about the same

as with the whole flap down 20 °. This change re-

duced the yawing effect considerably, as shown by the

table, although the sideslip is still somewhat worse than

is the case with most of the other devices.

When the stick forces and deflections for these two

arrangements are compared, it will be noted that the

deflection required with the full semispan aileron is

almost as great as that required when only half the

flap is used for control. This fact is partly accounted

for by the difference in yawing effects.

In the low-speed conditions (CL----1.8) the ailerons

are lowered 20 ° in one case and 10 ° in the other and

the effective floating angles are thereby increased by

these amounts. This fact introduces a difficulty into

the design of a suitable differential linkage. A linkage

designed to accommodate the floating tendency with

flaps neutral will overbalance when the flaps are

deflected. In the computations it was assumed that the

additional floating tendency was neutralized by a long

spring that came into action as the flaps were lowered.

The external-airfoil flaps permit high lift coefficients

to be attained without excessive profile drag. The

advantage over a split flap begins to be apparent at

lift coefficients in excess of 0.7, aiding the take-off and

the low-speed climb but hardly affecting the maximum

rate of climb. Hence, in this particular case, the per-

formance criterions listed in table I do not fully indicate

the differences to be expected with these devices.

Ailerons with external-airfoil flaps.--A logicalexten-

sion of the development el the slot-lipaileron has led

to a device in which the aileron forms the lip of the

slotbetween an ordinary external-airfoil-typeflap and

the main wing. (See aileron 29, table I.) This

arrangement avoids the excessive drag entailed by

other forms of slot and, on account of the rearward

position of the aileron, should give good response

characteristics (except, possibly, under certain condi-

tions noted later).

The device as tested (see reference 9) comprised an

aileron 0.12 c_ wide and b/2 long. The tests showed

that, in general, the effectiveness of the aileron was

reduced by the presence of the flap, in accordance with

the theoretical consideration that any change in slope

of the wing section ahead of the trailing edge is less

effective than a corresponding change at the trailing

edge itself. When the flap is lowered, however, an

upward deflection of the aileron apparently causes

separation of flow over the flap, thus greatly reducing the

lift and developing a large rolling moment. With

the flap down 30 ° this change occurs at the beginning

of the aileron deflection, while at intermediate flap

deflections the change occurs at greater up aileron

angles. This more or less sudden change of conditions,

in addition to giving a large increase of rolling moment,

also caused a reduction or a reversal of hinge moment;

hence, the device may be impracticable for use at

intermediate flap settings. (See reference 9.)
In the device as shown in table I the downward deflec-

tion of the aileron is limited by the presence of the flap

nose to a maximum of about 7 °, and it is consequently

necessary to use a differential movement. Change of

setting of the flap has a pronounced effect on the

floating angle of the aileron. With the flap set at 30 °

a differential giving no more than 7 ° downward deflec-

tion of the aileron will be overbalanced by this floating

tendency. I. the computation it was assumed that a

spring tending to turn each aileron downward (with a

torque of 8.7 foot-pounds acting at the aileron hinge)

was brought into action by lowering the flap. With

the flap neutral the floating angle of the aileron is too

small for satisfactory balance, although wind-tunnel

tests showed that it could be effectively increased by a

tab. Consequently, the device was assumed to incor-
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porate such a tab (0.018 c_, down 5 °) and the spring

tension was adjusted to accommodate the effect of the

tab with flap down.

The resulting stick forces, together with the deflec-

tions required for control, appear in the table. It will

be noted that the greatest deflection required is that at

CL = 1.0. In this condition the aileron does not produce

the previously discussed change in flow over the flap.

At CL=I.8 the deflection required is small because a

small upward movement of the aileron in the flap-down
condition produces a large rolling moment. The yawing
effect is adverse but is not excessive.

The performance characteristics of this wing (with
the N. A. C. A. 23012 airfoil flap) are somewhat better

than those of the two wings previously considered,
which had flaps of Clark Y section.

II. ANALYSIS OF CONVENTIONAL FLAP-TYPE

AILERONS

The practical advantages of plain ailerons are well

known, and, since they are universally used in more or
less modified form, the following section is devoted to

an analysis of factors involved in their design.
One of the conclusions of the lateral control investi-

gation has been that no decisive benefit was to be

gained from a device that continued to give rolling
moments when the major outer portions of the wings

were stalled. If stalling of the aileron portions of the

wing is prohibited, plain ailerons or other devices

located near the trailing edge of the wing will retain
their effectiveness.

If the loss of rolling effect on a stalled wing is dis-

counted, it appears that the primary disadvantage to

be associated with plain ailerons is their adverse yawing
effect. For this reason the yawing action of plain

ailerons will be rather fully analyzed.

ROLLING MOMENT

For the purpose of calculating the coefficients of

rolling and yawing moment, the effect of a deflected

aileron may be ascribed to a change of angle of attack

of the wing sections comprising the aileron portions.
Thus, the localized effect of the deflected aileron is

measured by the change in the angle of zero lift. This

change is proportional to the angle of deflection of the
aileron for deflections below about -4-20 ° and the factor

of proportionality (denoted by Aa/A_) depends on the

chord of the aileron. Thus, the plain flap-type aileron

is considered merely as a device for changing the angle
of attack. The section lift increment is not used to

characterize the effect of the flap because this increment
cannot, in general, be specified, being dependent on the

plan form of the wing. The effective change in angle

of attack per unit change of flap deflection is, however,

theoretically independent of the aspect ratio and the
plan form.

Figure 11 summarizes the results of a number of

wind-tunnel experiments with plain flaps (references

14, 15, and 16) and shows the measure of flap effec-

tiveness (Aa/A_) as a function of the relative flap

chord. A curve predicted by wing-section theory

(reference 17) is also shown for comparison. The sur-

prisingly powerful effect of a narrow flap should be

noted. Thus, deflecting a 0.20 ¢_ flap is about half as

effective as deflecting the entire Wing section.

Since the effective angle of attack of a wing section

is a linear function of the camber (reference 17), the

curve of figure 11 may be used to predict the effect of a

multiply hinged flap, such as an aileron equipped with

a balancing tab. The combined effect of a succession

of bends along the wing section may be found by

calculating the separate effects of each bend and

adding them. Thus the effect of a 0.20 c_ aileron equipped

with a 0.05 c_ tab is (using values from fig. 11)

Aa = 0.51_o-4- 0.21_ t (2)

where _. is the deflection of the aileron with respect to

the wing and _r is the deflection of the tab with respect

to the aileron. This simple relation should not be

expected to apply beyond -_20 ° deflection and, in the

case of very narrow tabs, beyond about + 15 °

Deflected ailerons thus cause, in effect, a discon-

tinuous change of angle of attack across the wing span.

The lift change caused by the ailerons cannot be dis-

continuous, however, because of the natural equaliza-

tion of pressure along the span. Ailerons covering

only a portion of the span influence the lift at every

spanwise point and this effect appears to be satisfac-

torily predicted by the airfoil theory. Calculations of

the effects of ailerons based on this theory have been

made, the most extensive series being reported in

reference 18. Figure 12 shows the rolling-moment

coefficient C_ caused by a 1° difference in angle of

attack of various right and left portions of a rectangu-

lar wing of aspect ratio 6. The abscissa of this dia-

gram represents a semispan of the wing with the

midspan point at the origin and the tip at the point

1.0. The ordinate gives directly the rolling- (or

yawing-) moment coefficient due to a unit change of

angle of attack extending from the point indicated on

the abscissa out to the tip. The rolling effect of two

ailerons is twice as great as that of a single one and

hence the difference of the increments of equivalent

angle of attack, as indicated, should be used. The

rolling moment is not appreciably changed by differ-
ential deflection.

The curves give the values predicted by the theory

and the points indicate values obtained in various

experiments as noted on the figure. The wing-section

characteristic Aa/A_ of the devices tested was deter-

mined from figure 11.
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The rolling-moment characteristics of the plain 0.25 c.

by 0.40 b/2 sealed ailerons (aileron 1 of table I)

were calculated with the aid of figures 11 and 12.

Reference to figure 11 shows that the equivalent

change in angle of attack produced by a 0.25 c, sealed

flap is 57.5 percent of the angle of deflection of the

flap. Thus, a deflection of +7.4 = (see table I) is

equivalent to a change in angle of attack of

0.575 X 7.4 °= 4.26 ° (3)

or a difference of angle of the right and left aileron
portions of 8.52 ° . According to figure 12 the rolling-

moment coefficient per degree of this difference for a

0.40 b/2 aileron portion extending to the wing tip is
0.0039; hence, the coefficient predicted is

C_--8.52 X0.0039----0.0332 (4)

Working charts for predicting the rolling moment of

plain ailerons of any size on monoplane wings of

various aspect ratios and different degrees of taper are
given in figure 13. In order to use these charts it is

necessary to ascertain from figure 11 the section

characteristic Aa/A_, which is a function of the relative

chord of the aileron. The charts may be used for

differential ailerons merely by taking the difference of

angle of attack of the right and left aileron portions.

The theoretical rolling moment is independent of any

initial washout of the wing sections along the span;

hence, the rolling-moment curves are applicable to

wings with partial-span flaps. The charts cannot be

used with devices that change the slope of the lift
curve nor for excessive deflections that introduce dis-

turbed air flow. In this connection it appears that a

deflection of plain ailerons involving disruption of the
air flow is inefficient from considerations of stick force.

It will be noted that two sets of curves are given for

tapered wings. The solid lines apply to ailerons that

are not tapered with the wing, i. e., ailerons of constant

actual chord. For this type the change of equivalent

angle of attack should be calculated on the basis of the

wing-tip chord (whether or not the aileron extends to

the wing tip). The long-dash curves are for the par-
ticular case in which the aileron chord is a constant

proportion of the wing chord along the span, in which

case the change of equivalent angle of attack does not

vary along the aileron portion• The additive effect of

an element of aileron covering any spanwise portion of

the wing may be determined from the increment of the

Cdha curve over that portion. Although the curves of

figure 13 show increasing rolling-moment coefficients

with increased aspect ratios of the wings, the control

requirement (rolling-moment coefficient for a given

banking effect) also increases with aspect ratio and, on

account of the damping, in nearly the same way as

does the coefficient. (See reference 4.) In general_ it

may be said that the relative proportions of the ailerons
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should not be reduced on account of increased aspect
ratio.

YAWINGMOMSNV

Yawing moment with equal up-and-down deflec-
tion.--The results of experiments indicate that the
primary source of adverse yawing moment given by
plain ailerons at small deflections is the theoretical, or
induced, yawing moment. The production of rolling
moment results in an induced twisting flow analogous
to the downwash in direct lift. The yawing moment
arises from the resultant inclination of the supporting
lift vectors along the span. If the wing is supporting
no lift, the production of rolling moment by equal and
opposite lift increments on the two wing halves will not
result in a yawing moment because the lift increment
vectors are all inclined backward by the induction,
resulting in a drag. Hence, only the interaction of an

...... T T--_-_ i
I

t

i

initial lift and a rolling moment give rise to an induced
yawing moment.

A more specific treatment of this theory is given in
reference 18. The formula for yawing moment that
results for equal up-and-down deflections is

C, =KCL × C, (5)

where K is a factor dependent on the aspect ratio and
the plan form of the wing, and tosome extent, on the
spanwise position of the aileron. It is interesting to
note that with a given equal up-and-down aileron
deflection the induced yawing moment is the same
throughout the speed range, while the rolling moments
and the stabilizing factors are greatly reduced at tile
lower speeds.

Figure 12 gives a comparison of theoretical and
C./ a_,

experimental values of _ for a reetangu]ar wing of

4T32
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aspect ratio 6. De_-iation from the theory is to be

expected at excessive deflections of ordinary ailerons

and with special types of devices, since important

changes of profile drag may be introduced. If com-

plete wing section data are available, however, the

profile-drag part of the yawing moment may be readily
estimated.

As in the case of rolling moment, the yawing moment

of an aileron at any spanwise position may be calculated

by taking the difference of ordinates at abscissas cor-

responding to the ends of the aileron. Unlike the roll-

ing moment, however, the yawing moment of differ-
ential ailerons is not the same as that of ailerons with

equal deflections. In the general charts given in figure

13 the ratio of yawing to rolling moments at CL---- 1.0 is

_ven rather than C,,/,£a. In this case the differences

between two points cannot be used directly to give the

yawing moment of an aileron extending between these

two points. The yawing moment caused by an aileron

ending inboard of the tip may be found, however, by

taking the difference of the yawing moments given by

two ailerons, one extending from the inboard end of

the actual aileron to the wing tip and the other extend-

ing from the otrtboard end to the tip. The straight

and tapered ailerons should give yawing moments in

practically the same ratio to the rolling moment;

C,/C, .

hence, only a single set of values of K = -- "-CL-- ls given.

Referring again to the 0.25 c_ by 0.40 b/2 plain

aileron (aileron 1) of table I, it is found that the ratio of

yawing- to rolling-moment coefficients for this case is

= -0.216 (6)

at CL= 1.0. (See fig. 13.) At the deflection given the

rolling-moment coefficient previously found is

C,= 0.0332 (7)

Hence, the yawing-moment coefficient at CL = 1.0 is

C, ------ 0.216 _( 0.0332 ------ 0.0072 (8)

The values of both yawing- and rolling-moment

coefficients for these ailerons having been obtained, it

is now possible to calculate their rolling effectiveness by

means of figure 3. The wing loading of the average

airplane assumed in table I is 9.4 pounds per square

foot ; hence, at CL-= 1.0 the banking effect of a rolling

moment of coefficient 0.01 acting for 1 second is

-72 ]C,=O.O1 = 1.42 feet (9)

and for a rolling-moment coefficient of 0.0332

-,2- --- 1.42 _( 3.32:4.7 feet (10)

The effect of the yawing moment of coefficient --0.0072

is calculated in the same way, i. e.,

,-)-= --0.72 X0.65= --0.47 foot (11)

The effect of these rolling and yawing moments applied

simultaneously is

_blb 4 7---= . --0.47----4.23 feet (12)
2

Thus, deflecting the ailerons suddenly to -4-7.4 ° causes

a 4.23-foot displacement of the wing tips in 1 second.

The angle of bank for the average airplane (b/2 =-I_

feet) is

_b
O

_ =_- X 57.3 = 15 ° (13)

57-

as appears in the table.

Yawing moment with ditferential deflection or

droop.--The effect of an unequal movement of the

ailerons may be taken into account by considering an

equivalent equal up-and-down deflection from a mean

upward position of the ailerons. Thus, deflections of

15 ° up and 5° down may be considered as equivalent

to 10 ° equal up-and-down from a mean position 5 ° up.

Inasmuch as a differential deflection of the ailerons

changes the mean lift of the wing, figure 13 cannot be

used without correction to calculate the yawing moment

due to unequal deflection. As was brought out in the

preceding discussion, the yawing moment is caused by

the interaction of the wing lift and the induced flow

caused by the rolling moment. Hence, the yawing

moment incident to a given rolling moment depends

on the distribution of the basic or symmetrical part of

the lift. The basic rift distribution upon which the

yawing moment depends is, then, the distribution for

a wing with both ailerons raised. The adverse yawing

moment will, in this case, be reduced because of the

lessened lift over the tip portions. For the conditions

following sudden aileron deflections the average upward

movement of both ailerons will entail an actual reduc-

tion for a short time of the lift of the wing without

correspondingly increasing either the flight speed or

the angle of attack. The conditions will, of course, be

different for steady flight with ailerons held over. Fur

practical purposes it is sufficient to calculate an incre-

ment of C,/C_ due to the increment of lift produced by

the symmetrical droop or uprigging of both ailerons.

This increment would be the yawing moment incident

to a unit rolling moment when the entire lift of the air-

foil was due to the droop of the ailerons. The ratio of

yawing to rolling moment thus found will be _ constant

additive contribution to equation (5) at all lift coeffi-
cients.

Figure 14 shows the reduction of the ratio of adverse

yawing to rolling moment in terms of the reduction of
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over-all lift coefficient for a rectangular wing of aspect

ratio 6. The experimental points indicated were de-

rived by taking the differences of yawing moment

measured with equal up-and-down deflections and up-

only deflections and dividing these differences by the

measured reduction in total lift coefficient caused by

the up-only deflection.

If CL is the lift of the wing with ailerons undeflected

and _a"= is the equivalent angle of washout of the
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Fmozz L4.--Incrementof inducedyawingmomentdue to differentialdeflectiono!
ailerons; AC_ i_ the reductionof lh't coefficientdue to dilierentis]deflection.
Rectangularwing;bl/SI6.

aileron portions introduced by the unequal aileron de-

flections, then

since the reduction of lift is proportional to _a,. The

factor K, like the factor K, depends on the wing plan

form and the relative length of the aileron portion.

Figure 15 shows theoretical values of _ for wings of

aspect ratio 6 and various plan forms. It should be

remembered that C_ as used in equation (14) is the

lift coefficient with ailerons undeflected. Correction of

the values given in figure 15 for wings of different aspect

ratio may be made by considering that K is very nearly

inversely proportional to the aspect ratio.

It is evident that the foregoing remarks apply equally

as well to wings having washout at the tips or to wings

with partial-span flaps. For wings with partial-span

flaps ha,= is simply the reduction of the effective angle

of attack at the tips due to removal of the tip portions

of the flap. It should be remembered that droop of

the outer portions (negative ha,) increases the adverse

(negative) yawing moment while washout (positive

aa_) decreases it.

The increment of yawing moment due to the sum of

two distributions of droop or washout is equal to the
sum of the increments associated with each separate

distribution. This property may be used to compute

quite accurately, though not exactly, the yawing

_ _--- _ _ Recfanqu/grI I I

...._-----_ _ 2:/ ,, --
_._...._..__..__._ _ 4:/ ....
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FIGVRI_ 15.--Ratios for calculating additional induced yawing moments of differen-

tial ailerons or ailerons on wings with w_shout; b_/8--6; _== is in decrees.

moment of differential ailerons that end inboard of the

wing tip.
CONVRO_ _oaces

Hinge moment._The available experimental data

indicate that the hinge-moment coefficient C_ of an

ordinary aileron can be treated with sufficient accuracy
as a characteristic of the wing section, that is, as a

characteristic independent of the plan form of the

aileron or the wing. An average experimental value

for the slope of the hinge-moment curve against deflec-
tion is

_-_=--0.0085 per degree (15)

for sealed ailerons of chord c= and span b,, where

c_=hinge moment of aileron element
qc=_b=

Thus, the actual hinge moment at a given deflection

varies as the aileron span and as the square of the aileron
chord.
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Strictlyspeaking,the hinge moment of a deflected

flapshould be calculatedin two parts. The primary
part arisesfrom that component of the distributed

pressurechange which doesnot contributeto theliftof
the airfoilsection. Sinceno liftisinvolved,thiscom-

ponent isindependentofthe aspectratio. The second

component of the hinge moment, proportionalto the

liftchange,issubjectto the ordinaryaspect-ratiocor-
rection. The correctionis,however, smallexcept for

wide flaps.
Some additional considerations arise in the applica-

tion of aileron hinge moments to the calculation of
control force. The angular travel and the length of the
control stick (or radius of the control wheel) are limited

in practice. Thus, ailerons requiring large deflections
must be geared to the control stick or wheel in a high
ratio. In the case of the average airplane the total cir-
cumferential movement of the end of the control stick
was assumed to be 0.73 foot in the case of each of the

control devices. This value corresponds to a :t:25 °
deflection of a 20-inch stick corresponding to that avail-
able in the Fairchild 22 airplane.

If reference is made to the tabulated results for

aileron 1, it is seen that the total deflection necessary to
insure the assumed satisfactory degree of control (¢1=
22.5 ° at CL=I.0, in this case) is 4-11.2 °. The work
of deflecting ailerons of chord c, and span be is

dC_ _ _....... II.2XII.2
d_ _ 5-_.3 qca°''=-u'uU_°'x" 57.3

X9.4 X (0.25 X5.3)_ X 0.4 >( 16

1.97 foot-pounds (16)
The control force is equal to twice the total work di-
vided by the linear travel of the end of the stick, or

. 3 94
Stick Iorce=_=5.4 pounds (17)

The stick force at the partial deflection required for
¢_= 15° is

$15° 7.4°
2.3IX _2-_-_.5o= 2.31Xi-1.2o= 3.6pounds (18)

These simplerelationsapply,of course,only to linear

variationof the hinge moment and to nondifferential
gearing.

Differentiallinkages.--Itappears that a differential

linkagecan,when properlydesigned,be a very effective

means of reducing the operatingforce of flap-type

ailerons(reference11). The reductionof operating
forceisaccomplishedby takingadvantage of the up-

floatingtendency of the ailerons.With differential

linkagethe aileronson oppositetipsofthewing beginto
move at differentrates immediately afterthey are

deflectedfrom neutral,the downgoing aileronmoving

more slowlythan theupgoingone. The upgoingaileron

thus has the greatermechanicaladvantage at the con-
trol-stickconnection. It isevidentthat the reduced
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upward pressure of the upgoing aileron is partly com-
pensated by its increased mechanical advantage and
that the increased upward pressure on the downgoing
aileron is also partly compensated by its reduced
mechanical advantage. At a certain deflection the
downgoing aileron reaches dead center and, regardless
of its aerodynamic pressure, cannot contribute to the
stick force; if the upgoing aileron is then at the floating
angle (i. e., angle of zero hinge moment), the stick force
will be zero.

Ordinary ailerons show nearly straight-line hinge-

/dr^
--0.0085) and in thiscase themoment curves\-_-=

balancingeffectof a given differentiallinkagedepends

only on the upfloatingangle. A formula for a differ-

entialmotion that giveszero operatingforceover a

range of deflectionsmay be obtained by writingthe
expressionforthework ofdeflectionoftheaileronsand

equatingitto zeroat everypoint.

_.,= 4 (_../+ 6,,)2-- 2_.,2-- 6.j, (19)

where $, and _ are the upward and downward deflec-
tions of the ailerons and $,/is the floating angle meas-
ured upward from the neutral position. A practical
limitation of this formula is reached when d$_/d_,,

approaches --1, for then both ailerons begin to move
in the same direction and at the same rate.

It should be appreciated that a differential designed
in accordance with equation (19) will give complete
balance at the specified floating angle. It is, however,
considered desirable not to eliminate completely the
control force at any flight condition, as the pilots' feel
of the control would be taken away. This condition
can be avoided by designing the linkage for a fictitious
floating angle somewhat higher than the maximum
actually reached in flight. If h_,t is the difference
between the floating angle at which the differential
gives complete balance and the actual floating angle
of the aileron in the given flight condition, the resultant

stick coefficient Ch, will be

Stick moment p . dCh['d_,, d_,_\
(20)

where 0 is the angular deflection of the control stick.
In any given case the stick force can be balanced out

at only one angle of attack and, in general, the balancing
effect diminishes as the angle of attack is reduced.
Hence, if the stick force is made to become zero at an
angle of attack above maximum lift, overbalance of
the control in normal flight will be avoided.

A more or less complicated mechanical linkage that
would give aileron movements approximating equation
(19) could be devised. The ordinary simple linkage
consisting of two properly set cranks connected by a rod
can, however, be arranged to give the desired motion
with close approximation, and such an arrangement will
be given primary consideration.

'\
\
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Such a simple linkage can be made to satisfy two con-

ditions for a minimum stick force• Figure 16 shows a

type of stick-force curve that satisfies two very simple

criterions. First, the slope of the curve is zero at the

beginning of the deflection and, second, the resultant

stick force is zero at a stick deflection corresponding to

the floating angle of the up aileron. As was stated

earlier, the latter condition is satisfied by arranging for

the downgoing aileron to reach dead center when the

upgoing aileron reaches the floating angle. Figure 17

shows geometrical arrangements of linkages that satisfy

these two criterions for a minimum stick force. If the

spacing of the crank centers is known in terms of the

crank radius, the figure gives directly the neutral set-

tings of the two cranks. The differential thus chosen

will give what amounts to complete balance at the

specified floating angle. The maximum downward

2

_, i-7T7, ,. o= o• (a=)....... - a=,

/ ",

,._fl'ckdeflecfion, &9
FIGURa16.--TTI_of curvethat satisfiessimplecriterionsforminimumstick force.

travel of the aileron is shown in each case and it is to

be noted that, if the maximum deflection of the upgoing

aileron exceeds the assumed floating angle, the down-

going aileron will pass dead center and return toward

neutral.

Since the floating tendency of a given aileron has a

primary influence on the design of the differential

linkage, it will be necessary to devote some study to

this aileron characteristic. It appears that the floating

angle of a plain flap-type aileron can be attributed to

two effects: (1) a hinge moment proportional to the

angle of attack of the wing, this moment being greater

for large flap chords but independent of the shape of

the wing section; and (2) a hinge moment attributed to

the camber of the wing section, which remains constant

as tile angle of attack is changed. This second moment

is primarily influenced by the camber of the aileron por-

tion itself and is greatly_ affected by small changes at

the extreme trailing edge. Thus, a small fixed tab can

be used to introduce a large constant floating moment.

Figure 18 shows the variation of floating angle with

flap chord and lift coefficient for the Clark Y wing sec-

tion. The floating angles shown were indirectly com-

puted from floating moments that were found by inte-

gration of pressure-distribution diagrams for a smooth

wing (reference 20) and hence correspond to smoothly

sealed flaps.

For the comparisons given in table I, infinite linkages

(R=0 in fig. 17) were assumed to simplify the computa-
tions of control force. In most cases of differential

ailerons listed, several trial computations of stick force

were made to ascertain the optimum differential ar-

rangement. These trial computations included the
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determination of the curve of stick force against deflec-

tion to insure that no reversals of slope of the stick-

force curve occurred at any point.

Aileron 1 may be used to illustrate the use of figure

17 in the selection of a differential. Assuming that the

greatest possible reduction in stick force is desired, a

floating angle only slightly tfigher than the maximum

shown by figure 18 will be assumed. On the assump-

tion that it is permissible to allow the control force to

become zero at CL=1.25 (8,s=ll°), the differential

chosen by means of the chart will have neutral settings

of 0,=15 ° and _,=30 °, approximately. As indicated

by figure 17, the maximum downward deflection obtain-
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able with this arrangement will be about 4}_ ° and this

angle will be reached when the upgoing aileron reaches
11 ° deflection. For greater deflections the downgoing

aileron will return, reaching neutral when the up aileron
is at 22 ° .

Effect of a fixed tab used in conjunction with a

differential linkage.--Figure 18 shows that the floating

angles of plain ailerons are reduced as the lift coefficient
is reduced. It is on this account that the balancing
effect of the differential diminishes. The stick forces

tabulated for the differentially linked aileron 1 show
this effect as an increase of stick force at high speed.

It is possible to introduce a large constant floating mo-

ment by means of a properly formed fixed tab. The
effect of such a tab is to increase the floating angle at all

flight speeds by a constant amount so that the per-

2o
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Fmvsz 18,--Floatinganglesofsealedflap_ofvaztotmchordsona ClarkY wingas
computedfrom pressure-distributiondata(referenee20),

centage variation with flight speed is reduced. This

effect is especially pronounced in the case of very narrow

ailerons, which do not show a very great variation of

floating angle with angle of attack.

Furthermore, the maximum floating angle shown by

very narrow ailerons is not great enough to permit the
use of a differential to the best advantage. Thus, if

the floating angle is considerably smaller than the

maximum upward deflection required to produce suffi-

cient control, the stick force may rise considerably after

this point is reached on account of the return of the

downgoing aileron and the consequent extra deflection

required of the upgoing aileron. Advantageous use of

a differential in such cases can be accomplished by in-

corporating a fixed tab (or a small amount of camber)

._,ranged to trim both ailerons upward. In order to

secure satisfactory results with a tab, a reasonably

smooth inset type with a sealed juncture should be used.-

Attached tabs or tabs set at large angles (_t>+15 °)

have been found to cause an adverse increase in the

sh)pe of the hinge-moment curve.

Figure 19 shows the summarized results of experi-

ments with tabs made in the 7- by 10-foot wind tunnel.
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As was stated before, the tab produces an essentially

constant change in floating angle. The variation of

floating angle with angle of attack can be found from

figure 18. Figure 19 gives the change of aileron floating

angle with tab deflection. (See references 9 and 21.)

The experiments indicated that this ratio depended

primarily on the ratio of tab chord to aileron chord in-

dependently of the chord of the aileron, although this

relation can not be expected to apply as the aileron

chord is indefinitely increased. At the Reynolds Num-

ber of the tests the tabs began to lose effectiveness when
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deflected past 15°; hence, the ratios given should be

considered applicable to tab deflections not exceeding

this angle. Figure 19 may also be used to estimate the

balancing effect of a movable tab.

It appears from figure 19 that a very large floating

angle can be obtained by the use of a relatively small

inset tab and deflection. Thus, the floating angle can

very easily be altered to suit a given set of conditions.

It has been pointed out that it is desirable to have the

floating angle at least as large as the maximum upward

deflection required for control so that the stick-force

curve will lie reasonably near the minimum throughout

the range. The smaller the percentage variation of

floating angle with angle of attack, the smaller will be

the variation of the actual stick force with flight speed.

It would therefore appear desirable to trim the ailerons

up as far as possible by means of a tab. On the other
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hand, inasmuch as the deflected tab is made an in-
herent part of the airfoil camber, the size and deflection
of the tab cannot be indefinitely increased without ad-
versely affecting the pitching-moment and drag char-
acteristics of the airfoil.

Reference to figure 19 shows that a 0.10 ca (2_ percent
c_) tab deflected downward 10° will change the floating
angles of aileron 1 .by approximately 9°, raising the
maximum floating angle to about 20 °. This tab on the
average airplane would be only 1.6 inches wide and the
deflection of 10° would displace the trailing edge of the
wing section by only one-third inch and would conse-
quently not be expected to make a noticeable change in
tim drag or the pitching moment of the wing as a whole.
Tile differential linkage giving complete balance at a=
15° with this floating angle can be found from figure 17.
The neutral settings of the cranks are

0.=28 °, 8_----59° (21)

The maximum downward deflection found on the chart

is about 8° , but in this case the aileron is not required
to reach this deflection (20 ° up and 8° down) to produce
a sufficient bank. Reference to figure 18 shows that
the reduction in floating angle between C,.=1.25
(maximum) and CL=I.O is 2.5 ° so that, with the tab

assumed, the floating angle at a= 10° (CL----1.0) will be

20°--2.5°= 17.5 ° (22)

Similarly, the new floating angle at a----O° (CL=0.35)
will be

200--4.80= 15.2 ° (23)

These values indicate that the balancing effect of the
differential will not be greatly reduced at the higher
speeds. Table I gives the actual stick forces as com-
puted at these lift coefficients and indicates the reduc-
tion possible with a tab. An even better degree and
range of balance could be attained with narrower
ailerons on account of the smaller variation of floating
angle with angle of attack.

CONCLUDING REMARKS

The provision of control rolIing moments at high
angles of attack or beyond the stall is not sufficient to
secure control in flight at these angles unless the damp-
ing in rolling is retained. This requirement necessitates
that at least the tip portions of the wing remain un-
stalled; hence, it cannot be considered a decided ad-
vantage to retain control rolling moments far above the
stall with conventional wings.

The flight-testing experience gained throughout the
course of the lateral control investigation has led to
more or less definitely quantitative ideas regarding the
desired effectiveness of the lateral control and the

desirable variation of the control forces in normal flight.
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From considerations of operating force required for a
given amount of control, plain narrow sealed ailerons
with deflections limited to 20 ° seem about the most

efficient. Very great taper, or change of aileron chord
along the span, leads to inefficiency whether used with a

straight or a tapered wing. A differential linkage can
be so designed as to reduce considerably the operating
force of ordinary unbalanced ailerons , especially if a
small fixed tab is used to increase the floating angle.

Several devices, notably the plain ailerons with flap
retracting ahead, and the retractable aileron or spoiler
located at 0.80 c_ have been developed and proved in
flight to be suitable for use with full-span flaps. It was
found, however, that the maximum lift of a tapered
wing with split flaps was reduced less than 10 percent
by the removal of the outer 0.30 b/2 portions of the flap,
so that a conventional aileron could be used over that

portion of the wing without great loss.
Aerodynamic theory can be successfully applied to

the calculation of rolling and yawing moments of plain
ailerons provided that experimental section character-
istics are used in the computation of the local changes in
angle of attack along the wing span caused by the
ailerons. Further calculations involving the airplane
stability characteristics can be applied to the pre-
diction of the actual resultant motions caused by a given
deflection of the control, thus giving a measure of ef-
fectiveness in controlling the movements of the air-
plane.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLEY FIELD, VA., April, 20, 1937.
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TABLE I (A).--COMPARISON OF VARIOUS LATERAL CONTROL DEVICES

2. Plain ailerons

0.25c _ ×0.40 °-

7. S kewad aileron_.

Rounded tlp

wing b 0.25c.X

0A4_b; 20° skew.

tO. Optimum tapered
sealed ailerons 5:t

tapered wing •

0.086c. ×0.,53_.

11. Optimum $trnlght

sealed ailerons 5:1
tapered wing •

0.ll2C. (at tip)X
0.80_

12, Frise ailerons

_'"'::_- 0.25c. X0.4C,_.

13. Frise ailerons

(modified} 0.40c. X

0.30_.b-

H. Ailerons and spoil-
er: •,d..............

Ailerons 0.25c. ×

0.40_,b .

Spoiler 0.07c.N

0,40_,

Linkage

Control forc_ and aileron deflations to produ_
specified bank tn I second

Stick Aileron Stick

force angl_ force I
(lb.) (deg_) (lb.)

Equal .... 4.7 [ _:3,4 ...... 3.6
Diff ...... 2, 1 I 3,0X2,7 .... L 1

ID_Titb .01 s._x_.o..... 81

[Equal .... 0. 4 4-3.8 ...... 5.6

[Diff ...... 2. 6 4,5X3.0 ....

[__ __

_Equal .... 3. 2 :t:3.8 .... 2. fi

2.5 1,2l I Diff ...... 4.3X3.0 ....

t Equal .... 14.0 _l 11.0

Diff ...... 70 4.8X3,5 ,, Z0

Equal .... i.4 _0. I ...... I. 0

Dlff ..... 0. 5 4.5X3.6 .... 0_ 1

_zl3.0 .....

23.0X4.0...

4-14.0 .....

18.0X8.0...

+20,0 .....

'20.0X8.8...

Performance

I
Maxi- I Speed Climb
mum range L

lift C,. •=
at

c_.., ,Ico-_,.C_-o._l

I0.0 -4-4.8 ..... 9.2
5.2 6.1 X3.$ .... 4.7

Equal .... 4.0 ±3.0 3, 7

Diff ...... 2.4 --3"4X2:6"-:: 1.5

EqUal .... 2.4 4-2.8 ...... 2.2

Diff ...... 1.4 3.1X2.5... 1.2

Equal .... 1.4 ::t=7.3 ..... O. 9

+18.0 .....

T/,fiX3.2...

4-11,6 .....
I&0XS.6.-.

4-11.7 .....

13.0X7.8...

=:1::20.0 .....

1.88 125 19. 5

125 19 5

l.sz t 1_9! lS_1.81 129 18. 2

Equal .... 0. 8 _ 0± .8 ..... 0.5 4-20,0 ..... 3

i

Equal .... 3, 2 _2.fi ..... I

'Off .... 1.8 ] 2.6X2.5....I

[F.q,lal_. __ I 5.1 _4.2 ..... '

li,,. ..... I ,, 4,_×4oI

3.8 _14.5 .....

I.1 18.0X 12.0_.

8, 1 ±14,3 ....

2.3 _ 16,0X11.0 "i
I

2.2 13.0 .......

Up only_. 0 0,025c_ [..,i 0 0.074c_ I -

i
i

1.28 85,0 IS. 5

1.28 85,0 18.5

i. 18 9t. o

......... _ 1.27 _.l, 0 19.5

.......... l l.2: I ,_1.0

Compllted or estimated results. '_ Device may not give satisfactory response characteristic.

Hinge lnomenL_ eoraputed or estimated, r Deflection given in percents.go of wing chord.
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TABLE I (B).--COMPARISON OF VARIOUS LATERAL CONTROL DEVICES

27

, Criterion

Link-

Device __ age

20. Tapered ailerons,
sealed. 5"_ tapered
wing. Partial-span

split flap:

, Ailerons

0,25¢ mXOAL_.

Flap 0.15¢.X0.59_.

[ 2L. Tapered ailerons,
sealed. 5:3 tapered
wing. Farttai-spen

split flap:
Ailerons

Flap 0.15¢. X0.70_.

m

22. Tapered ailerons,
sealed, 5:1 tapered

wing, PartiM-span

split flap: Q
Ailerons

0.25c. X0.50_"

Flap O.15c.XO._.

23. Tapered ailerons,

Control fores and aileron deflection to

produce specified bank in I second

@zn]5 a

CL-- 0.3,5 CL--I.0 CL- 1.8

Stick Aileron Stick Aileron Stick Aileron

force angles force angles force angles
(lb.) (degrees) (lb.) (degrees) (lb.) (degrees)

Sideslip
with t5° bank
in tsecond

(degrees)

Maxi-

CL_ CLi CLm mum
0.3.5 1.0 1.8 lift

C'L.4 _

1,_

t._8

i I

Equal.. 4.0 ±3.0 ..... 3.7 ±7.5 ..... 3. 5 -4-12.0 .... 3 7 8
Diff .... 2. 4 3AX2.0... t. 5 8.4×4.8 .... 8 15.0X5.6.- 3 7 7

Equal.. 4.0 _-4.3 ..... 3. 6 -_g.6 ..... 4. 5 -}-16,0 .... 3 7 8 1.97 130
D ft.... 2. I 5.0X3.6... 1. I 13.0X5.1-- 1. 3 25.0X1..5.. 3 6 6 L 97 130

i

i

Performance

s_
range Climb

c_ L_at

C'D =_. CL-07

125 19.5

12.5 ly. 5

19. 5
19. 5

i

Equal.. 2.4 _2.8 ..... 2.2 _74 ..... 1,0 ±1t.7 .... 3 i; _ 1.81 L29 t_.2

Dff .... 1.4 3.1X2.5.-. 1.2 tL2X6.0 .... l t3.0X7.__. 3 i 5 , 6 i._t L29 t_._

I

_J

I r'41 ......

0.25c.X0.3_o

Flap 0.150.×0.70_.

24. Plain ailerons. Re-

sealed. 5:1 tapered

wing. Partial-span

split flap: EqLlai_. 2. 4 +4.2 ..... 2, 5 -4-12.0 .... 2. 8 +20.0 .... 2 6 6 1.97
Ailerons )lff .... t, 5 4,5X3.6-.. I. 4 14.0X 18.0 1. 5 26.0X 10.0 2 5 5 l. 97

tractable flap:
Ailerons

0.L_.X0.60_.

14t 18. 2
14t 18. 2

Equal°. 6. 2 _3,8 ...... 4. 7 +7.8 ..... 6. 7 ::/:2,5.0 .... 4 8 8 2. 0.5 i 143 18. 5
Dlff .... 5. 7 £0X3.5.-. 3. 7 8.TX7.L.. 5. 4 28.0Xll.0 4 8 7 2. 05 143 18. 5

1.4 3,4X 4,2._ o,g 8,4X6,6.. - 2.7 35.0X0.6.. "_" _-- "-_ 2. 05 L43 l_,. 5

o o.oe_.,._: o 0o74c.,__--]-'-4---_-'z]9 149 is. t

Flap 0.1_c.Xl.0_.

25. Plain sealed nile- D i
rons. Retractable _lth

flap: • tab.
Ailerons

0.116C .X0.84_.

Flap 0.1_wXl.00_.

26. Retractable nile- Upon- 0 0.02_.l.-

tons. Spilt flap: ly.
Ailerons

O.l_.XO._].

Flap 0.20¢oX 1.00_.

27. External-airfoil Diff .... 5. 5 3.2X3.0... E 1 8.0X.5.5... 0. 2 13.0X l i.0 3 7 10 1.83 172 18. 7

flaps • 0.Z)c.Xl.00_.

28. External-airfoil flap Diff .... 0.0 3.7X3.7... 0.8 7.6X7,3... 0.3 IB.0X9.2.. 3 7 I 8 1.80 172 18. 7

ailerons •
0.2_.X0..50_.

29. Slot-llp ailerons. D i ff .- 2. 4 I0.0X0.0.. 2,3 25.0X6,5.. 1.4 14,0X6,8._ --3- 7 I._2 202 PJ.0

External-airfoil with
fla :,.d tab.

_ilerons I
o_.×t_. I

I i
• Computed or estimated results.
• CL slightly below 1.8.
d Device may not give satisfactory response characteristics.

• Spring mechanism ammmed to avoid overbalance with flap down,
f Deflection given in percentage #)f wing chord.

o.z. _OV[RmU[ml eelerlm60FF_CK_II_








