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SUM3W3Y OF IATEFLIL-CONI’ROL
By IANGLEYRESEAIWHSTAFF
COMPILEDby THOXM A. TOLL

RESEARCH

SUMMARY

.-l summary hag been made oj th( arailable injorrnation on
lateral control. A discussion is ~.ren ~f the criterions used in
lateral-control spcc~fications, ofthe factors incolred in obtaining
satiy%ctory lateral control, and qf the rn.dhods employed in
makng lateral-control inwstigafions in jlight and in wind
tunnek. The auzilabk data on conwntivnal flap-type ailerons
baring rarious types gf aerodynamic balance are prewnted in
a ~form con rtnient ~for use in clesign. The characteristics of
.Tpoi[cr de~~ices and booster mechanisms are discussed. The
~jfects o-f .Mach number, bwndary layer, and distortion o.f the
wiry or ~f the lateral-control system are considered insojar as
the araitable information permits. An example is included to
ill~lsfr~fe ~he use o.f the design data. The limitations qf the
aiwilable information and some o-f the lateral-control problems
that remain to be solred are indicated.

IXTRODUCTIOX

‘Me lateral-controI research that hacl been comlucted by
the NTAC’.<prior to 1937, ancl that was summarized in refer-
ence 1, wm concerned primaril~ with the design of lateral-
control detices hating sufficient. effectiveness to enable the
piIot of an airpkne to keep the wings level at. aIl normal
flight speeds. In order to meet that ccmdition large rolling-
mornent coefficients are required onIy at, speeds approachhg
the stall: consequently, the protision of adequate roll.@
performance is principally a probIem of the size of the detice,
the aerodynamic balance being of only secondary importance
eveu for moderateI~ large airplanes.

Between 1937 rind 1941 a study was made of the IateraI-
control charac.terktics of a large number of combat and IIOD-
combat airplanes. The. results of that study, reported in
reference 2, indicat ecl that the protision of lateral eontrol
that is sufficient only to keep the wings level k inadequate,
and that a certain mimimum standard of rolling performance
is desirable for any type of airplane, eren. at hi@. speeds.
Subsequent. experience has incLicated that combzt airplanes
may be required to perform rapid rolhg maneu~ers near
maximum speed. The problem of protidkg aerodynamic
balance for Light control forces at high speeds therefore
has become. ai least as important as the problem of pro-riding
adequate effectiveness of the lateral-control detice.

In order to meet the requirements for IQht, control forces,
the designer has the choice of relQying entirely either on aero-
dynamic balance or on some form of booster mechanism, or
of combining a booster mechanism of low capaciky with a

smaI.1 amount of aerodynamic baIa~ce. In any case, the
control forces of fighter airpIanes of average size may have
to be reduced by amounts corresponding to as much.??. ._
9.5 percent of the unbalanced aileron hinge moments (refer-
ence 3j. Some of the considerations relating to the pro-iision
of Iight controI forces, as weII as to other kteraI-control
problems, are cIiscussed in reference 4.

The purpose of the present paper is to summarize rather
completely the available information on lateraI control, to
point out the limitations of the a-railable information, and to
indicate some of the problems that remain to be solved.
No new in~estigatiom were attempted in preparing the
present. paper, although some of the data and analyses have
not pretiousIy been published.

The symbols used in presenting the results are debned ti __ ._
the append~. Figures that gi~-e data for use in design are
listed in table I.

1. CRITERIONS USED IN LATERAL-CONTROL
SPECIFICATIONS

In order to apply the results of theoretical and experi-
mental studies to the design of satisfactory lateral-control
devices, the requirements for satisfactory lateraI control must
be specified exactly. LateraLcontroI specifications ha-re
been limited to the unstalled flight range because the charac-
teristics at and abo~e the stall usuaIIy are very erratic.
The lateral behavior in stalled flight usualIy is iuckded in
considerations of stalling characteristics.

The first comprehensive set. of lateral-control specifications,
which represent. the present N.A.CA recommendations, was
published in reference 5. LateraI-controI specificat~om
prepared in 1945 by the Air Technical Sertice Command,
Arm-y Air Forces (reference 6), and by the Bureau of .kero-
nautics, fi’ary ~epartmeub [reference 7), are identical with
each other. In the following paragraphs the sig+lcance of
the various criterions used in specifying lateraI-control
characteristics is discussed.

ROLLING PERFORMANCE

Criterions that have been proposed for specifying the
rolling performance of an airplane have been based on the
time required to attain a giwen angle of bank, the maximum
rollkg velocity; the lateral mo-rement of the center of pres-
sure G~/0~,and the *g-tip helix angle pb/2~’. Each of these
criterions is subject to certain limitations. The results ‘of
the investigation described in reference 2 and some a~aI@ical
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studies have indicated, however, that the criterion based on
pb/2V is the most convenient and can be used to specify
satisfactorily the rolling performance. The value of this
criterion is inckpenden~ of altitude for given aileron cleflec-
tions and is independent of airplane size for geometrically
similar airplanes<

Because the maneuvering qualities of fighter airplanes are
determined by the maximum rate of roll or by the time re-
quirecl to reach a given angle of bank, the values of pb/2V
required of such airplanes may be consideraldy higher than
the values of pb/2V considered sufficient for transport or
trainer airplanes. The maneuverability of a fighter airplane
near maximum speed is of course very important, but be-
cause of considerations of the airplane structure and of the
control forces the values of pb/2V required at high speeds
cannot be as large as the values of pb/2T7required at moderate
speeds,

For a given value of pb/21’, the rolling velocity p approaches
zero as the airspeed approaches zero and may become very
large at very high airspeeds. For autogiros or for other
low-speed aircraft, an additional requirement may specify
that a minimum value of the product pb be obta.inec{. For
airplanes capable of very high speeds, the maximum recluirecl
rolling performance may be determined by the maximum
value of the roIIing velocity p that k clesired by the pilot.

A specification of the aileron effectiveness required for
rnainbaining lateral trim in a.]] flight conditions may be
desirable for airplanes that might be subjected to extreme
asymmetrical power conditions or for airplanes having high
positive effective dihedral, which may exist at high lift co-
efficients when a large amount of sweepback is employed.

CONTROL FORCES

Tests of numerous airplanes have indicated that for all
flight conditions the aerodynamic forces should be large
enough, compared with the static friction force, to return the
control stick or the control wheel approximately to neutral
when it k freed and that the forces_at high speeds should
not be so large thai the pilot k unable to attain the specified
value of pb/2V. The type of force variation within these
limits is relatively unimportant, but the force should never
decrease to the value of the static friction .except near the
neutral control setting. It is desirable, however, that the
force shoulcl continue to increase smoothly with increasing
deflection. From considerations of the structural integrity
of the airplane it is desirable that the control deflection at
ligh speed be limited by control forces to values within the
sbructura.1 design limitations.

STICK OR WHEEL TRAVEL

In order to provide small control forces, the stick or wheel
travel should be as large as possible so that a high mechanical
advantage is obtained. The stick or wheel trzvel usually is
restricted however for ease of operation or because of space

limitations; that is, the lateral clisplacement of a control stick
is limited by interference with the pilot’s leg frccdorn or by
the cockpit width, and the motion of a wheel-type control is
limited_to the arc through which the wheel can bc turned
comfortably with one hand. Large increases made in the
angular travel of a control wheel to provide light control
forces have been found very undesirable.

AD\7ERSE YAW

Adverse yaw shouId be considered in the requirements for
lateral control because the changes in heading that nccom-
pany the use of ailerons may be annoying to the pilot.,
because the directional stability during steady yawed flight
may be reduced when the adverse yaw is excessive, bccawm
yaw re-cluces the rolling velocities unless the rudder is skiU-
fully coordinated with aileron movements, and bccausc tho
rudcler forces required to counteract eclverse yaw may be
excessim. Some flight investigations and the analysis of
refere~ce 8 have indicaked ~hat, for highly maneuverable
airplanes, critical vertical-tail loads may result from rolls
out of accelerated turns or pull-outs unless high sidcslip
angles are preveut ed.

As indicated by the analysis presented in reference ‘3, the
induced adverse aileron yawing-moment coefficied is directly
proportional to the lift coefficient. The critical condi~iou
for investigating aileron yaw, therefore, is near the stalling
speed. Requirements for lateral control usually specify tho
maximum angle of sideslip resulting horn the usc of the
lateral-control device that may be tolerated.

LAG IN RESPONSE

Any lag in time between the deflection of a control and the
resulting airplane motion is obj actionable to the piIot. Lag
may be dangerous because it may cause the pilot to ovw-
control the airplane. Specifications designed to eliminate
Iateral-control devices with objectionable kg chmackris~ics
limit the interval between the time when the Iatmd-control
device reaches full deflection and the time wlwn roaxi-
nmm rolling acceleration is attained. The permissible ltig
sometimes is given as a function of the spwd and the size of
the airplane.

CONTROL-FREE STABILITY

AIthough the problem of control-free stability has pre-
sented little difhlty in the design of ailerons in the past,
some tendency toward instability has been exhibited by a
few recent aiIeron designs. The problem is of greatest
significance for large airplanes or for high-speed airplanes for
which the aikrons may be essentially free even though t.he
pilot has not released the control. Requirements for
control-free stability specify that when the control is released
after a sudden deflection, the ailerons must return to tlwir
trim positions and any oscillations must be heavily damp{+,
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IL FACTORS INVOLVED IN ‘IWE LATERAL-CONTROL
PROBLEM

LATERAL TIANEUVERMMLITY

COXCEPT OF LATERAL ML?JELiVERABILIfTY

IQ the present paper the term “lateral maneuverability”
is considered to involve those characteristics of an airplane
in flight that affect the pilot’s ability to produce a roLIing
velocity. This concept of lateral maneu~erability therefore
i~cludes the roLling moment. as affected by the rigidity of the
witg-aileron structure and by adverse yaw-, the damping
and inertia effects of the wing and of other parts of the
airpkne, and the control forces that must be exerted by a
pilot in order to procluce a roll@ maneu~er.

Helix angle.—For the condition of a pure steady roll about
the longitudinal wind axis, the w~u-tip helix angle is given
satisfactorily for convent ional airplanes by the equation

(1)

in which Cl is the to ta~ roiling-moment coefficient and C%
is the damping coefficim.t of the airplane w&. Equation (I)
negjects the damping of other parts of the airplane.
?7a.lues of CIP, as determined by lifting-line theory for wings
har~~ round tips, are gken in reference 9. J’akes of
eTP with the Jones edge-velocity correction applied are pre-
sented in reference 10. ~ Lifting-surface theory correction to
CIDw-as obtained in the investigation reported in reference 11.
Values of C% from reference 11 are presented in figure 1.
These values are lower than the original values gken in
reference 9 by amounts rangi$~ from 13 percent for wings
of aspecb ratio 6 to 2 percent for wings of aspect ratio 16.

Values of CC, for square-tipped wings of fispect ratio 6 are
&bout 6 percent higher than the vaIues for round-tipped
wings given in figure 1. I?i=gyre 1 has been prepared in such
a manner that values of CrP can be obtained directly as
functions of taper ratio and of geometric ~aspect ratio pro-
vided Clais equal to 0.1. Ira.riations in cl~, w-hether they are
caused by changes in airfoil shape or by changes in Mach
number in the subcritical speed rarge, influence the effective
aspect. ratio (see reference 12) as weIl as the value of 0$ for
a givert effectk-e aspect rktio, and these variations can be
accounted for by appI.ting the appropriate value of cl= to
the abscissa and the ordinate of figure 1.

If -rakes of C, required for estimating pb[2J’ are not
a-raiIable from test data, -ralues of Cl as deri-red from
lifting-Line theory may be obtained from references I and 9.
A convenient method for estimating pb/2i’ that avoids
the separate determination of Cl and Clp is presented in
reference 13. In reference 13 a helix-angle parameter ~

(
/)

cl, g
equal to 114.6 ~ is given as a function of the spanwise

%
loca.tion of the inboard and outboard aiIeron tips. For
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FIGGREI.—ChwIior dda-miningvalues of damping coellicienbCTtpof round-tippedwings.
Reference 11.

constant-percentage-chord aileronsz the parameter ~ is essen-
tially independent of the aspect ratio and the taper ratio of
the airplane wing. For convenient application of the units
used in the present paper, a chart of the parameter -y’

(equal to &
)

k presented as figure 2. The Takes of (7$

in~olved in both -yand + are the values given in reference 9.
??or a rigid unyawed wing not equipped with a linked tab or
a spring tab

(2)

w-here A6=is the total deflection (in degrees) of the right and
left ailerons.

The hek angle pb/2V is, of course, affected by a number
of factors, the most important of which usua.IIy are wing
flexibility, adverse -yaw, and deflection of linked tabs or
spring tabs. In preliminary design, these effects sometimw
may be estimated and expressed as simple reduction factors
to be appIied to the value of @/2V given by equation (z).
An empirical equation for use in prehmi.nary design therefore
may be written as

pb – ! ‘a A~a(l–k,–kB–k,–kt)
yv—y G (3)

where the factors k., kp, k,, and kt are the reductions in
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@/2V (expressed m fractions of the value of j?b/2T7given by
equation (2) ) resulting from wing twist, sideslip} yawing
velocityt and tab deflection respectively. The factors k,,
k,g, and k, are discussed subsequently in this section of the
present paper and the factor k, is discussed in the section
“Ailerons Having Linked Tabs, Part IV.” Rough prelim-
inary estimations of airplane rolling performftnce sometimes
are made by assuming that

l–k7–kfl-kr=0.8

The substi~ut,ion of this value in equation (3) has given
satisfactory results near the stalling speed and at about 0.8
of the maximum level-flight speed for many airplanes. At
irtkrmecliate speeds valuesofpb/21’ obtained in tihis manner
usually are conservative.

Control force.—The control force during a steady rolling
maneuvw is related to the aileron hinge-moment coefficients
ancl to the geometry of the a,ileron system by the equation

lvhere C), ancl Cl,~~,~~are. the hinge-moment coefficients of

the aikrc% that is deflected upward and of the aileron that
baa

()
is deflected clew’nward, respectively; and —

Ma
()

M ., alld

-Z ~...
are the mechanical advantages of the upgoing ancl
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,0/0
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Relativeloco tion o f inboard aileron.fI~,~
b/2

FlGUBEj2.–vab3eSof the helix-angleparameter’/ for wings having taper ratiosbetween 0,25
and 1.0and aspectratios between 5 and 16. Constant-percentage-chord ailerons. De-
rived from reference13.

of the do wngoing aileron, respectively. In terms of slopes,
for ailerons cleflectecl equally up and clowm

where (Aa)p accounts for the effect of the rolling vc]ocity on

the hinge-moment coefficients and ~ is the rate of chango in

deflection of a single aileron with change in deflection of [ho
control- (stick or wheel}. Methods for es~imating (Aa)E are
given in references 10 and 11. The method of reference 11
permits the effects of aspeci ratio LObe accounted for more
accurately. A chart for estimating (As) ~, based on the
method of reference 11, is presented in figure 3. The factor D[

of figure 3 is equal to the factor ~4~~fi~~ given in rcfwencc 11,

2(Aa) C,,
The quantity 1+ -~ ~fi of equation (5) frequcmtly is

‘8

referred to, particularly in British papers, as tho rc.sponsc
2(Act).

factor Kin which the quotien& ~ usually is nssu mwl in
a

analytical work to be equal to —O.2 for ailerons of average
size. The rolling velocity tends to reduce the aihwn Ililtge
moments when the response fac~or is less than 1.0
(positive value of C,ti/L’,,,) and the rolling velocity tends to

o
C&stOn?-per;enfage’-

chorcfailerons

1+
,,

—-— .50,’/’ I
,,,,’,,—— .25 I

- ~ -– Eilfpticol
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FIGURE3.—Chari fardetermining the effecfire change [u angk of attack, causedby study

roll, at theaileron. Outboard aileron-tipIocationsbetween O.+ and 1.*]-. Derived from

reference11.
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incresse the aileron hinge moments when the response factor
h greater than 1.0 (negative value of CAa/Chi). Ailerons

frequently hare been desi.aed in such a manner that the
roUing -reIocity decreases the aileron hinge moments in
order to minimize the amount of aerod-ynamic balance
required for gi-ren control forces. ‘Ilk advantage cannot
be realized in many designs, however, because considerations
associated with the aiIeron floating tendency in pull-outs
and at high angks of sideslip may require that the values
of Chu be maintained as near zero as possible.

A rdation between the hinge-moment parameters for
comtant ~aIues of F/q can be obtained if the value of @a)P
for a given aiIercm deflection is assumed to be inclependen t
of lIach number. From equation (5) the relation is

For a given -wing-aileron arrangement, therefore, lines
representing constant ~-alues of F/q may be drawn on a chart
in ~hich chc is plottecl against ck~. The line representing

the conditiou of zero stick force is gi~en by the simple relation

~ha= ‘& ~h, (7) “

Equatio~s (.4) to (7) are strictly applicable only to the
steady-rolI condition. An analysis of aileron control-force
characteristics during initiation and reversal of an aileron
roll, made by Morgan and Bethw-site in Great. Britain,
shows that. for ailerons ha-ring positire wdues of the ratio
~hmf~hJ exceeding 2.0 objectionably high stick forces may be
required for a rapid control movement eren though the
control forces are satisfactory during a steady roll. For
mos~ ailerons, ho-we-i-er, the ratio CJCfir is com~iderabl-y

lower than 2.0, and the forces required for rapid control
mo wrnen ts are not likeIy to present a serious problem.

EFFECTSOF VZXGTWIST

During a rolling maneuver, the forces restiting from
aiIeron deflection and from wing damping may twist a. wing
and therefore reduce the aileron decti~eness in proportion
to the torque produced. Because the aerodynamic forces
increase with the dynamic pressure, the loss in aileron
effectiveness also increases with the dynamic pressure- The
nileron effec ti-reness becomes zero, therefore, at some air-
speed—caIled the re-rersaI speed. At speeds in excess of the
reversal speed, the airplane rolls in a direction opposite to
that which would be obtained from the same aileron deflec-
tions at low speeds.

The effects of wing twist on Iat.eraJ rnaneu~erability may
be of considerable importance ewn at speeds far beIow the
re-wrsaI speed. In an analysis presented in reference 14 the
roMng performance of a P47C–I-RE airplane was corrected
for the effects of ad~-erse yaw, as measured in flight, and for

the eEfects of Mach number on &Y/A8, as determined from
high-speed wind-tunnel tests, in order to isoIat.e the effects
of wing twist. The resuIts of this amdysis are su&nariz.ed in
figure ~. At an indicated airspeed of 400 miles per how, tig
flexibility is responsible for a 31-percent loss in the aileron
effactiveness of the P47C–1–RE airplane. The reversal
speed is at an indicated airspeed of about 545 miles per hour.
A somewhat similar analysis made by Ilorris and Morgan
of Great Britain shows that at an indicated airspeed of 400
miIes per hour the aileron effectiveness of the British Spitfire
airplane is reduced by about 65 percent, principally because
of wing twist.

A number of methods have been proposed for calculating
the reversal speed or the effect of wing twist on the roIIing
performance at any speed (see references 13 to 21). These
methods differ principally in the degree of wcuracy with
which the spanwise twist is obtained and in the extent to
-which the induction effects are accounted for. In addition,
these methods &Her in their adaptability to the incIusion of
the effects of compressibility on the wrious aerodynamic
parameters. Some of the methods (references 14, 17, 19,
and 21) require that the zctual wing-torsional-st~nws dis-
tribution be known} whereas in other methods the torsionaI
stiffness is assumed to follow some simpIe mathematica~ law.

Reference 13 points ou~ that significant Mferences in the
torsional s tiffrtess and in the aerodynamic parameters of

.004’

~leNW
~k-.Q93

f
Q---

; .002

..~

-$-001 - I I \

$ \

o

[.0-\ I II
*
Q \-.
tb!<~.8 - \
~k

II~ .>
b

.5‘<.6 -_ _ — — — — — — . — — — —
ki>
-<kUQ
m&..4-— — — — — — — ‘
-,s~
~.& \
L*
:.$2
0
a \

G &
o loo 2c@ 300 400- 500 509 7m

lndicafedai..pee4 W, mph

FLGmE 4.—Variation with indicated airspeedof caktdated effect of wiug tTexiiiIity on rollircg.
B47C-1-REafrpkme; At.=&; altitude, 4X0 feet (approxl. Refeccnm 1~.



32 REPORT N-0, 868 —h~ATIONALADVISORY COMtilITTEE FOR AEROh’AUTICS

wings for the same production airplane may be expected to
result from d~erences in fabrication. Because of these
uncertainties, the large amount-of time required to obtain a
solution by one of the most exact methods probably is not
justified in the usual case.

In a method proposed in reference 13, the induced-lift
effects are taken into account and the wing torsional stiffness
is assumed to vmy inverseIy as the cube of the distance
from the wing center line. Charts giving vaIues of a roM.ng-
moment-loss parameter 7 are presented in reference 13 and
equations ~re given from which the wing torsionaI stiffness
required to meet a giv-en standard of rolling performance may
be quickly estimated.

The values of ~ given in reference 13 are dependent on
the wing taper ratio and on the spanwise locations of the
inboard and the outboard aileron tips. A rolling-moment-

10ss parameter r’
(equa’’ o(%)’ “’hereyris ‘hedis’ance

)
from the wing center Iine to the midspan of the aileron is

roughly independent of Lhe location of the outboard aileron
tip. Values of 7’ are given in figure 5.
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FIGURE5.—ValueS of the rolling-moment-lossparameter r’ for ‘wingshaving aspect ratios

between 5 and+16 and outbaard aileron-tip Iocations between 0.8~ and l.0~. Deri.md

from refereme 13,

The wing torsional stiffness required for a specified vaIuo
of the helix-angle reduction factor k, may be compuhxd by
means of the folIowing general equation:

(8)

where m.oyis the wing torsional stifTness at any spanwiso st a-

tion y. values of q/%ll–k?’ for various values of F“J/a and
for various altitudes are given in figure. 6, The values of

acm

(-)aa! ,, in equation (8) are for low Mack numbers. H ex-

()perimental values of ~ have been obtained at the Ffach
C2

numbers for which values of m$v a;o to be computed, these
~alues of ~

() &Y ,1may be used in equation (8) provided the

theoretical factor ~~1–Mz is deleted from equation (8). .AL

thereversalspeed, the term (l —k,–kd–k,–kl) in equation (3)

is zero, and the factors k~ and k, usually maybe msurneil to l-w

700.
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zero. For a kno wn -raIue of TA8P,therefore, the reversal speed,—
may be estimated by solvirg equation (8) for qJ3~l —illz
when k,= 1 –k,. If at a given speed 7“, the corresponding
helix-angle reduction factor k,, is known, the value of k,,
corresponding to any other speed 772 may be calculated as
follows:

k,,= k.
(fI/\/l–M’),

“ (cJ/\T=m’),
(9)

EFFECTS OF COKTROL-SYSTESI STRETCH

For ailerons havhg approximately linear effectiveness ancl
~%ge-moment characteristics, the pr&ipal effect of any

stretch in the control system is simply & reduction in the
aiIero~ movement, and consec~uently b the rate of roll, for a
given control deflection. In mesh instances stretch results
in little or no change in the mechanical ad~antage of the
system; therefore, the control force for a gi~en total aileron
deflection remains almost unchanged. Control-system stretch
may cause large charges in the control forces of riilero~s
ha-y ~ery nonlinear hinge-moment characteristics.

EFFECTS OF ADVERSE YAK

Adverse yaw in a rolling maneuver results from the
combined effects of an inherenh yaviing moment. of a roIIing
wing and Q ya-wing moment. caused by operation of the
lateral-controI device. Both these yawing moments normally
are adverse o-rer the mu.al range of flight lift coefficients-when
conventional flap-type aiIerons are used. The yaw-@

moments of spoiler-t~e lateral-control devices, however,
may be fa-rorable ov-er at least a part of the fight lift-
coefficienb ra~~e. The yawing moment of a roll~~ tig is
caused by an asymmetrical distribution of the drag and by
imhnatio~ of the lift vectors. The drag effeci usuall~ is
favorable, but the effect of inclination of the Effi -rectors
inv-ariably is ad~erse at positive lift coefficients and usualIy is
of considerably .weater maawitude than the effect of the drag.

Ad-i-erse ya~ tends to retard the forward mo~ement of the
upgoing wing When the rudder is not used to counteract
the yawing moment, loss in p6/21’ results from the sidesIip
~ng]e—for figs fib positi~e effective dihedral-and from

the yawing velocity—for \\tigs at positive lift coefficients.
The correspond~~ helix-angle reduction factors k-i and 1,
u~ua~~ ca~ot be estimated accurately-particularly at IQW

speeds—in a preliminary design. Flight tests of present-day
airplanes indicate, how-ever, that when conventional flap-kype
aiIerons are used the value of the sum k$+2, usuaIIy is
between 0.2 and 0.3 at landiug speeds. If at a lift coefficient
C’L, the corresponding ~aIue (k@!-k,), is knom-n, the value

(k~+k,), at any other Iift coefficient. CL. may be roughly

estimated from the relation

The effects on rolhng -relocity of ad-rerse yawing moment
may be decreased by increasing the wea,thercock stability or
by decreasing the dihedral.

Weathercoek stability. -lloditlcations that increase the
weathercock stability, such as increasing the vertical-tail
area, not onl~ permit ~greater rates of rofl to be obtained but
also cause the angle of bank for constant aiIeron deflection
to b~ more nearly a linear function of time (reference 2?2).
Because an increase in -rerticnl-tail area makes possible the
performance of a gi-ren banking marieu~er with deereased
aileron deflection, the control forces required for the maneu~er
are decreased ~hen the -rertieal-tail ~rea is increased.

The advantages of increasing the -rertical-tail area diminish
as the -rertical-&il area is increased. Ln conv-ent.ional airpIane
desi~l however, the v-ertical tail is seldom of such size that
a further increase in vertical-tail area would no~ give benefi-
cial results. Tests made. in the Langley free-fight tunnel
indicate that a -due of Cji@at Ieast as high as 0.0015 usually
is necessary for satisfactory fI.ying qualities.

The effect on lateral maneuverabfity of changing the
tail length wide maintaining the same -weathercoe-k stability,
thereby increasinggthe damping in ~ax, isshon-ninreference23
to be negligible.

lXheth-al.-The reduction in IateraI maneurerabiIity
because of adverse yaw raries almost linearly wtith the
effecti~e diheckal. Poor wetithercock stability, when com-
bined -with high positive effective dihedraI, resuIts in a large
opposing action to any rolling motion. This combination
may ako cause predornhance of the lateral osciIIation,
which is undesirable because of the resultant erratic response
to the a.ppIication of control and the possible discomfort to
occupants of the airplane.

Because the banking motion is opposed by the eflect of
dihedraI, increases in dihedral cause increases k the control
forces necessary to perform a given maneu~er. In general,
the effectire dihedral shouId be no Iarger than is necessary
for meeting other criterions.

EFFECTSOF ASPECT I?.%TIO

AIthough increases in aspect ratio, -whiIe maintaining the
same aileron-chord raiio cJe and the same aileron-span ratio

~! may result in slight increases in pb/2 T“,the rolling v-elocity
b/2
p will probably decrease vrith increases in aspect ratio because.
of the increased viing span required for an airplane of a gi-ren
weight.

EFFECTS OF ALTITUDE

Some of the effects of altitude on lateral maneuverability,
as indicated by the analysis reported in reference X, are
summarized in figure 7 for the condition of constant true
airspeed. If a lateral-control device that is capable of pro-
ducirg the same maximum rolling-moment coefficient
throughout the altitude range is used, the time required to
obtain a given angle of bank is greater at the higher altitudes.
In order to obtain a given angle of bank in a given time
at any aititude, larger rom~-moment coefficients must be
applied at the higher aItitudes. These results ~ollow from
the fact that the value of pb/2T7and hence the ii.na] steady
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value of rolling velocity is independent of altitude, but the
initial angular acceleration is rec~uceclat high altitude because
of the lower indicated airspeed. If, orI the other hand, the
aileron deflection is lti~ted to thzt corresponding to a con-
stant hinge moment, a given angle of bank is obtained in
shorter periods of time at the higher altitudes, because greater
aileron deflections can be obtained at the reduced indicated
airspeed and hence the final value of rolling velocity is
higher.

For airplanes having positi~e values of Cha/~~,J, the ratio
of the control force required to start a.rolling maneuver to the
control force required to maintain the. maneuver has been
shown by hlorgan and Be.thwaite to be higher at the higher
altitudes.

— —Consfan t hinge-momenf
,

0 10 20 30 40 50Xfo3
Altitude,ff

FIGURE7.—Effeet ofaltitudeon time required to bank to 45°and to W“ with constantrolling-
moment coefficientand with constanthingemoment. T’=530milesperhow. Reference24,

EFFECTS OF RADII OF GYRATION AND WING LO ADI&-G

An analysis of tke effects on lateral maneuverability of
variations in the radius of gyration in roll is reported in
reference 24. The analysis presented in reference 24 was
made for constant wing loading; incregses in radii_ of gyration
therefore correspond to increases in moments of inertia.
For a given rolling-moment coefficient, the time required to
obtain a given angle of bank is incre.asecl considerably when

the radius of gyration in roll is increased from 0.086 to 0,166
(see fig, 8). The percent increase in the time required to
obtain a given angle of bank is grea~er for shor~ banking
maneuvers than for long banking maneuvers bemuse the
radius of gyration in roll affects only the acceleration period
at the start of a, maneuver. Additional analysis presented
in reference 24 shows that,in order to obtain a 45° bank in
X second with a typical fighter airplane, the rolling-mornenh
coe.fficieut must be increased by approxtimatcly 28 prrccnt
when the radius of gyration in roll is increased from O.OSb
to o.16b.

Incre<~es in the radius of gyration in roll have been show~
by lforgan xnd Bcthwaite to came small increases in the
control forces required for rapid movements of ail~rons hav-
ing positive values of Cha/~fi&

The influence on any banking maneuver of changes iu lbc
radius of gyration in yaw is negligible.

When-the radius of gyration in roll is Md constant., in-
creases in the momenb of inertia in roll caused by incrcmcs
in wing loacling result in ei’lccts simiktr to those obt~~ined by
increasing the radius of gyration while mtiintaining ~he same
wing loading.

1.4— — — — — — — — — .

I 1 1 ! I 1 I I I,

..4

.2“M
k

o
.06” .08 ./0 ./(? .[4 ,[6

Radius of gyro fion,kx, froc +ion b

FIGURE%-F. ffect of mdhIs of gyration in roll on time reqnfred to bank to 45” and.to :!lJ”
Constant rolling-moment coefficient. Refarcnce24.
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CONTROL-FREE STABILITY

.% theoretical analysis of the stabilihy of an airplane with
ailerons free is reported in reference 25. The stabiIity
boundaries were founci to be primariIy a function of the
hinge-moment parameters C,e and C,t. The resuIts of the
and~sis indicated that, in general} aileron-free stability is
not a. serious problem for a mass-balanced aileron system,
which usuaIly 1s pro-rided in order to prevent flutter. For
ailerons that tend to float w-ith the relative mind (negative
C’Aa),the only possibIe type of instability is a divergence or an
unstable -rariation of controI force viith deflection. The
di~-ergence (or zero control force) boundary is defied by
equation (7). For aiIerons that tend to float against the
relati~e wind (positi~e ChC), any possibIe aileron-free oscilla-
tions me heavily damped in a mass-b.akmced system and are
of no practical concern unless the ~alue of ~k$ also is positi~e.
Aileron oscillations have been obser~ed in flight when mass-
baltinced systems employin~ ailerons that are o-rerbdanced
for small cleffections and that have high positi~e -rahes of
e~a are used. LJnbalanced mass behind the hinge Line has an
unfavorable effech on the damping and tends to shift the
boundary for oscillatory imitability into the negatiTe range
of Chz.Ailerons requiring close aerodynamic balance there-
fore should be mass balanced. The presence of friction in
no case causes undamped oscillations if the ailerons are
otherwise stable.

FLUTTER

The flutter theory, for two-dimensional air-flow conditions,
of wings equipped w-ith con~entional unbalanced flap-type
ailerons is presented in reference 26. In reference 27 the effects
of the ~~arious parameters in~ol-red in the flutter probIem are
investigated systematically and comparisons between the
theory and e.sperimental results are made. Reference 27
also shows that three-dimensional effects usuaIby are small.
Equations for a three-dimensional solution of the flutter
problem are presented in reference 28.

The air-load parameters in the flutter equations are clif-
ferent for balanced ailerons than for unbalanced aiIerons.
Solutions for the air-load parameters are obtained in refer-
ences 29 and 30 for ailerons hatig exposed-o~erhang balances
and in references 29 to 31 for ailerons ha-ring tabs. Rig-
orous solutiom< for the air-load pararnetem of aiIerons ha-ring
sealed internal balances ha~e not been obtained: but a method
of estimating these parameters is suggested in reference 21.

The influence of the properties of -rarious structural rnate-
riak and of the plan form and the thickness of wings on flutter
characteristics is in~estigated in reference 32.

Theoretical flutter analyses of wing-aileron systems ha~e
been concerned primarily with types of flutter that in~olve
the coupling of either two or three of the following motions:
wing flexure~ wing torsion, and aile.’on deflection. The
wind-tunnel tests reportecl in reference 33 show that freedom
of a wing to oscfiate in a chordvi%e plane may permit an
additional type of flutter. Another possible degree of free-
dom is introduced when a spring tab is used in conjunction
with an aileron.

by specific type of fiutter can be eliminated for a gi~en

speed range (with the possible exception of the transonic
range) by se~eral different combinations of the various wing
and aileron parameters involved in the flutter equations.
Elimination of all the basic types of aileron flutter usually
can be accomplished by the use of suitable mass balance.
The most fa-rorable conditions are obtained w-hen the center
of gra.tity of the aiIeron is slightly forvm.rd of the deron hinge
axis ancl is at the same elevation—in a direction riormal to
the chord—as the hinge L&. For ailerons with spring tabs,
both the aiIeron and the tab should be mass ba_lanced, but
as shown by collar of Great Britain mass balance of a
spri~~ tab is favorable only when the &stance between
the tab hhge a.x.is and the balanc&~ weight is Iess thfin

c=—e~~
~_~

k2
where lJ1:Z normally is a negative quantity ancl is equal to
the rat io of tab deflection to afleron deflection with the COD- ~ ._
trol (stick or m-heeI) fixed. .&y friction in the aileron system
is favorable with regard to flutter, and sticient frictio~,
-which makes the system essentially irre-versible, may pre-
vent the basic t~pes of aileron flutter. The intentional use
of friction to pre-vent. flutter is not considered desirable, how-
ever, because of its adverse effects on controI feel. Any sIa ck
in the aileron or tab linkage is unfavorable.

ffL TESTIATG l?ROCEDL~ES AND APPJJCATIOA’ OF
EXPERIMENTAL RESULTS

In this section of the presenk paper, a description is g-h-en
of the methods being used by the Lar@ey Laboratory of the
A’.<CA. for making fight investigations of lateraI-control
characteristics, A discussion also is given of some of the”
most common wind-tunnel test setups, of the Limitations of
these setups, and of the methods that are being used for
appl-y@ w-incLtmmeI data.

FLIGHT iZNVESTIGATIO?LS

PROCEDL7RE FOR DETERSIIA’lXG ??OLLIXG PERl?OIZ.11.4zYCE

Description of maneuver,—The roiling performance of an
airplane usually is determined during abrupt atieron rolls
made from laterally level, trimmed, straight flight at di.flerent
indicated airspeeds. Power for level flight ordinarily is
used at speecls below the le-vel-flight speed obtain~ble tith
maximum continuous power; above this speed rolk are made
during steady diving flight m-ith ma.xknum continuous power.
The test altitude is noi particularly important. unIess com-
pressibility effects are in-ro~ved. In a given series of tests,
however, the altitude should be maintained approximately
constant.

A.ti each selected speed fk rolk. in each direction, with a
different. control deflection. for each roll, usually are sufficie~t.
~ greater number of co~trol deflections ma-j- be necessary
for airplanes ha-ring very nonlinear lateral-control characteris-
tics. & high speeds the ma-.xim-um control deflection may
ha-ye to be restricted in order to ensure that the aerodynamic
forces on the aiIerons and on other parts of the airplane do
not exceed the structural clesiow lirnits.
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Each test roll is made by moving the controI (stick or
wheel) abruptly to some predetermined deflection and by
holding the control at that deflection until the maximum
rolling velocity occurs. Until maximum rolling velocity
occurs, the rudder is held in its original trim position.
Recovery from the maneuver is made by any method the
p;lot clesires. The control should be deflected as rapidly as
possibIe. When control forces permit, full deflection can
bo reached in about 0.1 to 0.2 seconcl. The desired control
deflection usually can be obtained by means of a variable-
stop device attached to the stick or control wheel; however,
with such an arrangement care must be exercised to ensure
that the proper control forces are measured.

Variables measured,—The following variables are meas-
ured during the most generaI investig~tiom for cletermining
the roiling performfince of an airplane:

(I) Rolling velocity
(2) Free-stream impact pressure or inclic.ated airspeed
(3) Rudder position
(4) .MJeron position
(5) Stick or controI-wheel deflection
(6) Stick or control-wheel force
(7) Aileron hinge moments
(8) Pressure altitude
(9) Free-air temperature
(10) AiIeron distortion
Presentation of data,—The test results may be plotted in

tl~e form. of a time history, as illustrated in figure 9, for a roll
with ailerons partly deflect.e.d. The maximum helix angle
pb/2V is computed from the maximum rolling velocity, the
wmg span, :and the true airspeed. The values of aileron
force and deflection which occur at the time of maximum
rolling velocity should be used since the steady force that the
pilot will be abIe to hold is of primary interes~. When there
is a large negative value of O’a or when there is a spring-tab

sys tern with a weak spring, the ma.xim.um force and deflection
as weII as the force and deflection at maximum rolling veloc-
ity nmy have to be considered. PIots usually are made to
show the variation of control force ancl pb/2T’ with total
aileron deflection for each of the test indicated airspeeds.
Another very usefuI plot is one in which the totaI aileron
deflection, the roiling velocity at some stancIard altitucle,
and pb/21“ are plotted against indicabed airspeed for a fixed
value of the control force.

When aileron hinge-moment coefficients are to be plotted,
the tests should be macle with the trim tab locked in one
position (preferably neutral), because the variation of hinge-
moment coefficient, with speed may be somewhat obscured if
the co~ltrol force is trimmed to zero at each speed tested.

PROCEDURE FOR DETERMINING ADVERSE YAW

Description of maneuver, —Tests for determining adverse

ya~r are made by performing abrupt rudder-fked rolIs at low
speeds. The maneuver is similar to that. described for determ-
ining rolling performance, except that the rolls must be
continued beyond the time at which maximum rolling ve-
locity occurs in order to reach the maximum sidesJip angle
before recovery is started. Because some modern airplanes
with powerful ailerons may require a large change in angle of

~IG
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mm 9.—Time history of a typiwd rudder-fixed aiIcxonrolI mode with dlcron$ partly
deflected to determine rolling performance,

nk (90° or more) in order to reach the maximum sidcdip
gle for full aileron deflection, the maneuver may be modi-
.d to a.LIowroils to be made oub of an initially bankcxi at,ti-
.de (not exceeding 45° ) in low-acceleration turns, I.n this
aneuver the maximum sideslip angle occurs at, a smaller
}solute angle of bank. Rolls should be made in both
rections with partly deflected ailerons m well as with fully
fleeted ailerons.
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Variables measured.-The vmiabIes measured during a
man.eu~er for determining ad-rerse yaw idude the sidesl.ip
angIe, the normal acceleration, and items 1 to 6 listed in the
previous section on the determination of rolling performance.
The sideslip angle usualIy is measured by means of a freeIy
swiveling vane mounted on its vertical ati at the end of a
boom extend@ ahead of the airplane wing.

Presentation of data,—A time history of the important
~ariables obtained during a maneuver for determining aileron
yaw may be pIotted as illustrated in figure 10. Another
usefti pJot ~ one in Which the maxi-mum change in sideslip
angle is given. as a function of the total aiIeron deflection.

F’ROCEDLREFOR DETERMIXm-GAJLERONTRIM c!Ef.&xGESWITHSPlZE13

.* complete flighb investigation of lateral-control charac-
teristics should include measurements of aiIeron trim changes
with speed for straight, laterally level flight. These measure-
ments are made by trimmin g the aileron control force to zero
at level-flight speed with normal rated power and with the
airplane in the clean condition, and then by measuring the
aile~on control forces and the aileron deflections required to
trim in laterally level strtiight flight ai -mrious other speeds
with rated power and with power off. Because the lateral
position of the airplane center of grfitity may ha~e a large
effect on aileron trim variations, the lateral center-of-gravity
position should be determined and speci!led, especially if
large unsymmetrical weight distributions are possible with
the airplane being tested.

WIND-TUNNEL INVESTIGATION-S

Close approximations to the maneuvers that are performed
during flight investigations of lateral-control characteristics
can be obtained in mind tunnels only whe~ d-ynamic moclels
are used and are permitted to fly freely. The Reynolds
numbers and the model scales for such tests are necessarily
wry low and consequently the air-flow conditions ancl the
structural details of the aiIerons may be very different for
the model than for the airp~ane. In the usual case, accurate
simulation of the air-flow conditions and the structural
detaik has seemed more important than accurate stimulation
of the flight maneu~er. Wilid-b.mnel aiIeron-de-relopment
programs therefore are conducted almost invariably on large
static models for which high Reynol de riumbers may be
obtainecl.

~wO-D1>fEXSIOXALMODELS

tierons frequently are investigated in two-dimensional
flow because such an arrangement permits the use of the
largest possible model scale for a given wind tunnel, because
-rariables associated with wing plan form are eliminated,
and because two-dimem<ional modek are simpIer and Iess
costly than finite-span modek. In spite of the fact that Iarge
Re.ynolck numbers can be obtained with two-dimensional
models, the results of tests of such models are e.xtremeIy
limited in their application to specitic designs. Limitations
result from the inadequacy of the avaiIabIe met hock for com-
puting finite-span characteristics from two-dimensional data.
For the most pm-t, these methods are basecl on Iiftirg-Iine
theory, in which the follow-@ LTO assumptions are made:

FIGmZE10.—Time history of a typiczl rudder-dxed aileron roil made with ailerons fuJIg
deflected to determine ad~erseyaw.

(1) The induced dowmwash angle maybe considered to be
constant aIong the chord of a fln.ite-span -iving.

(2) The fig -wake Iea~es the Iiftingg line in a planar sheet.
Although these assumptions result in small errors in ihe

helk a~~les computed from the results of tests of two-
climensiona] modeIs, they resuIti in much larger errors in the
aileron hinge-moment characteristics. Computations based
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on lifting-surface theory (reference 34) show that the induced
downwash angle may vary considerably along the chord of
a finite-span Wingj especially at sections near the wing tip.
This variation in dowmwash angIe resdts in a chordwise load
in addition to the load considered by lif ting-line theory. The
nordinearity of finite-span hinge-mome~t curves, as compared
with two-dimensional hinge-moment curves, probably is a
result of the rolling up of the wing-wake sheet,, especially a~
high angIes of attack and at large aileron cleflections.

Equations based on lifting-Iine theory are given in refer-
ence 35 for computing finite-spctn hinge-moment parameters
of full-span control surfaces from two-clirnensional data.
These equations may be expressed as follows:

(11)

(12)

For the evaluation of equations (11) and (12) the value of

the ratio C=alcZ. can be assumed to equal
.4

~+2@5 (see refer-

ence 36). The effects of the actuaI span-load distributions
of a wing and of a partial-span aileron are accounted for
more accurately in the following equations, which were first
presented in reference 37:

(13)

where the integrations are carried over the span of the

aileron. The span-load parameters ~+ and % (a in

radians) may be obtciinecl from references 38 and 9, respec-
tively. Equations (13) and (14) probably gi~-e the mosi ac-
curate values for the finite-span hinge-mom ent parameters
that may be obtained by methods based on lifting-line
theory; how-ever, because of the basic limitations of the
theory the refinements of_ these equations C1Onot, at the
present time, see.rn to be worth while for preliminary design
work. For most wing-aiIeron arrangements, values ob-
tained from equ~tions (13) ancl (14) are very close to values
obtained from the simplified relations expressed by equations
(II) and (12).

The effects of the chord wise ~ariation in the down-
wash angle on the hinge-moment parmneter ~ha are evaluated
for a few specific. cases in reference 3i’. A lifting-surface-
theory correction for thin airfoils is ob tainecl in the form of
cm increment (ACho)Ls, which can be adcled to the vaIue Of

Cla obtained from lifting-line theory. The use of the lifting-
surface-theory correction is shown in reference 37 to give
values of ~ha that are in good agreement with the experim-
ental slopes—for three models—measured over small ranges
of angIe of attack. Since the publication of reference 37
similar sa.tisfac.tory checks have been obtiiinerl for several
other models. Charts from which approximate values of
(ACfia)ti--may be obtwined for almost any finite-span control
surface were prepared from data given in reference 11 and
me presented in figure 11. The factor Bz (given as
F/(cf/c)2- in reference 11) in figure 11 depends for its value
on the moment about the hinge As of the load caused b~
the chordwise variation of the downwash tingle cud for
expos~d-overhang balances is a function of the chord of tho
control surface and of the chord of the balance. ThG factor
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of hinge-momentcaeficient against angle of attack. Reference 11.
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Bz for sealed internal balances depe~ds on the completeness
of the seal as welI as on the chords of the control surface and
of the bzkmce. The value of .& for internally balanced
c.ontroI surfaces ha-ring chords up to 40 percent of the wing
chord can be approximate ed from figure 11 by assuming the
id ernaI-balance chord to be equi-raIent to about eight-
tenths of the same exposed-overhang-balance chord. The
due of C’ii=for a finite-span-model therefore may be ex-
pressed as

C.a=(r,a)LL-+(4CFJM (15)

where (Cfim)mis obtained from equation (II) or equation (13)
and (A(?~m)E is obtained from figure 11.

h~o systematic corrections to (~k$)~ have -jet been ob-
tafned for ailerons, buti the a~ailable data indicate that such
corrections may be as large as the corrections to (Cfiu)m.
No simple soIutio~ has yet been found for the-problem of
the nonlinearity of the hinge-moment, cmves of&tlnite-span
models.

Because of the inadequacy of the present theory for appli-
cation to the computation of finite-span hinge-moment co-
efficients, corrections for the effects of finite span usually are
noc applied when stick forces are estimated from two-
dimensionaI data; consequently, such computations generally
are considered to be of value only for comparing the effects
of modifications to a given aileron.

In the estimation of stick forces and rates-of rolI the two-
dirnensional lift and hinge-moment data mar be pIotted
either against aileron deflection or against angIe of attack.
The w@ lift coet%cient of the airpIane must be computed
for the fiigbt speed for which stick-force computations me
to FM macle. From this -due of wing lift coefficient the
section lift coefficient and the correspondi~~ section angIe
of attack, at. the mickpan of the aileron, can be estimated
from the theoretical span-load distribution for the condition
of zero rolIi.ng velocity.

The airplane control force is computed from the section
hinge-moment coefficients at specified deflections of the up-
going and downgoing ailerons. The mhes of the hinge-
moment coeflkients shoulcl be taken at the angle of attack
for zero roJling -reIoci&y corrected by an increment (As).
ffrom fig. 3) to account for the effect of the rolling -reloc.ity.
The control force is computed from the equation

‘=+’’Qz.2[(ch.)u,G)..-Q)~O~~(%)(mm..mm1
The helix angle pb/2~” ma-y be estimated for the rigid

unyawed wing from the equation

Pb_ ,,
~—v–~ Aci

where the value of -# for the particular wing-aileron arrange-
ment is obtained from figure 2. The value of Aa is obtained
from the two-dimensional lif~ data and is the change in angle
of attack that. restdts in a change in section lift coefficient

equal to the change caused by the total aileron deflection for
which the stick force is estimated.

FINTTE-SPAX MODELS

For equal tes~ Reynolds numbers, results obtained from
tests of finite-span modek are considered to be much more
reliable than results obtained from tests of two-dimersiona]
modeb. In order to obtain high ReynoMs numbers in tests
of finite-span models, aileron in-rest igat ions frequently are
made on models that represent only the outer panels of air-
pIane wings. A model of this type usually is mounted in
such a manner that one wall of the -wind tunnel may serve as
a reflection pIane at the root section of the modeI. The
model scaIe for a gi-ren -wind tunneI, therefore, may be more
than twice as large as tie scale for a complete model. The
Imge model scale availabIe alIows accurate simulation of
mosti of the structural details of the airpkme wing panel. .<
disadvantage of tests of partial-span modeIs results from the
fact that large corrections (especially to the rolbg-moment
coefEcients) must be appIied in order to make the wind-
tmnnel data applicable to free-air coalitions.

Wind-tunneI tests have been macle of full-scaIe outer w~~
paneIs of actuaI airpIane construction. For wind tunnels
thatt me not Iarge enough to accommodate complete ffl”-
scaIe airplanes, tests of this type present the onIy possibility
for a wind-tunneI modeI to simulate accurately an airplane
wing panel while under aeroc{yna.mic load. The resuIts of
such tests are very useful.

Data obtained from aileron investigations on partial-span
wing modek usually are analyzed by estimating the airplane
stick forces and helix angles in steady roIIs. When aiIeron
in-restigations are conducted on complete airplane models,
the static lateraI-stabiIity parameters as w-eIl as the aileron
characteristics may be determined. Such data sometimes are

ana.Iyzed by estimating the zirplane rolhng and Fawing
-velocities as functions of time after the ailerons ha~-e- been
deflected. Good agreement with the actual roIIing and ya-w-
ing velocities, as measured in flight., has been obtained when
the computation methods of reference 39 Lax-e been used.

.1 method for estimating airplane helix angles and stick
forces from w-incl-t,unnel data on tests of static modeIs is giwn
in reference 11. This method may be applied most conven-
iently m-hen the increments of roIIing-momenti coefficients
caused by aileron deflection and the zileron hinge-rnomeni
coefficients are plotted against angle of attack. Equations
(1) and (4) are used in the computations. For a gi~en indi-
cated airspeed, values of CLand Chg for the upgoing and the

do-wngoing ailerons are taken at angIes of attack co~espond-
bg to the indicated airspeeds but corrected by an amoun~
(Am), (from fig. 3) to accounfi for the roIIing velocity. Be-
cause the vaIue of (Aa)P depends on the total rolling-moment
coefficient., which, in turn, depends to some extent on the
ang]e of attack of the parts of the wing o-rer wtilch the ailerons

eziend, -raIues of (Acr)P are determined most accurately as a ‘–
resuIt of a. series of successive approximations. Ii the usual
case two approximate ions are sufficient.
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IV. CHARACTERISTICS OF LATERAL-CONTROL
DEVICES

CONVENTIONAL FLAP-TYPE AILERONS

The most common Iateral-control device of present-day
airpIanes is the conventional flap-type aileron. The popu-
larity of this device results principality from its simplicity,
from the fact that the response to aiIeron deflection is almost
instantaneous, and because the roIIing moments and the
hinge moments usuaIIy are approximately linear functions of
the aileron cleffection. Disadvantages resuIt from the un-
favorable yawing moments, from the pitching moments that
tend to twist the wing in a manner that reduces the rate of
roll, from the difficulties invoIved in providing the proper
amount of aerodynamic balance, and from the necessity for
limiting the spans of conventional high-lift flaps,

The characteristics of flap-type aiIerons have been studied
extensively with the object of obtaining designs that require
minimum amounts of aerodynamic balance in order to obtain
given rates of roJ.1with given control forces. Analysis pre-
sented in reference 1 indicates thatj in this respect, aiIerons
having long spans and narrow chords have an advantage over
aiIe.rons having short spans and wide chords. AD.additional
advantage is obtained if the ailerons are designed in such a
manner that the aileron chords increase, rather than decrease,
as the outboard tip is approached (see reference 40).

ln order to allow the greatest possibIe span of the high-lift
device, short wide-chord aflerons are desirable. Flight tests
(reference 41) of ailerons having chords equal to 40 percent of
the wing chord indicated that these aiIerons were unsatis-
factory because during sideslip large control forces had to be
appIiecl in order to prevent the forward wing from “digging
in” and thus overcoming the dihedral effect, This charac-
teristic is associated with a tendency for the ailerons to float
with the, wind and therefore is alleviated by the use of a
balancing device that reduces this floating bendency,

A common arrangement for reducing aiIeron control force
has involved the combination of a strong upff oahing tendency
with a differential aileron linkage that permits greater up-
aileron deflections than down-aileron deflections. I?ixed tabs,
deflected downward, sometimes are used in order to increase
the upfloating tenclency. Arrangements of this kind are
discussed in detail in reference 1. A disad~antage of such
arrangements results from the fact that the upfloating tend-
ency usually is greatest at the lowest speeds and, conse-
quently, the greatest effect on the controI forces occurs at
the Iowest speeds, A design that gives acceptable control
forces at high speeds therefore may give overbalance at low
speeds.

A means for decreasing the variation. of control force with
speed is indicated by an arrangement involving the combina-
tion of a. down.floating ttendency with a dtierential linkage
that permits greater down-aileron deflections than up-aileron
deflections. The practicability of this arrangement has not
yet been established, however, by flight tests.

The pertinent results of a number of wind-tunnel investi-
gations of balanced ailerons were collected and are pubIished
as reference 42. A second collection (reference 43) was made
of wind-tnnneI data that are more nearIy applicable to
airpIane-tai.l control surfaces. Because the balances used on
tail control surfaces are essentially the same as the balances

used on ailerons, the data from both collections, as well as
some data on ailerons and tail control surfaces obtained
since the publication of these collections, have been used in
most of the present analysis. More accurate evacuation of
the effects of such parameters as aspect ratio and aiIcron
chord is believed to have been obtainecl from the use of the
two sets of data than would have been obtained from ihe use
of aileron data alone. The correlations presented in this
section of the present paper therefore should he applicable
to taiI control surfaces as well as to ailerons, except when an
indication is given that only aiIeron data have bcm used.

Data on control surfaces with beveled-t.rtiiling-edge
balances, sealed internal balances, exposed-overhang lJul-
ances, ancl tabs had been correlated prc-riouslyj and the
results are published as references 44, 45, 46, and 47, respec-
tively. The published correlations have been rnodificd for
presentation in the present p~per when simplifications could
be made or when additional clat% permitted more acclirato
evaluations of some of the geometric parameters, I?or the
most part, the correlations appIy only to the small ranges of
angIe of attack and of aileron deflection over which Lhc
characteristics are linear. Estimates of characteristics a~
large angles of attack and at large aileron deflections can ho
made by means of the test data of reference 42.

Because the characteristics of some ailerons me extremely
sensitiwe to Mach number or to any condition thti~ aflect.s
the boundary layer, the correlations have been derived from
data that were obtained under a.ppro.ximateIy the sarnu test
conditions. The data that have been correIat,ed were
obtained at low Mach numbers and under conditions for
which transition from laminm to turbulent flow could bo
expectecl to occur quite far forward on the airfoils. The
effects of Mach number, Reynolds number, surface rough-
ness, and air-stream turbulence are cliscussed under the
heading “Effects of Air-Flow and Wing-Surface Conclitions.,
Part IV.” Because of a scarcity of test--data only qualitative
or rough quantitative evaluations of these effects may Im
made. The methods presenied herein therefore aro not
considered to be sufficiently reliable to enable a designer to
arrive at a satisfactory final ai]eron configuration without
some development work in flight or on a large-scale wind-
fiunnel modeI. The methods are usefuI, however, for making
preliminary designs or for deciding the manner in which
existing aiIerons should be modified in order to obt~in desired
changes in characteristics.

In most cases the hinge-moment paramehm of balanced
ailerons may be estimated most conveniently by considering
the plain aileron and the Meet of the bulance, septuwtcly, as
follows:_.—-

(C%) = (GJ,,ain+ (Acd,,,.ncg (16)
bdmcd
aileron ai?eron

(oh,) = (Cht}p~,il + ‘Aa’d)b,lance
boknced

(17)
!li?eTor? alteron

The value of dka for the plain aileron may be calcdated from
equation (15) when the two-dimensional parameter cfia for
the plain aileron is known. The v-aIue of C*Sfor the pltiin
aiIeron should be estimated from a~’aiIabIe data (such as Lhat
of reference 42) on a finite-span modeI having appro.ximabeIy
the same wing plan form, relative aileron span, aileron chord,
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and trailing-edge angle as the proposed arrangement. Varia-
tions in trailing-edge angIe seem most important, but these
may be accounted for tith fair accuracy by means of a
correlation of the effects of trailing-edge angle On Chd.

Equations (16) and (17) are -well adapted for application
of the a~ailable correlations of the effects of aerodynamic
balances on aileron hinge-moment parameters. The greater
part of the data used in deriving the correlations ~as obtained
from tests of finite-span models. ~~tcriations in aspect ratio
are accounted for by empirical aspect-ratio correction factors.
T’he correlations therefore are considered to be more reliable
whe~ applied to finite-span models than -when applied to
two-dimensional models.

FL.UX.QEf?OXS
The term ‘(plain aileron” as used herein includes an-y COD-

ventional flap-tuype aileron, regardless of contour, that is not
equipped with any form of overhang balance, tab baIanee, or
external balance.

Einge-moment chmacteristics,-The hinge-moment charac-
teristics of ailerons have been found to be critically
dependent on the aileron contour near the trailing edge.
&Ierons on airfoils without cusped trailing edges, such as
those having the thickness distribution defined in reference 4S
usuaI1y require considerably less overhang or tab balance
than ailerons on airfoils having cusped trailing edges. In
generaI, any increase in trading-edge angle, whether obtained
by than.@ng the basic airfoil section or by modifying the
contour of a given airfoil section, may be expected to reduce
the degree of unbalance of the plain aileron. The greatest
balanciug ei?iect of a large trailing-edge angle occurs at sma~
arig!es of attack and at smalI aileron deflections; therefore,
the hinge-moment curves of ailerons having large trailing-
edge angles usuaLIy are characterized by a high degree of
nonlinearity y.

An explanation of the balancing effect resuIting from the
use of a Iarge trailing-edge angIe can be made on the basis
of an effective change in airfoil camber. As an approxi-
mation, the effective contour of an airfoil in a ticous fluid
is the contour obtained by adding the boundary -layer-
dispIacement thickness at each airfoil surface to the g-eoxaetric
ordinates of that surface. Changes in angle of attack or in
aileron deflection cause increases in the boundary-layer-
dispkicernent, thickness on the surface of the airfoil where the
pressure gradient becomes more adverse and cause decreases
in the boundary-Iayer-&isplacem.ent thickness on the surface
of the airfoil where the pressure gradient becomes less
adverse. These changes in boundary-Iayer-displacement
thickness cause changes in the effective camber of the airfoil
which, in turn, cause reductions in the incremental aileron
lift and hinge moment for given changes iu angle of attack
and in aileron deflection. Changes in camber near the
trailing edge are much more important with regard to hinge
moments than with regard to lift, and the magnitudes of
such camber changes seem to depend to a large extent on the
trailing-edge angle, the greater changes occurring for the
larger trailing-edge angles. An open gap at the nose of an
aileron allows the boundary--layer air to flow from the high-
-pressure airfoil surface to the low--pressure airfoil surface. The
effective change in camber and consequently the effect of the
boundary layer on the hinge moments, particularly for
ailerons having large trading-edge aqjw, therefore are
greakr when the gap is open than when the gap is sealed.

When an aileron is beveIed, dimensions other than the
trailing-edge angIe affect the hinge-moment characteristics,
but the principaI effects of such dimensions seem to be OD
the ranges of angle of at tacli and of aileron deflection over
which the increased trailing-edge angle is mosi effecti~e in
changing the hinge-moment sIopes. Ailerons having be-rek
of Iarge chords (25 to 40 percent of the aiIeron chord) aid
large radii of curvature between. the beveIs and the paris of
the ailerons forward of the bevels usuaLIy are more satisfac-
tory than ailerons having bevels of smalI chords and sms~~

radii of curvature.
The traiIing-edge angles of -r-arious true-contom and

straight-sided airfoils have been plotted against, the airfoil
thickness in figure 12. The straight,-sided airfoik considered
are those having the rear parts of their contours formed
by straight Iines dram from the trailing edge tangent to the
true airfoiI contour. For all airfoik the trailing-edge angIe
is defined arbitrarily as the angle between lines drawn from
the airfofl surfaces at the trailing edge to the airfoiI surfaces
ati aboub 0.9%

Il_r

Airfoilfhi&ness,percent c

FIGUBE12.—VmiMon of ks!ilhg.edge anglewith airfoil thicknessfor several seriesof N.4C A
airfoils. Trailingedge W@ mesmed bemwen Iines drawn from airfoflsarfx+s at kaiiiug
edge to airfoil surfws at 0.9%
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For most finite-span ailerons, the trailing-edge angIe
~aries along the aiIeron span. An tiectire trailing-edge
angle for such an aileron can be com~idered to be the con-
stant trailing-edge. angIe for which the parameters Ck. and

C’~Jwould be the same as for the ~-ariable trailing-edge ar@e.

Such an effective trailing-edge angle ~ can be determined
appro.simateIy by the foLIowi.ng expression

The hinge-moment parameters Ckaand Ckgfor true-contour,
bulged, beveled, and straight-sided sealed ailerons on various
two-dimensional models are plotted against the trailing-edge
angle in figure 13. Some additional information on the
models from -which these data. were obtained is gi~en in
table II. .AiIeron chords of 0.15c, O-20C,0.30c, and 0.40c me
considered. This correlation is useful for obtaining rough
estimates of the values of the two-dimensional hinge-moment
parameters of plain ailerons pro-rided the aileron chord and
the trailing-edge angle are known. The hinge-momenL param-

eters seem to increase ahnosk linearly as the traihng-eclge
angle is increased from 6° to about 30°. ~ further increase
in trailing-edge angle is not. likely to procluce much additional
balance. Within the linear range, the incremental changes
in section hirwe-moment, parameters appear to -rary with the. .
incremental change in trailing-edge angle
accordance ~~ith the following relations:

Llch==o.0005Af$

LC,*=O.0004A$5

approximately in

(19)

@())

The effeck of a gap on the hinge-moment parameters is
shown in figure 14 for a O.3oc plain aileron -with ~arious
traihng-edge angles. For the airfoil considered (~ACA 0009)
the hinge-moment chamcteristics are almost unchanged by
a gap at the nose of a true-contour aileron. For a trailing-
eclge angIe larger than that of the true-contour aileron, the
gap causes both c~mand Cfiito become less negative. The
variation -with trailing-edge angle of che is about 20 percent
greater and the variation with trailing-edge angle of c~~is
about 50 percent greater when the gap is 0.005c than when
the gap is seaIed. The magnitude of the effect of gap may
vary comiderabIy on different airfoils, but. the trends in-
dicated in figure 14 are typical of most of the airfoils that
ha~e been investigated. The greatest effect of the gap
usually is at, small angles of attack and at small aileron
deflections. The hinge-momentt curves therefore ma-y be
e.spected to be more nonlinear with the gap open than with
the gap sealed.

Extrapolation of the eur-res of figure 14 through small
traiIing-edge angles indicates that opening the gap may make
C!= and c~i more negative. This effect has been observed on
alrfoils wlkh cu~ps, but the effect may be considerably greater

Trui%g- edge mg[e, +, C@

FIGGEEIL-E fleetof gap on varkition of hi%se-momeutparameterswi~h trailing+dge engle.

h’.4CA COWairfoil; two-dimensionalmodel; c&0..30. Refereme .50.

than that indicated by figure 14, especia~y for thick airfoih
if the ma.simum thickness is relati~ely fm back.

The effects of changing the traiIing-edge angl~ of five ___
fite-span models (see table 11) are gi-ren in figure 15. The
incremental changes in Oha and ~hJ are pIotted aga~st the
product of an aspect-ratio correction factor and the incre-

ment.al change in trailing-edge @e &, A.+. The finite-

span data are in fair agreement with cur-res hatig the
s~opes obtained in the correlation of two-dimensional data
(equations (19) and (20)). The equations of the correlation
curves for finite-span models are as follows:

(21)

The aspect-ratio correction factor & as used herein is

strictIy an empirical factor and was chosen simpIy for con-
venience and because its use brings the avaiIable data on the
incremental hinge-moment slopes into fair agreement, re-
gardless of the aspect. ratio of the modeI. This factor dso

has been found applicable to the effects of plain-o~erhang
and internal balances on both Che and (?hi.

lift characteristics. —Modifications that affect- the hinge-
moment. parameters of plain ailerons generalIy have some
influence on the lift parameters. The effect of the traili.ng-
edge angle on the lift-curve slope, relative to the lift-c~y_ve
slope obtained by extmpolat ing to zero trailing-edge angle,
is given in figure 16. The effect of a gap also is expressed in
a ratio form in figure 17. Although the effect of the gap was
expected to be greatesi for the mosfi forward positions of the
gap, no systematic variation could be detected within the
range of aileron chords investigated.
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Tra!liq- edqe angk, ~, deg

FfGCTtE16.—Effect of trding-edge mrde on the lifi-eume slope, reIatire to the Eft-eume
slope at zero traihg-edge &ngIe, of two-dimemlonal sixioik. Gaps, sealed; .M=O.3? or
less. Syurholsidmtiiied in tabIe II.
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FIGUF.E17.—Effect of aileron nasegrtpon the lift-curve slope, rekitive to the Iift+rme slope
with gap waled, of two-dimensionalmadek .W=OJ2or ks.

A c.orreIation of the m_a.ilabIe data on aileron effectiveness is
published as reference 54, which shows tha~, by the. use of the
section aiIeron effectil-eness factor, the deron rolling-moment
coefficients may be computed with s uflicieni accuracy by

the methods of lifting-line theory. .Ln analysis of the effects
of deron modifications on the rolling-mome~t coefficients
therefore reduces to an anaIysis of the effects of these modi-
fications orLthe section aiIero~ effectiveness factor.

Some of the faired correlation curms of reference 54 are
reproduced in figure 18. Chrves are given for large and
small aileron deflections and for sealed and open gaps. The
data used in obtaining these curves are for Iow Mach num-
bers and for a sma.11range of traihg-edge angje, the average
trailing-edge angle being aboufi 10”. Data also are given
in reference 54 orL the variation of the effectiveness factors
-with trading-edge angIe as determined from tests of several
airfoik. ‘These data are repIotbed in figure 19 as ratios of the
effectiveness factor at the various trailing-edge a~~les to-
the effectiveness factor at a trailing-edge angIe of 10°. The
effectiveness factor of an afieron with a gi-ren chord and
trailing-edge angle may be estimated by multip~ying the
v-a.Iue obtained from figure 18 by the appropriate ratio
obtained from fi=me 19.
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FIGmE 18.—Varicitiouof lik-effeetireness mmuefer with ffaP chord ~fio- ~reme tiJfig-
edge angIe, about 10°;M=O.2fl or less Faired crrrresfrom referenu 34.

Pit thing-moment characteristics .—A.n analysis of the
pitch ingg-momenfi characteristics-in terms of the parameter
(be./ da)ci—of pIain ailerons having various chords is

presented in reference 55. A correlation of the effeck of
trailing-edge modiilca.tions on the pitching-moment parameter
(&.Jb3JCl is given &reference 56. The parameters (&J3a)c1

and (MJZM.).l are related to each other by the expression

acm

acm(-) (-)36= cl

&e cl= – ACY
AZ

This relationship, the pitching-moment data of references 55
and 56, and values of the parameter La/M obtained from
fi=wes 18 and 19 have been used to construct curves giving
values of the parameter (& J&r),1 for v-arious aileron-chord

ratios and for various trailing-edge angles (fig. 20). Values
of the parameter (& JhCY),Zare directly proportional to
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FIGURE19.—Effect of trailing-edge angIe on the Iift-effectivenessparameter, relati~e to Iift-
effectivenessParameter at$=lOO. M= 0.200r less. Data from reference54.

values of the wing torsional stiffness-required for a given
reduc~ion in pb/2V resulting from wing twist. (See equation
(8),) Figure 20 indicates that reductions in the required
wing torsional stiffness may be obtained by increasing the
aileron-chord ratio CJC or by increasing the trailing-edge
angle +.

A correlation of the effects of trailing-eclge modifications
on the airfoil aerodynamic-center location, indicated by the
parameter (bCJYJ~a, is given in reference 56. The trailing-
edge angle and the airfoil thickness at 0.9c were used as
parameters in obtaining that correlation, the results of which
are summarized in figure 21. In generaI, when the trailing-
edge angle is increased, the airfoil aerodynamic center moves
forward.

Flight tests.—The effects of aileron contour modifications
were investigate ed in flight during an aileron development
program for the XP–51 airplane. The originaI ailerons for

this airplane were sufficiently effective per unit, deflection,
but because of small aileron trtivel (da~c== -&10”) the rnaxi-
nmm effectiveness at level-flight speeds was fairly low. The
ailerons were very satlisf%ctory, however, at diving speeds
bemuse with the high mechanical acIvantage of this airplane
almost fulI aileron defIect.ion was possible without! excessive
stick forces.

The purpose of the development program was LOobtain an
aileron design that WOW permit ~he use. of an increased
deflection range, particularity at. the level-flight speeds, witl~-
OUL increasing the stick forces. In orcler to reduce the
tiiIeron hinge moments ai the higher deflections, the aileron
profile was thickened and beveled at the traiIing edge to give
an average trailing-edge angle of 2.5°. (See fig. 22.) Fligh[
tests of this aileron were made with the aileron linkage
alterec~ to give maximum aiIeron deflec~ions of i- 20° wit}l
the originaI maximum stici travel. Tha afieron noso gap
was unsealed for these tests.

A comparison of the results of flight tests of the original
and the modified ailerons is shown in figure 22, Bot,h sets
of ailerons we;e equipped with bakmcing tabs. .Abindicated
&speeds Iess than 300 miles per hour the Mix angle pb/2~’
obtaina:bIe with a 50-POund stick force -was approximately
doubled by changing from the original to the modified
ailerons___ For a 50-pound stick force the deflections of tho
modified ailerons that were obtainable were consici~abIy
reduced at diving speeds; bub because the deffec[ious still
were greater than * 10°, the helix .wlgIe was always higher
than the hehs angIe obtainable with the original ailerons.

During the investigation, ailerons having trailing-edge
angles of 32° also were studied. These ailerons were over-
balanced for small deffcctions, but for large deficctions, the
stick fo.rces were about the same as the stick forccs for the
aiIerons with traiIing-edge angles of 25°. Sealing the nose
gap reduced but did not entirely eliminate the overbalance
for small deflections. A.t an indicated airpseed of 320 miles
per hour, a condition for which the ailerons were over-
balanced, a free-eontro’i oscillation of the sealed aiIerons was
recorded when the control stick was deffected and then
released. A time history, shown in figure 23, indicates that
the aileron oscillated steadily between 7° and —10° with w
period of about 0.5 second. SimiIar oscilhtions could noL
be induced at lower speeds. ~To oscillations were experi-
enced under any conditions with the aiIerons E.haLhad t.railing-
edge angles of 25°.

AILERONS HAVING EXPOSED-01’ERHAh”G BALANCES

Hinge - mom ent characteristics.—The addition of an
exposed-overhang balance (either plain or Frise) to the nose
of a plain aileron resuIts in a balancing effecttl because changes
in pressure caused by changes in angie of attack or aileron
deflection are permitted to act on a part of the movable
surface that is aheacl of the hinge Iine and because additional
balancing pressures are produced over the overhang as it
protrudes into the air stream.
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Correlations of the effects of plain-overl.mng and Frise
balances on the hinge-moment parameters c~e and c~z have

been made on the basis of three empirical factors, each of
which is related to some physical property of the wing-

aileron arrangement. An aspect-ratio correction factor&

performs the same function as the lift-curve-slope factor used
in reference 46. A factor Fl, which is reIated to the over-
hang Iength, is defined m follows:

““[w-(%)%
A factor FZ’, which is related to the nose shape of the balance,
is in genera] the product of an mea-moment ratio and a
basic nose-shape factor F2, where F2 is defined by the
expression

The general expression for the nose-shape factor F,’ for each
of the various nose types considered is given in figure 24.
The symbols M,, MB, Mcl and so forth that appear in the
area-moment ratios (fig. 24) refer t.o moments about the
aiIeron hinge axis of the profile areas of exposed-overhang
balances of types corresponding Lo the subscripts O, B, C,
and so forth. The balance profile area is defined as the total
profile area of the aileron ahead of the hinge axis. For any
baIance having a nose shape formed by circular arcs (nose
types O, A, B, D, and G, of fig. 24)

F2’=F2

Charts for determining F1 and Fz are given in figure 25.
C?orEelations of the incremental effects of plain-overhang

and Frise baIances on the hinge-momert parameters Cfitiand
C~~are presented in figure 26. Some adcliiional inform~tion

regarding the models considered is given in table 111. The
hCI?eITLf211t Aoha is expressed as a fUIICtiOII Of the thrCe faCk)rS

~, F,, and F,’, but the increment AC~a, being rcIativeIy

independent of the nose shape, is expressed m a function of
24

‘dy A+2 and ““
The equations of the correIa [ion curves

are as loIlows:

A
“’’a= 0”017 X4+2 ‘1 w

A~hi=O.10 & FIFZ’ (24)

The correlation of A(?hjfor Frise balances cloes not necessarily
apply at zero aileron deflection but does apply to the negative
range of aileron deflection where the effect of the balance is
greatest. In the positive range of aileron deflection, Friso
balances have aImost no effect on aileron hinge moments.

The data used in the cor~elation of l!.Ch8of figure 26 were
obtained from finite-span aileron models and from two-
dimensional models, but the data used in the correlation of
ACficwere obtained only from tests of fi~te-span aileron
models. When compared on the basis of the same correla-
tion factors, the available t wo-dimensiomd data on AO*C
were in. poor agreement wikh the finit+span d%ta. The
available data on f.nite-span tail control surfaces indicaie
thak for such surfaces the incremental slopes Acfi= and
AO& that are attributable to a given overhang b.dance are
about 30 percent greater than the incremenhil slopes
indicated by figure 26.

charts for estimating the required length of overhang for
balances having several representative nose shapes are pre-
sented in figure 27. For a given design problem, the value
of the product FIFZ’ corresponding to the required value of
Ac,$ must first be obtained from the correlation presented
in figure 26. The value of ZJ3. required for this value of
P,F,’ may then be estimated from figure 27 for any of the
nose shapes considered. The charts given in figure 27 were
derived for ailerons on airfoils having the thickness distri-
bution defined in reference 48. These charts may l.m used,
however, to obtain first approximations to the required
overhangs for ailerons on airfoils having other thickness
distributions. For such airfoils, more reIiabIe values for
the required overhangs can be obtained by calculating the
value of the product FIFZ’ corresponding to ~he first-approxi-
mation value of Zfj/Zafrom the expressions given iu figure 24
for Ft’ and the charts of figure 25 for Fl and Fz. If tlm
calculated value of FIF!’ does not agree with the required
value obtained from figure 26, a new value of Zu/Z. mush IM
assumed and the process repeated untiI sdisfactory aa~ce-
ment is obtainod between the required and the calculated
vaIues of PIFZ’,
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FIGCRE24.—l’?.rioLcnosesb&D= mmideted in correlationof pIain+verhmg and FrIss baknces and correspondingexpressiomlfoznc.ss?hpe factor.



150 REPORT NO. 868—NATIONAL ADVISORY COIH~TTEE FOR AERONAUTICS

I I I I I I f .< ! $ I I J
Llll/-lll I-III

1- l— H-j~’11111’+1”’t’e, ( ! I 1

.44 !~ I
I I I I I Ill’” I 1 kki, I.r

I I II I , I I I I I,,1 ( ! CA.ktwH

.401 I I I I t I I I II Ii .? ~,.

“’4ht%Tli-
,201 \l \l Y

./6—k-k--A-!-J

.9

.8

.7

F.

.6

.5

.4

.3

.08 .2

.04 ./

0 J
0

.2 .3 .4 .5 .6 “.7

FIflURE25.—Chartsfor determining numericalvaluesof overhng factor J’I and of nose-shape
factor FZfromgeometric ccmstantsofbalancedailerons.

Critical deflection,-The deflection range of ailerons haying
exposed-overhang or Frise balances- usually must be re-
stricted within limits defined by some criticrd deflection
6aC,,beyond which the overhang ceases to have a favorable
effect on C*3 and the lift ceases to increase linearly with
deflection. In an analysis reported in reference 46, an
attempt was made to correIate 8.6, with the product FIFZ’,
which was used in the correlation of ACh*. The correlation
was not satisfactory, however-} because tiaC,seemed to be
influenced much more strongly by the nose shape than by the
overhang length, and smaller vaIues of 8=6, usually were
obtained for rearward locations of the maxim~m airfoiI
thickness than for forward locations of the maximum airfoil
thickness. A somewhat better correlation of 8=,, (see fig. 2s)

F,’ >@I
was obtained in reference 46 in terms of the factor ~ ~

Ji’here ~‘is the “distance (as a frac Lion of the Iying chord) from
the minimum. pressure point for the basic airfoil pressure
clistribution to the. airfoil leading edge. For the plrrin over-
hangs of figure 28, the values of 8.,, wero some}vhat hrrger
numerically for negative deflections than for posiLivc deflec-
tions because most of the airfoils considered were cambered.
Although the test values are sornwvhat sca,t~ercd from tl]c
faired curves, the given rdation should 1-w suffkieu~]y
reJiabIe Loserve as a rough guide in preliminary design }rork
or to make estimates of the chtmge in 3ac, th~$ might be
expected to result from minor modifications to the overhangs
or nose shapes of brrlances rdreacly in use.

Increases in the critical deflection 6=,, may be mpcckd to
result from increases in the aileron-balance nose radii, from.
clecrea.ses in the balance chord, and from for!vard movc-
ments._of the airfoil minimum pressure point. Other means
for cha.~~ging the critical deflection arc rivrrilnblc, however.
Appreciable increases in &C, of cxposwl-overlmng Mancm
have been obtained by equipping the balance nose with a slat
or a slot or by bulging the surfaces of the control near tl][;
hinge line. With the possibIc excepLion of the addition of the
slot or the slat, however, my known modification Lbat
rwuIts in an increased value of 6@Crreduces the aerodynamic
balance for small cleflections.

Effactiveness,—The lift-effectiveness pa rame&r AcY/A&is
changed somewhat by an overhang balrmcc and tho mag-
nitude of the change is dependent. on the gap at the lmhrnrc
nose. A correlation of these effects is given in reference 46
and the fa.ired curves of that correlation arc rcproclllmd in
figure 29. The vahre of Aa/A8 increases as the bah ncw
(defined by the product-F, F’,’) is increased and the rate of
increase is greater for the larger gaps. For the sealed-gap
condition, the increase in Aa/A~ with inc.reascd aileron
balance resuIts from an increase in CIJ; Whcrcasj for highly
balanced ailerons, the increase in Aa/A3 with increased gfip
size is caused primarily by a deererrse in c~a. The values
given in figure 29 are applicable only to small deflections,
rmcl because of l,he reduction with increased Mancc of the
critical_ deflect.ion 8=C,, the maximum lift increment of w
highly Mancecf aiIe~on usually is consicIerabIy less thau [he
maximum lift increment of the corresponding plain aileron.

Design considerations,—A given value of ACfi~usually can
be obtained by many variations of baIa OCQlength -and nose
shape, ranging from rather shorb anti blunt balances to
Ionger bahrnces with sharp or medium noses. The incre-
ment AC~a is relatively independent of nose shapc~ pfir-
ticularIy for sealed balances. By careful selection of tl~e
overhang and the nose shape, therefore, many combino Lions
of values of CL’ and Cbacan be obtained.

The fact that 8=0,varies approximately as F~’~, whereas

A~~a varies as FIFZ’, indicates that for the same degree of

ba~ance a larger increment of lift probtibly can be obtained
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from an aileron lmtig a long o-rerhang ancl a moderate nose
shtipe (type B, ~, or D of fig. 24) than from an aileron
ha-ring a short overhang and a blunt nose shape (similm to
type. A).

Other considerations impose limitations on the most
clesirable length of overhang. .+ long overhang requires that.
a Iarge part. of the fked structure of the wing be cut aw-.ay
to aIIow free movement of the balance. The large breaks
in the airfoil surface that result from the use of medium or
sharp nose shapes have been found to increase the drag.

.4 nose shape of type C!if designed for slighk underbalance

at. Io-w deflections may give overbalance at moderately Imge
defections, because the peak riegative pressure over the
protruding balance moves forward and ime~e~ ~ma~@ude
as the aileron deflection approaches the criticaI value. ~

the pointed nose shapes (t.y-pe D, E, or l?) show a greatly
increased balanc~g effect when the nose protrudes above
or below the airfoiI contour, unkss the air flow already has

separated from the aileron at that deflect.iom This coml.i-

tion normalIy shouid be avoided by restricting the araiIabIe

aileron deflection.
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The Frise t~pe of aileron balance ~vas cleveLopecl as a
possible means for increasing the profde drag of the upgoing
deron and, therefore, for reducing the adverse. yawing
moment. This property cannot be realized with most
airplanes, ho~e-rer, because ahnostt no increase in profik
drag is obtained untfl the air fro-w separates from the pro-
truding nose. ~ srnaII amount of flexibility in the conkol
system may cause severe aileron shake when the aihzron
is near the deflection at which separation begjw .. ..tf higher
deflections the aileron may be stable, but the hinge moments
usually are excessive and the lift eff eet i-reness is reduced.

~ clisaclmmtftge of the Frise balance results from its
ineffectiveness for reducing hinge moments at. pasiiiw
aileron cleflections. l?rise ailerons may have to be over-
balanced for negat i~e deflections, therefore, in order to
reduce the nefi hinge moments of the twa ailerons to values
tlmt can be hancLlecl by the piIot.. This condition causes
the stresses in the aileron Linkage system to be much higher
than they wouIcl be for a ba~ance that is equally effect.i~e
for positive and rtegative deflections. IIigh stresses in a
flexible control system not only aggra~ate the tendency
to shake but may allow- an aiIeron to be “snatched” to a
large negative clefieetion during certain critical riirpkme
maneuvers, as, for example, a rolI while pulling oub of &
high-speed dir~

FIight tests of Frise afierons.-.h in~estigatiog was con-
ducted on the XF4LT-1 airplane to determine means of
alletiat~~ the aiIeron shake that occurred at moderate
negative cleflec~lons. 17he original ailerons and a Dumber
of modified ailerons -were tested. The various aileron
profiles are shown in figure 30, together ~~ith & tabulation
of some of the important aileron characteristics. The
moclifimt ions consisted principa~ly of bulging the lowm-
surface or of adding a slat, at. the lower surface of the baIance
nose. Either of these moclfications -was found to reduce
the shake, bufi the bulged ailerons, ~-hen used with the
origimaI clifferent ial Iinkagej were unsatisfactory Iwcanse
they required excessive co=tro} forces. The aileron w-it-h a
nose sIat at an angle of 32° seemed mesh satisfactory,
because the ~~~lie was almost entireIy elimin~ted, the stick
forces at I@h deflections were reduced, and t~e maxi~lu
-i@ue of ph,!2V was increased.

., \

l–
Aikron

‘ oli@ml.... ... CL055

t
~Mditleation 1. .0-52

Modiimtion 2. .050
Modification 3. .I)5s

Mdificatfoll 4. .055

Chw@er&t& in IereI fitglrt i

FIGIXE 30.—SummacY_of resultsGftkht testsof the origird aikr!ms and rariw$ mtiifiefl ailerms of the .XF4U-1 rirdwe.
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An zderon development program for the I?-47C-1-R13
airpkme was undertaken not only to reduce the aiIeron
shake but also to reduce the aderon stick forces at. Iarge
aiIeron deflections. The oriu@naI ailerons (fig. 31) for this
airplane had very smaIl radii of curvature at the balance
noses, and aItho@l the stick forces were -wry Iight for small
aileron deflections, fIow separation from the balance nose
caused -mry high s~ick forces at large. aileron deflections.
llodified aiIerons (fig. 31) ha-ring increased nose radii a~d
increased baIance chords w-ere designecl ancl mere tested in
flight. PrelimfiarY tests showed that these ailerons tended
to overbalance wheu used with the original linkage (rna.xirnum
deflections of –16° ancI 120). Tests made -with the linkage
arrangement cha~ged to gi-re maximum deflections of
+ 15° indicated that, although the a-railabIe pbj2V was in-
creased, the stick forces were heavier thnn with the original
ailerons. A RepubIic differential unit, which gi-res a higher
mechanical acl-i-antage for small deflections than for large
deflections, was then instaIIerL Comparisons of the charac-
t erist ics of this aiIeron arrangement with the characteristics
of the original ailerons are gi~en in figure 31. Because of
the greater a-r-ailabIe deflection range, the modified ailerons
were more effective at. low speeds than the original ailerons;
lmt at an indicated airspeed of 400 miles per hour, the
value of pb/2~’ obtainable with 50 pounds stick force mas
greater for the original aiIerons. Decreasing the maximum
deflections of the modified ailerons to +13 .4° caused these
ailerons to be more effective tha~ the original aiIerons
throughout the speed range. Xo aileron shake was reported
duriug tests of the moditied ailerons.

The fact. that controI-system stretch may have a large
effee~ on stick-force characteristics was shown during tests
of a P–40F airpkme equipped with highly balanced Frise
ailerons linked for maximum deflections of +24”. The
aileron profle and a comparison between forces measured
for the actuaI elastic controI system and forces computed for
an assumed rigicl system are presented in figure 32. As in
marry Frise aderon systems, the ailerons tested were over-
balanced for negative deflections and were underbalanced for
positive c{eflections. Because of control-system stretch,
therefore, the positi~e deflections generalIy n-ere smaIIer and,
before flow separation had occurred, the negati~e deflections
generally w-ere greater than the deflections that -wouId be
obtained for the same stick position -with a rigicl control
system. The air flow separates from the nose of the up-
going aiIeron at a given deflection regardless of stick position,
and a large increase in aileron hinge moment results. The
totaI avadable deflection of the two ailerons therefore m-as
less for the He.xible system than for the rigicl system, ancl the
reduction w-as greater at. high speeds than at low speeds.
Computed stick forces presented in figure 33 show that the
variation of stick force with stick position becomes more
nonlinear as the 3 e.sibility of the system is increased and
that a given amount of fle.sibility is more unfa~orable at the
higher speeds. Stretch has been knoma to cause violent
overbalance of some aileron systems that, incorpomted
differential aiIeron motions.

~“”

FIGCEE32.—C0mparLwEof stickfmeesmesmredforek+sticsystem with stickforcw wmpukd
for assumedrigid system. P-XJF sirplane; 12=273miles per hour. Unpublkbed data.

Stickdeflecfionldeq

(a)Stratch, %=0.04.

(b) Stretch, ++0.058.

FICCBE33– Computed stick-forcechrrsct?risticsof P+OF airplane hatig two amounts of
control-systemstreteh. Unpublished data.
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AILERONS H.4V1NG SEALED INTERNAL “BALANCES

The internal type of aerodynamic balance has certain adv-
antages over other balance types, particularly in application
to high-speed airplanes. These, advantages result from the
fact that the lift, drag, and pitching-moment characteristics
and the chorclwise pressure distributions of a wing Rritha plain
sealed aileron are unaffected by the addition of a sealed
internal balance.

Sealed internal balances for use with ailerons usually
consist of a pIate (attached rigidly to the aileron nose)
in a chamber that is vented to the air stream in such a
manner that- a pressure difference across the plate is created
principally by aileron deflection and to a lesser degree by
changes in the angle of attack. A flexjble seal connects the
nose of the balance plate to the forward wall of the balance
chamber.

Sealed internal baIanccs are considered to be more suitabIe
to analytical treatment than other types of aerodynamic
balance because the balancing force -is obtained from the
pressure difference betw-een two chambers in which the air
is essentially static. The balancing moment, therefore, can
be derived from the geometry of the system provided the
pressure difference is known. The characteristics of an
aiIeron having aImost any arrangemeilt of the balance plate
and of the flexible seal can be calculated, therefore, from
the characteristics measured for one particular balance con-
figuration. If the resultant pressure coefficient is constant
along the aileron span, the increment of hinge-moment coeff-
icient caused by the balance is reIatecI to the -resultant-
pressure coefficient and to the geometry of the system by the
following equation:

where ZOPis the root-mean-square chord of the baIance plate
and m, is the ratio of the moment tout.ributed by t,l~effex-
ble seal to the moment contributed by the balance plate.

JTaIues of m,have been determined analyticalIy(reference 58)
and check ed experimentally (reference 59). The experi-
mental investigation included a number of arrangements for
which the deflection of the balance plate is restricted and the
shape of the flexible seal is constrained by balance-chamber
cover pIates. Some of the experimentally determined vaIues
of m, for several typical balance arrangements are presented
in figure 34. For alI arrangements represented by figure 34,
the seal was attachecl to the fcmvarcl wall of the balance
chamber at the vertical Iocation corresponding to the inter-
sec~ion of an extension of the baIance plate (at zero deflec-
tion) with the forwwrd wall of the baJance chamber. Illen
the resultant pressure coefficient PR and the balance plate
deflection ~oP are of the same algebraic sign, values of m,
always shoulcl be taken from figure 34 a~ positive vaIues of
~~P, regardless of the, actual sign of 6,,,. If, on the other

hand, PR and 8hg are of oppos.ik sign, values of m, should
be taken at negative values of ~h,.

The effect of a sealed internal balance frequently is calcu-
lated approximately from the following equation:

“’a=ip’[(wc%m!:

where ?h is the root-mean-square of the overhimgt Lhe nose of
which is assumed to bo located midway ?.wt~reen khc Liro
points of attachment of the flexibIe seal, and F1 is bhc over-
hang factor used i~ the correlation of data on plain-overhang
and Frise balances. (See fig. 25.)

Computations based on the seaI arrangements considered
in figure 34 indicate that for some arrangements vtilllcs of
ACl,a computed from equation [26) may be considerably in
error. The error is smaI}, however, for the mrangcmrnt.s
that appear to give the most desirable aiIeron hhgc-momcn~
characteristics, Such arrrmgements involve small gaps
(~.lcb~ or less) and seals that are just wiflc eI~oI@ to bc
tangent to the cover plate of tihe balance chamber when the
aileron is tit maximum deflection. Equation (25) is always
recommc.nded for usej however, when thc exact seal coutigur-
ation is known and when the resultmt pressures across the
balance. pIate have be-en accurately determined for the pm-
ticular Iling-aileron arrangement that is being consider@.

In many instances the exact sed configuration is IIOL\ve~l
defined or the resultant pressure coetlcients are unknolsn.
Approximate correlations of the effect of sealed internal
balances on the hinge-moment parameters Cfia and dhl,

therefore, arc convenient. Such correlations (fig. 35) have
been obtained from the avaiIable experimental data (SCC
table IV) without taking into consic{eration the effect 01
airfoil profile on the resultant pressures an{l with the tissu mp -
tion. that the geom.etric.aI relations expressed by equation (20)
are suflkiently reliable. These correlations arc intcmled to
supersede those given in reference 45. The equations of the
faired correlation curves are as follows:

These correlations arc believed to be most reliable whcll Lhc
following conditions appIy:

(1) The balance pIatcs am attached rigidly to noses of [he
ailerons and the vents arc as close to h hinge line as
practicable.

(2) There is no lealmge across the seal.
(3) The cover plates me. of airfoil contour.

Small variations in any of these conditions may c~usc large
changes in the effect of an internal ba{ance.
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An indication of-the probable effects of changes in the
chordwise lomtion of the balance-chamber vents (deter-
mined from data of references 43 and 45) is given in figure 36
for an aileron of 18-percent chord. Moving the vents for-
ward of the hinge line causes PRa to increase and PR6 to
decrease. For internal balances of the type considered in
the correlations, the variation of the resultant pressure across
the balance plate with deflection usual].y is about two-thirds
the variation of the peak resultant pressure at the hinge
with deflection.

The characteristics of internally balanced ailerons have
been found to be very sensitive to the alinement of the
cover plates just forward of the vents. The effects of mis-
alinement as determined in a. few tests are shown in figure 37
(data from reference +t~). ‘When small aileron deflections
and small changes in angle of attack are considered,
bending the cover plates slightly out normally decreases the
effect of the balance on Cfimand increa-ses the efl’ect of the
balance on ~~b, Bending the cover plates out usually de-
creases the deflection range for which the baIance has an
effect on the hinge-moment slopes, probably because of the
earlier separation of the flow. For large aileron deflections
the control forces may be larger when the cover plates are
bent out than when the cover plates are. of true contour.

Disfonce from hinqeaxis,fractionCa

FIGURE36.—Effwt of location of balance-chamber\-entson variation of resultant.prms[jrc

coefficientwith angleofattackandwith aileron defection. ~-0, 18. References43and 45.
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The Ioss in balancing effect caused by leakage across the
balance plate is significant because of the difEculties
involved in instaMng completely sealed internal balames,
because some means usually musfi be provided for draining
water from the upper balance chamber, and because of the
convenience of making sma~ adjustments to the amount of
sterod.ynamic balance by varying the amount of leakage.

Leakage across the balance pIate of an internally bahmeed
aileron affects the aileron hinge moments by reducing the
pressure dfierence across the baIance plate and by altering
the flow conditions behind the balance-chamber -rents. In
an anaIysis presented in reference 45, a correIrition of wind-
tunnel data on the effects of leakage was obtained by expres-
sing the incremental effect of the internal balance on Clt
as a function of the ratio of Ieak area to _rent arez (see fig. %3).
For this correlation the -rent area is defined as the minimum
area between one balance-chamber cover plate and the nose
of the aileron. This correlation negIects any effect of leakage
on the flow conditions behind the ve~ts. For most true-
contour ailerons this effect is small and the correlation that
was obtained by neglecting this effect has been found to
apply satisfactorily in most instances.

The effeci of leakage on the flow conditions behinh the
baIance-chamber -rents may be important for thick cusped
airfoils ha-ring their maximum thicknesses Iocated far back.
Data obtained from tests of such an airfoil in two-dimensional
flow (reference 52) are compared in figure 38 with the data
used to obtain the original correlation. For the model of
reference 527 leakage causes the flow to separate at the
aileron hinge and thereby causes a large change in the
externaI pressure distribution. (See fig. 39.) The change

Leek a-eo/Ven f oreff
FIGtmE3S.—EEeetof Ieakageon the incrementalhinge-momentslow J.Ck4eaw?d bj- internal

bakm’es Symbols identifwl h table lS-.

in pressure distribution not only causes an increase in_ the
aerod-ynamic moment o~-er the part of the aileron behind
the hinge but, because of the reduction in the external
pressures in the vicinity of the balance-chamber vents, also
causes a Iarge reduction in the pressure difference across the
baIance plate. For the model of reference 52, the ~alue of
Ck$ for the aileron with 0.75e~ overhang and with a ratio of
Ieak area to Tent area of 1.0 is more negative than the ~alue
of Cha for the plain seaIed aileron.

FIOW through the balance-chamber ~ents, which results
from Ieakage acres-s the baIa.nce plate, rgay be expected to
alter the boundary-layer conditions in such a manner that
the balancing effect of a large traihng-edge angle is increased
(see fig. 14). The effeci of leakage on the hinge moments of
w internality balanced aiIeron therefore can be expected to be
smaIIer -when the trailing-edge angle is Iarge than when the
trailing-edge angle is small. Ti%en the leakage does not
cause the flow to separate afi the a.iIeron hinge, the effect-of
leakage on the hinge moments of an internally balanced
aiIeron having a large trailing-edge angle ma-y be less than
the effect indicated by the correlation curve (fig. 3S).

The available data hare indicated that the percent reduc-
iion in AC~&resulting from Ieakage is aboub the same as the
percent reduction in A~k$.

AILERONS HASNG LIXKED T.4BS

~ tab that is Wed in such a manner that the tab deflection .
depends ordy on the aiIeron deflection is commonly called a
linked tab. Such a tab is a very con~enienh de-rice in thati
ifi can be combined with any of the aileron balances that
already have been discussed and because the balancing or
unbalancing effeci can be altered readily by changing the
ratio of tab deflection to aileron deflection.
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A unique characteristic of a linked tab is that a large
Change in ~ka can be produced without causing any crppreci-
abIe change in Ohm;a small effect on t2~a introduced by the
tab linkage usually may be neglected, Almost any desired
values of Cka and ~k~can therefore be ob t,ainecl by combining
the hnked tab with one of the other balancing devices.

Bemuse a balancing linked tab deflects in a direction
opposite to that of the ai~eron to which it is attached, a
reduc~ion occurs in the net lift resulting from aileron cleflec-
tion. An anaIysis of a large amount of pressure-distribution
data on an ~AGA 0009 ‘&irfoil (reference 43) indicates
tha,t the mos~ efficient trailing-edge balancing tab is one
having a. chord between 20 and 25 percent of the aileron
chord, because such a tab produces the least change in lift
for a given change in aileron hinge moment. On the other
hand, a linked tab used to augment the lift of an aileron
(Ieading or unbalancing tab) should produce the greatest
change in lift for a given change in aileron hinge moment.
A tab of this type is most efficient when the tab chord is
equal to about 50 percent of the aileron chord.

The influence of a linked tab on aileron effectiveness can
be calcu]atecl by considering the tab to be a small aileron
and by using the methods for calculating aileron effactiveness
that already have been explained. The change in aileron

effectiveness can be expressed in a form conmmient for some
ancdyses by means of the he.lix-angIe reduction ffic~or k~l
which can be given with suffic.ient accuracy for preliminary
design by the. equation

(29)

In the uSuaI case; a tab lidicd for btilrmcing should be placed
at khe spanwise location corresponding to the maximum
aileron chord in order to produce the most balance for a
given change in aileron eff~ctiveness.

The effect of linked tabs on tire hinge moments of ailerons
is expre-ss-ed in the present analysis as a func~ion of the de-
flection ratio d~,lbt. and of the four factors that arc defined
as follows:

.— ,. .
(30)

..

()F,= ~ 0“7+0.51 ~; (31)

F,=l.3–O.026@” (32]

“=’-085[GY”@n(33)

The factor F, accounts for the effects of the span and the
spanwisg location of the tab. The factor .F4 accounts for
the ef’lects of the tab chord and the aileron chord. The
factor ~, accounk for the effect of the trailing-edge angle,
and the factor F.. accounts for the effect of the tab on tho
pressuiw - difference across an aileron overhang lmlanco
(either _mposecl or internal). The inclusion of ~he factor
F8 in the tab correlation makes unnecessmy an adjustment
in the increment ACfiJ resulting from an aileron overhang
balance for the effect of the tab on the pressures across ~he
o~erhang balance.

For wings having linear taper, consta.nt-percentage-chorci
ailerons and tabs, and tabs beg-inning at the inboard ends of
the ailerons, the ratio Z.’~a involved in the factor F.. can bo
evalu &ted with sufficient accuracy for mosti design work by
means of the relation

()+.0+0.4 1–: (1–x)
u a

(34)

where A is the wing taper ratio. The factors F31 Ff, r-red F6
can be evaluated. conveniently from the charts given in
figure +10..An inspection of the factor F6reveals tha~ Lhe term

[(3%91
is similar to the expression for the overhang frrctor ~1 used
in the correlations of exposed-overhang and sealed internrd
balances, with the exceptions that the various chord and
thickness elements are the root-mean-squares of va.lugs
measur~d over the tab span rather than over &he aileron
span, and the overhang-span ratio bJbO is omitted. This
term in the factor F8 can be evaIuated, therefore, from the
chart given for F1 in figure 25.
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The correlation of the effect of linked tabs on the aileron
hinge-moment parameter ~~~is given in figure 41 (data from

reference 47). Some information regarding the modeIs
considered in the corre.Iation is given in table lr. The
equation of the correlation curve is

(35)

This equation may be used to estimate the incremental
change in Chj of an aileron resulting_&om a given linked tab

or to estimate the configurations of tabs that are capable of
producing a given change in GfiJ of an aileron.
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FIGURE41.—Etfect of Rnked tabs on the htige-moment parameter Chi. Finit e.span data
from reference47. Symbols identified in table V.

The efTecL of a. tab on aileron hinge moments usually
decreases slightly when a gap is opened at the nose of the
aileron. This effect is illustrated in figure 42 for a model in
two-dimensional flow.

The effect of a gap at the nose of a tab may be very lirge,
although the available data on this effect are too inconsistent
to permit any reliable correlation. For some ailerons, such
a gap has resuIted in a reduction of the tab balancing effect
by as much as 50 percent. In any design the tab gap should
be seaIed or at Ieast made as smalI as possible.

CONIPARISONS OF VARIOIJS BALANCING DEVICES

Hinge-moment characteristics. —The correlations th%t
have been presented may be used to illustrate the relative
effects of the various bahmcing devices on the hinge-moment
p&rameters of Ckmancl ~h~. The -variations in these param-
eters tha~ might be expected to accompany the addition
of each of the balances to a O.25c plain aileron on an assumed
fighter-airpIane wing (fig. 43) are shown in figure 44. By
means of methods, which already hav-e been described, the
v-aIues of cha and chd of the true-contour plain aileron are
estimated to be —0.0012 and —0.0065, respectively.

A line of zero stick force (see equation (7)) is indicated in

Lo

!,
e

<8

id:gj
.V -4—
00
*4

$ $.6

; %
8 j

> >

5. 5,4

.2

0. 002 .004 .006 .o@
Akron gap,fracfjonc

FIGURE42,—Effect of aileron g8.pon the imementfd hhKe-mOmQntS~OfMAckt due tO ~
linked tab. NAC.4 Otxll?afrfdl,

T
——..———————+pT

, 4.8’

AIRPLAXECOXSTANIS
Wingspan,b,ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .43
Wing area, S, sq ft . . . .. . . . . . . . . . . ..- . . ..-. -_.-- . . ..----..-- . . ..=------------------- 3S
.4spectratio, .4. . . . . . . . . . . . . . . . . . . . . ----. -.--- .-–-------------— ------------------ ‘~’J
Taper ratio, k.. . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . –.5
Root emfodsection.. . . . . . . . . . . .. .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. *NAGA.23Qls
Tip airfoil section... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- 2.MC.4 Z3C09
.4irplaneweight, lb .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12,MM
Stick length, ft . . . . . . . . . . . . . . . ..-- ..-- . . . ..- . . . . ..-----. --------.-. -=-------- 2-W

FIGURE43.—Whrgplan form and airpl*ne constantsfw aSSWII@dfl’lht~r airi)lanr.

figure 4A for an aileron exbending from 0.55 ~ tO 0.’37 ~“

~omtant vaiues of F,/qover the ranges of angles of atbick ml
of aileron deflections for which the parameters CAtiand Ch$are
applicable may be represented by lines drawn parallrI to thv
line of zero stick force. Because of the positive sIope of the
line of zero stick force, the increment A~*J required for a
given reduction in stick force is Iargest for balamws Lhat
produce the greatest change in ~he for a giTen change in C,48.
In the orcler of increasing effects on CfIafor a given eflec~ cm
C,t, thti various balances may in general be listed as follows:
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bahmeing tab, sealed internal balance, plain-overhang bakmce,
and balance obtained by increasing the trailing-edge aDgle.

TIM comparisons given in figure 44 were obtained from the
correlations that were derived from low Lfach ~umber data.
The results gi~en are not necessarily applicable, therefore, at
high Wch numbers.

The combinations of two or possibly three ty-pes of brdance
may be desirable in order to obtain specified values of the
aileron hiuge-moment. parameters or in order to a-roid the
difficulties that are encountered almost invariably when a
large amount of one t-ype of balance is used. The effects of
such combinations on the aiIeron hinge-moment parameters
may be illustrated by means of figure 44. Because moderate
changes in trailing-edge angle have only a small influence
on the incremental effects of exposed-overhang m sealed
i~ternal balances, the curves representing these balances
may originate from any point on the curre representing
Torious t railing-eclge angles. The curve representing the
balancing tab may originate from any point on the cur~e
representing various trailing-eclge argke, or on the curves
representing various o-rerhang balances (exposed or internal),
but the increment AC,J attributable to a given linked tab is
altered by variations in the trailing-edge angle or in the
aiIeron o~erhang.

Because of the desirability of obtaining increased rolling
moments for gi-ren aiIeron deflections, consideration fre-

quently has been given to a combination inToltig a wry
wide-chord sealed internal bakmce and an unbalanci~=
(leading) tab. Such an arrangement, although probably
satisfactory for commercial airplanes, has been considered
undesirable for m.ilit ary airplanes because of the possibility
of the tab being shot away, thus lea-ring the aiIerons over-
balanced.

Ef7ect of angle of rig,—lm ana~ysis reported in reference-64
was made to determine the effects on the stick-force charac-
teristics of changes in the angIe of rig of beveled a~erons, of
aiIerons having Frise balances, and of ailerom batig seaIed
internal balances. The results of the analysis are sum-
marized in figure 45. The stick-force characteristics of the
ailerons having Frise balances were found to be -r~y sem~itive
to the angle of rig, whereas the stick-force charact eristice of
ailerons hating b e-reled tr&ng edges or sealed internai
balances seemed to be relatively insensitive to the angle of
rig. k general, when there is mo dtierential in the Linkage
sysstem, only ailerons having decidedly nonlinear hin.ge-
momen~ cumes, particularly at aiIeron deflections near 0°,
may be expected to be sensiti~e to changes in rig=tig.

Rolling performance,—Data htire been collected on the
rolhg-performance characteristics of a number of fighter
airplanes of .&rnerican ancl foreign mamdactue. PertinenL
detaik of the -wing-aileron arrarigements of these airpIanes
are given in table W. Ml the balancing devices thai have
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been discussed are represent.ecl. Comparisons are made on
the lmsis of the heIix angle pbi2T” an”d the rolling velocities
obtainable at 10,000 feet altitude with a 50-pouncl stick force
(figs. 46 and 47). An accurate rating of the balanced ailerons
is not possible from the data presented. ‘l?he only conchl-
sion to be drawn perhaps is that good performance can be
obtained from ailerons having any of the various balances,
provided sufficient care is exercised in the design ancl develop-
ment. The wide variations in the performance of airplanes
having Frise ailerons may be an indication of the well-
known fact that Frise ailerons are extremeIy sensitive to
each of a large number of design parameters.

APPLICATION TO ARRANGEMENTS Ih’VOL!’lNG FULL-SPAY FL.4PS

Several methods for incorporating conventional flap-type
aiIerons in arrangements that involve full-span lift flaps
have been proposed. ln some of the more promising arrange-
ments, the lateral-control system is made up of a combination
of conventional ailerons with a spoiler-type lateral-control

device. ~-Only the characteristics of the conventional ailerons
are cotiiderecl at. this time. The characteristics of spoiler-
type devices are discussed in the section of the present paprr
entitlecl “Spoiler Devicesj Part IV. ”

Flap-trailing-edge aiIerons.—1n some full-span-flap ar-
rangements, conventional ailerons are installed in tile rear
parts of the lift flaps (references 65 to 69). For such mmmgc-
ments, conventional aileron balancing devices can be uscdz
although the aileron chord may have to be limitwl to abou L
10 percent of the wing chord. In orcler to obtain a reasouabIc
amount ‘bf lateral controI, the aileron span mus~ be long,
although only a small increase in lateral control is obtained_.=

by extending the ailerons inboard of stations 0.2 ~ from the

plane of symmetry.
The ~olling-moment, yawing-moment, and hinge-motmw~

charactei:istics of a plain aileron flt the trailing edge of a
slotted flap (reference 67) are presented iq figure 48, llle~
the fla~ is retractecl, the aileron characteristics pr’csenL no
unusua] problems. W“hen the flap is ciefiectecl, the aileron
maintai& mosf, of its eflective.ness for negative dellee ticms
but is relatively ineffective for positive deflw [ions. Thww
characteristics are such that in order Lo obtain tlm besL
rolling performance a differential aileron motion should bc
used w~~n ,the. flap is deflected but not nece.ssa rily when the
flap is retracted.” The use of the differential with flaps
deflecte.sl may cause some ailerons to be overbalanccd,
howe-rer,_ if the ailerons are designecl for close aerodynamic
balance when the flaps are retracteci.

The yawing characteristics of an airplane having a la.teral-
control clevice consisting only of flap-trailing-eclge ailerons
may be expected to be very unfavorable whew tile lifL flaps
are deflected, because the adverse induced aileron yawing-
moment coefficient varies directly with thti lifL c.oe.fflciellt,
and because the variations in profile drag causec[ by aileron
deflection also contribute an adverse yawing moment.

~onsiderat ions .of over-all charwteristies indif’a te thaL

-when full-span flaps are fully deflected lat.erd conhwl should
be obtainecl from some device other thn convcntimd ailerons
at the tmiling edges of the flaps.

Drooped ailerons.—.~ilerons outboard of partitil-span flaps
sometimes are cIroopcd and operatecl differentially when the
flaps are deflected. In other arrangements a single flap or
the rear flap of a doubIe-slotted-flap combination is used. LO
provide lateral control as well as lift. The ]ateral-cent rol
characteristics for all of these arrangements me very similar
to the. lateral-control characteristics for flap trailing-edge
ailerons; that- is, when the ailerons are clroopedj the aileron
effectiveness for positive cIeflections is low and the adverse
yawing moments for either positive or negative deflections
are higli. The problem of providing aerodynwnic balrtnce
for lateral control. whiIe maintaining an efficient high-}if t
device, may be more dif%cult for drooped aikrons than for
flap-trailing-edge a.iIerons.
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76(? IJ8Q 200 .2.20 240 260 280 300 3’26
,+dkated a)hspecd, L~,mph

FWJKE 46.—Variaiion with indicated airspeedof helix angler&.2Vobtainable with W-pound stick force. Altitude, IO,WI feet.
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Ailerons with retractable flaps,-A number of investiga-
tions have been made of conventional flap-type ailerons in
combination with lift flaps that Inay be retracted ahead of the
ailerons. In an early adaptation of this arrangement the flap
moved rearward as it was deflected, but no gap was left
between the flap nose and the lower surface of the wing. The
lower surface of the aileron, therefore, was completely
shielded by the deflected flap. In spite of this shielding
effect, flight tests (reference 70) indicated that the ailerons
were nearly as effective with flaps deflected as with flaps
retracted, and the yawing characteristics at a given lift
coefficient were less unfavorable with the flaps deflected than
with the flaps retracted.

Wind-tunneI tests indicate that some improvement in the.
characteristics of ailerons with retractable flaps can be
obtained if a gap is left between the nose of the deflected flap
and the lower surface of the wing. An arrangement of tlis
kind may consist either of an approximately full-span,
narrow-chord aileron in combination with a sing] e fulI-span
flap (reference 71) or of a partial-span-aileron in combination
with full-span duplex flaps (references 72 and 73). .tklthough
the aileron effectiveness may be somewhat less when the flap
is at some intermediate position than when the flap is
retracted, the aileron effectiveness can be even higher when
the flap is fully deflected than when the flap is retracted.
This fact is clemonstratecl by the data (fig. 49) obtained from
the. tests reported in reference 71. The indicated flap
positions correspond approximately to positions on the flap
path seIected in reference 71, WheIl the flap is fully
deflected only small positive aileron deflections are efi’ective
in increasing the rolling moment, but negative deflections as
large as —30° are effective. A differential aileron motion
should be used, therefore, to obtain maximum rolling moment.
A tendency toward overbalance of the differentially operated
aileron is indicated by the large negative floating angle -when
the flap is fuIIy deflected. Data givEii in reference 71 in-
clicate, howwer, that this tendency is reduced by increasing
the chord of the sealed internal balance.

Although the yawing-moment characteristics of flap-type
ailerons used with retractable flaps generally are not favor-
able, at a given wing lift coefficient the yawing moments
usually are less unfavorable with flaps deflected than with
flaps retracted.

EFFECTS OF .41R-FLOW AND WiNG.SURFACE CONDITIONS

The preceding c{iscussion has been concerned primarily
with the characteristics of ailerons under certain very
restricted conditions; that isj the Mach number was low,
transition was assumed to occur far forward on the airfoil,
and the ailerons were of suffkient,ly rigid construction to
prevent any appreciable clistortion by the aerodynamic
forces. l_n the present section the effects of deviations from
the previously assumed conditions are” discussed and some
information is provided from which rough quantitative
estimates of these effects may be made. The applicability of
the information is limited by the fact that the available data

are not sufficie~t to permit an accurate determination of tlm
relative importance of the various factors c.onccrned.

Boundary-layer effect s,—I.arge variationsin aileron chcuac-
t eristic~ may result from changes in the thicknesses of the
boundary layers at the surfaces of an aileron. AL low Mach
numbers the thickness of a boundrrry layer depends largely on
the chordwise location of the region of transition from lam-
inar to turbulent flow. For a given airfoil the most important
factors that govern the transition Iocation are the airfoil
surface condition, the ReynoIds number, and the air-stream
turbulence. The reIative importance of enc.h of these factors
is not easily cstabIishedj but experience indicates that, for
almost any airfoil, transition near the leading edge may be
broughL about by the wing roughness that may result from
conventional airplane fabrica~ion methods or by a Reynolds
number within the flight range of some airpIanes. The
turbulence that exists in some wind tunnels is sufflcien~ to
induce transition near the leacIing etlge for most airfoils,

In a recent unpublished theoretical study, values of the ‘
section hinge-moment parameters c~a and ciJ in viscous flow
were computed for ailerons Lraviug small trailing-edge
angIes. The method used was based on the conmpk that
differences in the thicknesses of boundmy laycm ~t thti upper
and lower air’foiI surfaces effectively alter the camber of the
airfoil. Computations of the parameter c~t Jverc made for
the conditions of fixed transition at the lctiding edge find at
0.5c, and computations of the parameter ehti were made for
the condition of fixed transition at the leading edge. (See
fig. 50. ) CorlcIit ions of fixed trlnsiiiorl location may 110t

represent. accurately the boundary-layer conditions b~ are
most liliely to be encountered in flight,, because for mos~ air-
plane wings changes in the transition locfit ions on the uppf~r
ancl lower wing’ surfaces can be expected to rcsu~L from ,
changes in angle of att~ck or in aileron de[Icctiw~. TIM
results presented in figure 50 Wrefore are consiclcrecl t,o be
of use principally for iIlustrzting the possible -mcrgnitudc of
the effe.c~s of the boundary layer rather than for providing
numerical values of the hi:~ge-mornen~ parameters for use
in clesign.

Wimi.tunuel investigate ions of aileron Charcwter’istics frc-
quentfy include tests of a moclel with smooth airfoil slurfaccs
and with roughness strips or wires near the airfoil Ieadillg
ecige. The fact that, the effeets of roughness strips at the
airfoil leading edge may be e.x-pe.cted to be greakr’ when ~he.
trailing-edge. angIe is large than when the trailing-edge
angle is smaII as dlus~ratecl in figure 51. h these tests the
adciit ion of roughness strips at the leading edge resulted in
positivs increments of Cfitof 0.0005 and 0.0025 for trailing-

edge angles of 6° and 330, respcwtivcly. The roughness
strip also caused a somewhat greater reduction in CIJwhen tho
trailing-edge angle was large than yhcn the trailing-edge
angle was small. The available clata are insufficient to show
the. effects of trailing-edge angIe on the changes in c~aand crm
causecl b.y the addition of the transition stripj but Lhwo
effects are expect ed to be somewha Lsimilar to ~l~ocffe.cts on
Cl,dand CZ6.
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FIGURE54.-Comparisons of tImxeticrJ Mnge.moment parametersfor viscousznd potential
flow. Un~ubIished data.

The Transition Iocaticm on the upper surface of a smooth
low-clrag airfoil usually moves forward vuy rapidly m the
angle of aitack, corresponding to the upper limiL of thu low-
drag range, is exceeded. .k similar effect usually occurs on
the lower surface as the smgle of attack is decreased below
the lower limit of Lhe low-drag range. (Xvcs of ~fic plo ~twl
against a may be characterized by an irregukw shape, there-
fore, as hclicated in figure 52. The shapes of these curwx are
such that a hinge sudclen change in the floating tendency of an
aileron Lnay be expected at the limits of the low-drag mrigc.
This effect is most noticeable for low-drag airfoils having
large trailing-ecige angles. The irregularities in the curves
of (?h~ plotted against a do D.Ot occur whcu conditions are
such th~t extensive laminar flow is pre~rent @ (fig. 52).

-At a given angle of attack extensive kuninar flow may
occur otier R wicle range of control-surface defhxtions. Chrves
of 01,=plotted against 8=, therefore, are not chtirar[erizcd by
the irregularities noted in the curves of Cl,. plrittcd figainst a,
Roughening the. airfoil surface may cause the slope oh; LO ~G

less neg~tive through the greater part of the mmnal deflection
range.

The variation of transition location with angle of atttid{.
usudiy is less for smooth conventional airfoils (those having
the thickness clistrilmtion defined in reference 48) than for

.

FIGURE51.-Compwison of effectsof roughnessstripson sectioncharacteristicsof an aileronhaving various trailiug-edgeangles. It=4XlCf; a=OO, Ullpul)lishc(i dat~,
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smooth Iow-clmg airfoils. Test results indicate, as expected,
that for appro.xima.tdy equaI traiiing-eclge a@es the effect
of adding roughness strips near the leading edge generaIIy is
smaIIer for the conventional airfoils thm for the low--drag
&irfoils.

Geometric parameters associated with overhang balances
do not seem to be of much signilicanee with regard to boundary-
Iayer effects. In the usual case, the resultant-pressure
parameters PE= and PE* are more positi~e over the erdire
airfoil chord when the transition location is far back than
when the transition location is far forward. The increased
b~la.ncing effect caused by the more positive values of these
parameters forward of the h@e line usually is smalI, how-
ever, when compared mith the unbalancing effect of the
increased positive vaIues of these parameters near the aileron
trailing edge.

The effectiveness of a linked tab in ehargtig aileron hinge
moments usually is diminished by conditions that ten!i to
increase the boundary-layer thickness. The additiou of
roughness strips at 0.25c of one model hatig a 0.09c tab
resulted in a 25-percent reduction in the rate of change of
control-surface hinge-moment coefficient with tab deflection.

Mach number effects .-The following discussion concerns
Mach rmmber effects OUIYin the range of subsonic speed.

In most wind-tunnel tests -radiations in Mach number are

G’*..

obtained simply by ~arying the tunnel speed. The indi-
cated Mach number effects therefore incIude changes in
boundary-Iayer conditions causecl by simultaneous changes
iR Reynolds number and! for some wind iunnelsl by changes in
the turbulence of the air stream. Because variations in
either ReynoIds number or in Mach number -within the sub-
cri~ical speed range may resuIk in forward mo-remenk in the
t.ramition Iocation, the true effect of Ifach number is difli- ___
cult to isolate from most wind-tunnel data. When the
transition location is fixed and when the ReynoIds number is
heId constant, variations in Mach number within the sub-
critical speed range seem to ha-re small effects on the boundary-
la.yer thickness.

The profiIes of 3 two-dimensional models that were tested
in the LangIey 8-foot high-speecl tunneI over a tide range of
Mach ~umbers are shown in figure 53. The variations -with
N1ach number of the normal-force parameters c.. and C=$
are shown in figure 54 and the -raria.tions of the effecti~eness
factor As/@ relative to the ~alues of this factor obtained by
extrapolating to .11= O, are shown in figure 55. Increasing
the Mach number from O to 0.7 decreases the value of
Acq’A8by 12 percent for the Frise aiIeron, by 35 percent for
the true-contour pIain aileron, and by 50 perce~fi for the
beveIed aileron. These reductions in Aa/A~, particularly for
the true-contour pIain aileron and for the be-reled aileron,

—.———

ii

(a} 6=0”. (b)~=o”.

FIGUEE 52.–E&ct of roughnessstrips on the characteristicsof a setnispanhorizonkd-kd model baring a modified NACA65d12airfoil xction.
.4=5.0; A=O.5; R=2.3x1W; M=O.2. UnpubIfshed Wa.
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(a)

..6’00.a O021C

(a) Frise aileron; reference74.
(b) True-contourpIain aileronon NACA E6,1-116airfoiI; unpublisheddata.

(c) Beveled aileronon N.4CA 66,1-115airfoil; republished data.

FIGURE 53.—Cr’osssectionsof two-dimenshml models with 0.20caileronstested in the
Langley 8-foot high-speed turrneI.
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(a) Frise aiIeron; += 11°; reference74.
(b) True-contour plain aileron; +s 10°; unpublisheddata.

(c) Beveled aileron; 4=30°; unpublisheddata.

3%rRE 54.—Effeet of Mach number on the sectionnormal-forceparameters c.. and C.$of
the aileronsshown in Eguro53.
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FIQCRE55.—Effectof Mach number outheeffectiveness pftrameters,rclati\-eto the
effectivenessparametersat zero Mach number, for the aiIerom shown in tlgure33.

proba,bly are greater than the reductions tha.b would haro
been ob tainwl if the aileron nose gap had been scaled.
Several unpublished investigations have shown tha~ an open
nose g“ap may cause 1arge losses in control-surface effcctive~
ness with increased Mach number. h the usual rose, for
tiilerom having either open gaps or sealed gaps, the reduction
in Aa/A6 is quite gradual until shock occurs ou the airfoil.
At spieds in excess of the speecl at which shock occurs, th
reduction in Acq’A~is more rapid} probably bemuse a trailing-
edge flap cannot induce pressure changes forward of a shock
wave.

The -mriations wi~h Mach number of the hinge-morn.egt __
parameters (fig. 56) of the three ailerons consiciercd Qgrce ~

g

:
k
u
&

Mach m.mbe~ M

(a) L?A3aileron; + =llO; reference74.
(b) ‘i’r’ue.contourplain aileron; @= 10°; unpnblislreddata.

(c) BeYeled aileron; +=30”; r.republisheddata.
FI@RE 56.—Effectof ~Machnumber on the sectionhinge-momentParametersCJXand C*4of

the three aileronsshown ia figure 53.
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qualitati~ely with resul~s obtained from other in~estigations
of smooth airfoiIs. The test clatz a~ailable indicate that
wlwn the trailing-edge angle is small the parameters CZ=and
(’fi~usuaily increase in absoIute maamitude as the Mach
number is increased. When the trailing-edge angle is large,
the hinge-moment pararnet ers of smooth low-drag airfoiIs
aImost in-mriably become more positi~e when the Mach
number is increased by increasing the tunnel speed, and the
hinge-moment pararnet ers soroetim es change from negati~e
to positive at some speed within the test range of Llach
number. The. large -m-riations in the hinge-moment pa~am-
eters noted between Mach numbers of 0.15 and 0.40 (fig.
56 (c)) probabIy do not resdt simpIy from compressibility
effects, which W-Ould be expect ecl to be small o-rer this Lfach
number range. A large part of the indicated effects may be
caused by variations in transition location resulting from
increased Reynolds number as the airspeed is increasecl.
The fact that. a given change in the trailing-edge angle of a
smooth low-drag airfoil may produce much greater effects on
the hinge-moment parameters at high Ilach numbers than
ah IO-Wlfach rmmbers is indicated in figure 57.

When an exposed-overhang balance (either Frise or plain)
is used, the center of pressme of the aileron Ioacl resulting
from aileron defection usually mo-res forward as the criticaI
Mach number is approached. The parameter C,a therefore
te~ck to become less negative. This effect may cause the
aikron to become overbaIancecI near the critical Mach
number, e-mm though the trailing-eclge angle is smalt.
Adverse compressibility effects probabIy will be encountered

at. a lower llach number with aiIerons ha-ring~small nose
radii than with ailerons haying large~nose ~adii..

Some unp ubIished data on an internally balanced aileron
with a. small trailing-ec{ge angle have incLicated that the
effect of 31ach number on aiIeron hinge moments is snd
until shock OCCUKSin the tieinity of the balance-chamber
vents. TThen shock on either the upper or the 10WWsurface
is in the ticinity of the wn.tj the ~ariation of aileron hinge
moments with either deflection or angle of attack may be-
come -rery nonlinear. Internally balanced ailerons way
become very heavy when shock mows to the rear of the
-rents because deflection of the aileron then can produce
little, if any, pressure difference across the balance platel”

Only a small amount. of data is available on the variation ___
with S1ach number of the balancing effect of a tab. The
redts of two unpublished in~estigations indicat e, however,
that for ailerons ha-iing small trailing-edge angles the
balancing effect of a tab is essentially unchanged untiI shock
is sufficiently demloped to cause ffow separatiofi from the
airfoil surface.

The aileron hinge-moment parameters of an assumed
fighter airplane (fig. 43) equipped -with each of the &e& __
aderons shown in figure 53 were estimated from the section
data. by methods described preciously in the presen~ paper.
The results of the computations are presented in figure~58, -
on which lines of constant FJq for aiIeron deflections of *5G
have been drawn (see equation (6)) - The computations
indicate that. the stick force for the true-contour plain
aiIeion would increase -with 31ach number at a rate

.3020.
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FIGCRE 57.—Effcwtof Mach number on the irmrementaJCLUHE=in the section hinge-momentpanmwcersper degree ehsnge in tmiling-edge angle. -.
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Undet-b~lonce Overbalance
+ /

considerably in excess of ~he rate of increase of tl~e ciynamie
pressure, whereas at Mach numbers greater than about O.Z
the beveled aiIeron would be overbalanced. For the deflec-
tion range considered in figure 58, the Frise aileron was less
sensi~ive to Nfach number effects than either the true-
contour aileron or the beveIecl aiIeron. Additional clata
given in reference 74 indicate, however, that at large negative
deflections the Frise aileron m~y be very sensitive to k!ach
number effects because of the critical nature of the flow over
the protruding nose of the bakmee.

Surface-covering distortion, —Contour changes caused by
aerodynamic forces may be of sufficient magnitude to produce
objectionable stick-force characteristics for ailerons that
otherwise would be satisfactory. The type and extent of
covering distortion depends on the externaI pressure distribu-
tion over the surfaces of the aileron, on the pressure insic{e
the aileron, on the initial tension of the covering material, on
the moduIus of elasticity of the covering materitd, and on the
method of attachment of the covering material. Diflerent
vent locations may cause positive, negative, or static internal
pressures.

An anaIysis of the effects of surface-covering distortion on
aileron charact eristicshas been macIe by Bryant and HoIoubok
k Great Britain, A somewhat similar analysis is applied
to eIevators in reference 75. Typical distorted aileron con-
tours for extreme internal-pressure conditions are illustrated
in figure 59. For either Iarge positive or large negative
internal pressures, the changes in stick force caused by dis-

.

tortion result chiefly from changes in the trailing-edge angle
as the airspeed is increased. Because such pressures stress
the covering materitd and thus increase the rigidity of the
covering material, the change in cambw caused by the
external-pressure clifferential between the upper Wnd the
lower surfaces of the ai~eron is reduce(~.

PositiFe internal pressures cause both surfaccw of the
aileron to bulge. Bulging of the forward part of the aileron
seems to have little effect on the hinge-moment parwnchw,
but the increase in traiIing-edge angle causes Wcse param-
eters to_becon~e less negative. The stick forces, t.hercforc,
are decreased ancl may lxxome overbalanced if the undis-
torted aileron is designecl to give stick forces within the
required limits. In the case of one airplane equipped with
fabric-covered ailerons, the internal pressure became so
greal during a lightspeed dive that fabric failure resulted.

Negative internal pressures cause both aileron surfaces to
be drawu in with the result that the trailing-edge augk is
decreased. The parameters d~a and ~~~ therefore bcco~lo

more negative and the stick forces may increase to such an
extent tlmt the pi]ot’s ability Lo roll the airplane may bc
seriously restricted at high speeds.

The data presented in figures 54 to 56 for the hwe-con[our
plain aileron and for the beveled aileron may be used to illus-
trate the effect of trailing-edge angle on the stick forces of
a fighter airplane (fig. 43), The change in stick force per
clegree change in trailing-edge angle for aileron deflections
of +5° is given as a. function of hlach number in figure 60.
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FI;CRE 59.—Typical changes in aileron contoar czus+d by surface-coveringdistortion at high airapeeds Referenw 75.
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The results indicate that the incremental stick force caused
by a 1° change in trailing-edge angle maybe of the order of
ma.titude of the ma.timurn allowable stick force for the
assumed airplane.

For internal pressures near static pressure, changes in
stick force caused by distortion may result chiefly from

changes in ailero~ camber. IJzider this condition the cover
ing mat eriaI is not highly stressed by the interna~ pressure;
therefore, the external-pressure differential can cause both
surfaces to bow in the same direction. The ai~eron surface-
co~ering distortion that. occurred for such a pressure comii-
tion during fLight tests of a P–40F airplane at an i~dicated
airspeed of 350 miles per hour is shown in the photob~aphs
of figure 61.

The effect. of a change in c~mber on the -i-ariation of hi.nge-
moment coefficient with aileron deflection is very similar to
the effect produced by an unbdaricing tab with a linkage
ratio that increases progressively with increasing speed. in-
creased stick forces again result and the increases for this
condition may be of ~greater ma=~itude than for the condition
of negative internal pressure; furthermore, the changes in
the hinge-moment parameters are greatest for small aileron
deflections because for smaU aileron deflections the surface
covering is stressed the least and can deflect most rapidly.
This condition results in a nonlinear variation of stick force
with aileron deflection.

In the foregoing discussion, careful consideration of dis-
tortion @ects is show-n to be necessary in the design of ader-

ons for high-speed airplanes. .&. suggested by Bryant and
Holoubok, the problem may be attacked in two ways. The
distortion may be alIo-wed but controlled by proper venting
in order to obtain desirable stick forces throughout. the speed
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(b) Aileron in down position.

I?ICURE61.—Photogrzphs showing rlistortionof upper surfaceof a production P-to!? aileron dnring flight at an indimted airspeedof 350miles per hour. Narrow lines indicato locations cf
every secondrib; lower edgesof broad fines indicate centersof panek.

range, or h greater part of the distortion may be prevented
by using very close rib spa-cing or a st~ covering materi~l.
The second solution is far more satisfactory from aerody-
namic considerations, but ii has the disadvantage of increas-
ing the aileron weigh~. Distortion that occurs near the

trailing edge, however, seems to have much greater effects on

aileron characteristics thtin distortion that occurs nem the
binge line.; thus, the greater part of the distortion effects
probably can be eliminated by stiffening only the rear
25 percent of the aileron.

SPOILER DEVICES

Some success has Lbeen obtained lvith lateral-control de-
vices that ~roj ect from the ;Ving surfaces into the air stream.

When locat eci near the wing lea cling eclge ancl when proj ect ed
above the upper surface of the wing, these devices recIuce the
lift of the wing by spoiling the flow and thereby procluce a
rolling moment thwt is roughly proportional to the lifk
coefficient. The name spoiler has been applied to these
devices. The effectiveness of similar devices pIaced near
the wing trailing eclge is more nearly independent of the Iift
coefficient. The name spoiler also is used commonly in

referring to clcvices located near the trailing edge, even
though the action of such devices is more like the action of
spIit flaps than like that of t!lg devie~ to l~lich the name
spoiIer originally was applied.

The spoiler-type lateral-control devices illustrated in figure
62 are representativeof most of tile arrange.menti Of. thESe

devices for which experiment al results are available. Al-
though certain aerodynamic characteristics are crit.ica~]y
dependent on specific details of the spoiler arrangement,
some statements may be made with regarcl to the chmacter-
istics of spoiIer devices in general.

(a)

,.+po:[erhingeaxis

(d) \ .\‘\
\\ ‘\

‘7Jti
(e)

(a) Hinged-flap spoiler.

(b) Retractable-arcspoiler.

(c) Slot-1ipaiferon (type .4).

(d) SIWlip ‘aileron(type B).

(e) Plug aileron.

FIGURE W-Sketches o~tl,picfd spokr.t~pe latcrd.contrcJdev~ccs.
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FIight. tests as well as wind-tunnel tests have indicated
that, when a spoiler is located far formard on a wing, an
appreciable time I~g may occur between n movement of the
spoiler aml the aerodynamic response resulting from that
movement, and that small spoiler projections may produce
very little rolling moment or even a rolling momcmt in a
direction opposite to that desired. As spoiIers are mo~ed
rearward, the time lag is reducecl, and in general the effec-
tiveness for small spoiler projections is improved. In these
respects spoilers located at about 0.7c ba-re pro-red satis-
factory in flight., although the final roLIing moments at high
positive lift coefficients are some-what less for such spoiIers
than for spoilers Ioeat ed far forward.

The fact that spoiIer control is obtained simply through a
decrease in lift, of one m-kg has resulted in the criticism that
clifllculty may be experienced in rais~v a w&v that had
dropped. Such a difficulty- can harclly be of a serious nature,
however, because the decrease in hft. caused by spoiIer con-
trol usualIy restits in a mo_rement of the axis of rot%tion of
no more tha~ 20 percent of. the wing semispan away from
the plane of qmrnetry.

The greatest ad-rantage of spoiler devices perhaps restits
from their adaptability to arrangements that invob’e full-
spzm lifh flaps. A-u important. advantage, especially for
tailless airplanes, results from the fact. that the yawing
moments caused by spoiler control may be fa-rorable over a
large ptirt of the angle-of-attack range. The pitching-
moment characteristics of spoilers (fig. 63) are less adverse
from considerations of -wi~~ twist than the pitching-moment.
charact erktics of conventional flap-type ailerons; the rolling
effectiveness usuaLIy increases with lift coefficient; and some
lateral controI may be retained beyond the staI1.

HINGED-FLAP SPOILERS

.In i~vesti~atio~ of a number of eon.6guratIo~s of spoilers

of the hi~med-flap type (fig. 62(a)) on plain tirgs and on
wings with split flaps and slotted flaps is reported in refer-
ence 79. Though the effectiveness of such spoilers is about
the same as the effecti~eness of some other spoiIer de-rices,
the hinge-moment characteristics generaIIy are unsatis-
factory unless a baIancing de-rice is provided. Some degree
of balance may be obtained with a smaLl pIate that projects
into the air stream below the -w~~ as the spoiler is deflected
(reference 80).

RETRACTABLE-ARC SPOllERS

llvesti~~tions of retractable-arc spofier~ (fig. 62 (b)) are
report ed in references 65, 70, 77, and 81. When such spoilers
are located sufficiently far rear-ward, the lag characteristics
and the effectiveness for small spoiler projections ge~eralIy
are satisfactory with flaps retracted. ~ith sp~it flaps or
slotted flaps deflected, spoiler projections as large as 0.02c
may be ineffective, how-ever, in producing rolli~~ moment.
Experience with the P-61 airplane has indicated that }}ith
slotted flaps deflected the rolling effectiveness resulting from
small spoiler projections may be improved either by opening
a sIot. just behind the spofier or by sealing the slot of the liffi
flap. Elimination of the flap sIot., howe~erl has detrimental
effects on the lift- and drag of the wing with flaps deflected.

The I@e-rnoment characteristics of retractable-arc spoil-
ers can be varied conside~ably by changing the width of the
spoiIer plate, the m+je of the upper surface of the spoiIer,
or the distance between the spoiler pivot axis and the center
of cumature of the spoiler plate. In most cases, how-ever,
the type of ~ariation of hinge moment tith spoiler projection
that results in the most desirable stick feeI can be. obtained
only through the use of some a~~iliary device. A solution
of this problem was obtained on the P–61 airpIane by com-
bining smaIl conventional aiIerons (“guide ailerons”), Iocat ed
near the wing tips, with retractable-arc spoiIers (fig. 64).

The -wheel-force and rolling-performance charact eri~tics ~
of the P–61 airplane ha~-e been measured in flight with both
spoiIers and ailerons in operation and with onIy spoilers in
operation. The results are shown in figure 65. The chamc-
teristics were considered satisfactory when both spoiIers
and aiIerons were used. For the spoilers alone the wheel __
forces were ~ery small, but the force variation with wheel
deflection cIid not seem unsatisfactory for this airplane.
Wind-tunnel tests indicate, however, that, for spoilers that _=
are thicker than those used on the P–61 airpkme, undesirable
control-force characteristics may result from a tendency for
the spoilers to be puIled small distances out of the wing and
from large forces required to koId Iarge spoiler projections.
The minimum thickness of a spoiler may be limited by the
rigidity required to pre-rent. fle.mral titrations.

The rolling velocities obtainable with spoilers aIone on the
P–61 airplarie gen.eralIy mere only about one-third less than
the rolling velocities obtainable with spoiIers and_ guide
ailerons. At small wheel deflections, however, the use of
the guide ailerons resulted in greater improvements in the _
lateral-controI charact erist.its, particularly at low speeds. --

The yawing characteristics of the P–61 airplane with
spoilers and guide aiIerons are fa~-orable a~ high speeds and
at moderate speeds and are only slightly unfavorable at
landing speeds. (See section entitIed “Effects of Adverse
l“aw, Part 11.”)

The maximum speecls of airpIanes may be reduced some-
-what. by the increased. profile drag associated with the small
spoiler projections required to mainfain the -ivinggslevel in
flight. The use of a guide aiIeron appears to offer an ad-
vantage in this respect, especially when the movement of
the guide aileron leads that of the spoiler at small control
deflections.

The sirmdtaneous operation of spoilers and conventional
aiIerons (Iocated just behind the spoilers) has been considered
as a possible means of decreasing the aileron hinge moments
and of providing large rolling moments. Investigations
ha-i-e been made of se-reral such arrangements, one of which
is reported in reference 77. Although the yawing-moment
and the rofig-moment ch~racteristics seem promising, ditYi-
cuIties probabIy would be encountered in seIe&ng a linkage
that would provide desirable stick-force characteristiti --
throughout the speed range. The relative aileron and spoiler
motions required for desirable stick-force characteristics
depend to a large extent. on the spoiler hinge moments and
on the -rariation of rolli~~ moment. with spoiler projection.
Both the hinge-moment and rolling-moment characteristics
of spoiIers ma-y be -rery nonlinear for some flight speeds.
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TTlnd-tmmel tests show- that the hinge moments of ailerons
located immediately behind spoilers may be strongIy inffu-
encecf by the variations in flow conditions that resul~ from
nonlinear spoiIer effecti~eness.

SLOT-LIP AILEROSS

.1 sIot-Iip deron consists essentially of E small flap hinged
near the front of a slot through a wing. In some arrange-
ments (fig. 62 (c) arid references 79 and 82) the slot is fixed
in the wing structure some distance forward of the high-lift
device. Experience has indicated, however, that from con-
siderations of time lag, profiIe drag, and wing structure certati
ad~antages are provided by an aileron formed from the lip
just forward of a slotted flap (fig. 62 (d) a~d referemes 65
to 67 and 69). The discussion in the following paragraph
concerns this t-ype of sIot-lip aileron.

.% sIot.-Iip aileron in the neutral position lies close to the
lift flap when retract.cd. Only small posit ive aileron deflec-
tions therefore may be used, and the operation of the aileron
for this flap condition necessitates the use of a complicated
linkage arrangement or of a cam. Because of this difEculty
and beeause slot-lip ailerons are less effectire mith flaps
retracted than with flaps deflected, a lateral-control system
iBcluding a conve~tiona~ ffap-traihg-eclge aiIeron for use
with flaps retracted and a sIot-Iip aiIeron for use with flaps
deflected is considered superior to a system that consists only
of a sIok-lip aiIero?I. Flighi tests (reference 69) indicate that
with the combined system good lateral control can be ob-
tained with an airplane having full-span lift flaps.

G- lllt!/111[

Illtllllll
Illllli-40 I 111< 111 f

II 1
1 t’i [I ‘H iti

I

f-e7? R!ghf
Controi_Aeef de fiecf;onj&, deg

FKL_F.EM.—Lateral-control characieristirsof P-51 airplsne. C7npublishe,idatz.

PLVG-TYPE SPOfLER AILERONS

~ome of the disad~anta~es of the retractable-arc spoiIer

are overcome with the PIU@YPp Spofler aileron ~fi~. 62 [e} ~ __

and references 79 and 83 to W). This de-rice is designed in
such a manner that a slot through the wing is opened as the
pIug is projected into the air stream. Data from wtid-’ ‘~ _
tunnel tests (fig. 66) ha~e indicated that plug-type spoiIer
ailerons when used vzit.h S1Otted flaps are very promising but
these ailerons when used with split flaps may be umafis-
factory because of low effectiveness for smaII projections.

The tests reported in references 79 and 83 indicate that
hinge-moment characteristics of the type that resuIt in
sat isfactory stick feel can be obtained. For some airplanes,
howe-rer, the pIug may have to be quite narrow or some
alternative means ma-y have to be protidecl in order to avoid
excessive stick forces.
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In order to simplify the linkage mm.ngeraent., the plug-
type spoiIer afieron is designed to allow projections either
above or below the neutral position. Projections below the
neutral position can be expected to contribute little or no
eff ectivenesss.

The spoiler and lift-flap arrangement of the P–61 airplane
(fig. 64), when tested with spoiIer sIot and flap S1OLopen,
ineluded the essential features iritended for the plug-type
spoiler aileron with slotted fIap. Flight tests indicated that
the effectiveness characteristics of this arrangement are very
good, but during the tests a, se~ere chordwise vibration of
the spoiIer plate occurred. Sealing the spoiIer slot eliminated
the vibration but reduced the effectiveness of the spoiler,
partimdarly for smalI spoiIer projections when the lift flap
was deflected. Satisfactory effectiveness characteristics for
small spoiler projections -were obtained by sealing the flap
slot-. The performance of the 1’-61 airplane is considw-ed
satisfactory -with tLis configuration, e-mm though the eff-
iciencies of both the spoiler and the flap were reduced by
seahng the slots.

EFFECTS OF MACH NUMBER

Results of mind-tunnel tests (references 77 and 86) indicate
that. the rolling-moment coefficient, resulting- from a gi~en
pro j ection of a spoiler located a~ 0.75c: increases rapidIy as
the Mach number is increased to about. 0.72, which is ap-
pro.ximateIy the Mach number at which shock -would be
exTected to occur on the vi-ing. An abrupt reduction in
rolling-moment coefficient is indicated as the J Iach number
k increased from 0.72 to 0.75—the maxi-mum test lfach
number. The effectiveness of a conventional flap-~ype
aileron on the same model dso decreased. though less
abruptly, o-i-er the same llach number range. From con-
side~ations of effectiveness, therefore, when shock occurs orL
a wing, a spoiler located near the -wing trailing edge does not.
seem to ofter an acl-rantage o~er a conventional flap-type
aileron.

ZTnpublished high-spee~ wind-tunnel tests igdicate that.
spoiler effectiveness at su~rcfitical >fach numbers probably
can be improved by locating the spoiler forward of the 0.75c
location. The forward location may also be admntageous
from considerations of -wing twist as is indicated in figure 63.
.&s discussed previously, the lateral control obtainable from
a spoiler located far forward may be unsatisfactory at lom-
speeds because of lag in response and ineffectiveness for
small spoiler projections. Spoiler control at high ilach
numbers may be satisfactory in these respects, although a
for~ard spoiler may possibly cause bufFeting.

1’. BoOs’r1312 lWIWIIA?WWS

The control-force reduction pro-ricled by any of the
conventional aerodynamic balances that already have been
clescrib ed depends on the aileron deflections and on the dy-
namic pressure of the air stream but not on the force sup-
pIi.ed by the pilot. ~ de-rice that supplies a control-force
reduction that is proportional to the force supplied by the
pilot, regardless of the aiIeron deflection or of the dynamic
pressure, commonly is referred to as a “booster mechanism.”

883026-50-13

The use of con-rentional aerodynamic balances on large
or high-speed airplanes is Jimit ed by the sensitivity of the
controI forces to small changes in the hinge-moment param-
eters. Experience has indicated tha~ ch~anges in the v~ues _

of CkEand Ck&of approximately &0.0010 may oeiiii%eeause

of alight variations in the construction of Wierent ailerons
for the same airplane. (langes caused by lfach number
effects and by surface-co~ering distortion may be con-
siderabl-y greater. Such changes cause ki.rge _rariations in

the control-force characteristics of some present-day air-
planes. For future high-speecl airplqnes the problem of
proti~v close aerodynamic balance mill be more difiicult.
h man-y c~ses, therefore, the use of a booster mechanism in
conjunction with ailerons that are not elosely balanced
probably will be desirable. The optimum degree of aerody-
namic balance has not been definitely establkhed, but the
condition expressed by the relation

(36)

probably is satisfactory for aiIerons on most combak air-
planes. The use of a booster mechanism on some low-speed
airplanes may be desirable because the control forces then
can be predicted quite accurately and therefore the required
de-relopmeni work is reduced.

Booster mechanisms may be cIassitlecI as aerodynamic or
mechanical. .ierod.ynamic boosters utilize po~er from the
air stream to de~ect the afieron, whereas me&~ica] boost~s

utilize a hydrad.ic or an electric power supply contained
within the airplane.

AERODYNAMIC BOOSTERS

In the most common type of aerod-ynamic booster, a tab
is used to deflect the aileron. Such devices ha~-e been tailed
ser-rotabs, Flettner tabs> flying tabsz booster tabs, or spring
tabs in pretious papers. In the present paper a ser-rotab is
defined as the arrangement shown in figure 67 (a) and an
ordinary spriDg tab is defined as the arrangement show-n in
figure 67 (b). ~ ser-rotab is equivalent to a spring tab_ tith
the spring omitted. .4 modif3ed arrangement that is herein
called a geared spring tab is show-n in figure 67 (c). This ..___
device dif?ers from an ordinary spring tab in that, when the
aileron is me-red with the stick free att zero airspeed, the tab
deflects with respect to the aileron in the same manner as a
conventional balancing (or unbalancing) tab.

EQUATIOYSFOR COXTROLFORCE

Equations for calculating the control-force charac&ristics of
control surfaces -with spring tabs have been deri~ed by Gates
of Great Britain. The characteristics of the ordinary spring
tab (fig. 67 (b)) are completely defined -when the constants
kl, k,, and ks are spec%ed. These constants are defined by
the following formulas in which ~=and Fare the deflection and __
the control force of an aileron, respectively, and 3,t is the
spring-tab deflection:

e=kJia+-k28.t (37)

F=k@, , (38)
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For the ordinary spring tab (fig. 67 (b)) the rel~tion between the control force, the aileron hinge moment, and t~b hinge
moment whe~ the system is in equilibrium is given by the formula

Within the range of linear hinge-moment characteristics, Ha and Ht can

(39)

be expressed in terms of the uileron and tab hinge-
moment parameters, and by means of equations (37) to (39) the following g&eral equation can be derived for the stick
force resulting from the deff ection of one aileron:

/
pb

In equation (40) -values of (As), ~~ for any specific wing-

aileron a.rrangbrnent can be obtained from figure 3, and the

tiah-flo%ting parameters
(%9fa’’d(%)tf’’’h’ch ‘epre-

sent the variations of aileron hinge-moment coefilcient
against angIe of attack and against aileron deflection -with
tab free, are defined by the expressions

Equation (4o) is directly applicable to an aileron with a
spring tab. For an aileron with a servotab the constant ks
is zero, Both the constants k2 and ks are zero for an aiIeron
without a tab.

CHARACTERISTICS OF SPRIXG-TAB AILEROPL!I

When applied to aileron control the spring tab provides
the advantage of reducing the controI force at high speeds to
low values without making the control force unduly light at
low speeds. The characteristic variation of control force with
indicated airspeed for spring-tab ailerons is shown in figure 68.
The control-force variation with indicated airspeed is much
less than that given by t-he “speed-squmed” law, Various
other types of control-force variation with indicated airspeed
for a given aileron deflection maybe obtained by aerodynam-
ically balancing or overbalancing the tab. Some of these
possibilities are illustrated in figure 69.

,.-freelink
1%

Spri,g...
~.

(b)

,,.-Spring
,,,,

(c)

(a) Servotab.

(b) Spring tab.

(c) Geared spring tab.

Ft? URE67.—Arr&ngementsof tab-type aiIeron booster mechanisms.

As a result of the smaIler increase in control force with
airspeed, the rolling velocity obtainable with a, given control
force may continue to increase with increasiflg airspeed for
spring-tab ailerons; whereas for conventional scrod ynami-
cally balanced ailerons, the rolling velocity varies approxi-
mately inversely as the airspeed within the range for which
the aileron deflection is limited by the control force.
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The measured rolling-performance characteristics of an
F6F–3 airpIane equipped with the original production ailer-
ons and with spring-tab ailerons are compared in “figure 70.

F K CREW.- Effect of aerodynamic balanceof Mb on s$ick-forceAwxferbtim of ailerOnMth
spring mb and of aileron wfth semotab.

FICCEE ~0.—COmfX+F~m Of rolling performance of F6F-3 airplane with original ailerons

and with sprinstab fiiIerons. SLick-forcelimit, W pcmnds. Unpublished data.

.& an indicated airspeed of 400 miles per hour the value of
pb@V obtainable with a stick force of 30 pounds was about
70 percent higher with the spring-tab ailerons than with the
original prod uct ion ailerons. .$t indicated 8irspeeds less
than abou~ 2S0 roles per ho m-, the spring-tab ailerons were
less effectjTe than the original a~erons beCause the amount of

stick travel that was effecti~e in deflecting the ailerons was
reduced by the amount of stick travel required to deflec~
the spring tabs. .! large part of the loss in aileron effective-
ness that was encountered at low speeds with these ailerons
probably could haTe been aToided by changing the gearing
of the ailerom to increase the Yalue of Ma@? with tab locked.

The principal desigy difficulties introduced by the spring ‘
tab invol-re the provision of adequate structural strength to
withstand the increased rolling velocities obtainable at high
speeds and the problem of a-roiding flutter. .Nthough the

use of spring tabs may a~ow Iarge aileron cIef3ections at high
speeds, any danger of aileron o-rerbahmce because of com-
pressibility effects or surface-eo~ering distortion can be
reduced because the rderons do not have to be closely
balanced.

Theoretical calculations of spring-tab flutter have Sho}{m
that the aileron and the tab should be mass balariced about.
their hinge Lines and that, the tab bakmce weight should be
close to the tab hinge line. The required .mass-btdance
weight therefore may be rather Iarge. E.xperimenf al evi-
dence relating to the mass-balance weight. required to prevent
flutter is lacking; howeww, several production airpIanes
successfully use spring-t ab ailerons with no mass balance
on the tab. Any tendency tovrard flutt er ma-y be aggra~ated
by slack in the linkage system of either the aileron or the tab.

Some spring-tab ailerons may have a tendency to fioat up
symmetrically, especially in acce~eratecl maneuvers at high
speeds. This tendency is discussed in reference W a~d, m
shown by >Iorganl Bethwait e, and 2i’itison of Great Britain,
it can be reduced by increasing the negati~e value of kl~kz.
This up floating tendency generally is not serious when the
~alue of kl/L-2is more negati~e than —3.o.

SPECIAL SPRJXGT.4B DENGXS

Use of preload,—lf the spring in a spring tab is preloaded
and an-y tab movement is thus prevented until a certain
control force is exceeded, the control-force characteristics for
forces belo-w the preload are the same as those for an aileron
without a tab; also, at forces abo-re the preload the variation
of force -with deflection is the same as that fer a spring-tab
aileron without .preload. At those speeds for which the tab
ma-y become operative, the -rariation of control force -with
aileron deflection therefore is nonlinear. The use of preload
may be desirable in order to obtain increased effectiveness
from the ailerons in lo-w--speed flight. If a small amount of
friction is present in the tab system, an amount. of preIoad
equal to the friction may be desirable to center the tab and
therefore to avoid erratic changes in the lateral trim.
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Geared spring t%b.—By means of the geared spring-tab
arrangement (fig. 67 (c) ), the controI force required to deflect
an aileron at low speeds may be reduced if the tab deflection
has a balancing action or increased if the tab deflection has
an unbalancing action. At very high speeds the control-
force characteristics are approximately the same for a geared
spring tab and fo? an ordinary spring tab. .An advantage
of a spring tab geared to lead, or unbalance} the aileron is that
at low airspeeds this arrangement may give greater aileron
effec~iveness per clegrce aileron cleflection than an aileron
without a tab. .4 discussion of the use of geared spring tabs
for elevator control is given in reference 88, and with slight
modifications the theoretical results derived in that repor~
may be applied to aiIeron control.

IJetached tab.—A detached tab, consisting of a tab
mounted on booms that extend back from the trailing edge
of the aileron, may have certain advantages over the more
common inset tab. Because -of the greater moment arm of
the detached tab, a smaller tab area may be used. The
adverse effect of the tab orI the aileron effectiveness therefore
is reduced. Preliminary calculations indicate that the cle-
tached tab may not have to be mass ba~anced in orcler to
prevent tab-aileron flutter, aIthough the aileron may require
additional balancing weights in order to provide. mass balance
about the aileron hinge Iine. Detached tabs in the wing
wake may, however, have a greater tendency to buffet than
inset tabs. Wind-tunneI tests of a detached tab, as well as of
conventional spring tabs, are reported in reference 89.

OTHER AERODYNAMIC BOOSTERS

Very little }vork has been done on aerodynamic boosters

that do not use tabs to deflect the ailerons. Some experi-
mental work, however, has been clone on a variable-pitch
windmill that is used to drive the ailerons. This device was
first tried on a British bomber in 1919. VVincl-tunneI tests
of a similar device, called the whirleron, were made recently
in ihe Langley Laboratory of the hTACA. The operation of
this device is similar to the operation of a servotab except
that the piIot’s effort is used to change the pitch of the blades
of a srnalf windmill rather than to deflect a tab. A whideron
has an advantage over a tab in that the operation of a whirl-
cron does not cause a clecrease in aiieron effectiveness. A
very smalI windmiII is required; for exampIe, a wimimiII that
is 9 inches in diameter shouId be adequate to deflect an
aileron on an airplane of the meclium-bomber class. C2~pub-
lished resuIts of wind-t unneI t est,s show that the whirleron
is a promising means of control, but care. is required in clesign
to avoicl undesirable control forces resulting from friction and
from inertia effects on the winclmiI1 blades.

Another type of aerodynamic booster that has been pro-
posed consists of a piston linked to the aileron and operated
by the dynamic pressure of the air stream. Disadvantages
of this device result from Lhe cliflikulty of providing space
for the piston size required and from the difficulty of avoiding
high frictional forces.

MECHANICAL BOOSTERS

Seveml hydraulic and electrical booster systems have been

tested, but onIy a few have proved at all successful for use

on the primary flight controls. IVO attempt is made to

describe herein the many hydraulic and electrical mechan-
isms that have been tried, but some general considerations
as to the requirements of such systems are discussed. In
order for the aileron-control characteristics ob taincd with a
booster to be simiIar to those with the conventional control,
the aiIerori position should be proportional to the. stick posi-
tion and the force exerted by the piIot should be multiplied
by a constant. The maximum rate of movement of the
aileron shouId equal or exceed the rate that can be applic.d
by the piIot when conventional aeroclynan~icaIIy balanced
ailerons are used. This requirement implies tha~ a large
amount of insiant aneo us power should be available to move
the aileron for a short period of time, This requirement hms
in the past, restricted the use of electrical boosters because
of the heavy weight of the electrical equipment required to
provicle sufficient power. With a hydraulic mechanism
energy may be stored in an accumulator to supply large
amounts of power for rapid aileron movements, and tJ~e
hydraulic pump neecl be only sufficiently large to supply d~e
average power required by the booster over a long period
of time.

The desired control feel has been supplied in somo hy -
draulic booster mechanisms by a small piston connected to
the control stick, which transmits a part of the force applied
to the aileron back to the pilot. li another systcm a dircc~
mechanical linkage is used between the control stick and the

‘control surface. The main disadvantages of hydraulic
systems_ that have been used in the past are complication,
vulnerability, and Iac.k of reliability.

h!fechanical boosters are of pmticular interest for air-
planes designed to fly at high IIach numbers. For them
cases, wmoclynarnic boosters may be unsatisfactory and some
more positive means of operating the controls may be desir-
able. The use of a mechanical booster mechanism in con-
nection with an irreversible aileron linkage seems to be a
logical me,t,hod for eliminating the possibility of aiIcron s~~k&

when shock occurs on a wing. .Aileron mass l-dance prob-
ably is no ~ necessary in an irreversible SJ7Stern.

VI. STRUCTURAL ASPECTS

A brief summary of the structural considerations rclzbxl
to lateral control seems desirable, even though some of t.heso
considerations alreacly have been pointeg oUL in various
sections of the present paper.

lNTEGRITY OF AIRPLANE

The problem of providing the strength wxxssary to prc-
Vent struc,t~iral faiIure of any of the airplane cOmpO1lelltS

tba t are subjected to increased stress ciuring a rolling mancw-
~er becomes increasingly diff[cult as airpIancs me dcsigmd
for higher speeds. Variations in Mach number may cause
large changes in the magnitude and in the distribution of
the aerocl.ynarnic loacI on wings and on ailerons. Tl~c in-
vestigation reported in reference 74 shows that the aero-
dynamic Ioacl on a Frise aileron increas~s more rapidIy with
Mach number when the aiIeron is deflecbxl negatively hn
when the aileron is deflected posi~ivcly. The Iarge sudden
changes in the aileron load that USUdly take place when
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shock occurs on the wing may restdt in severe aileron shake,
which imposes high cf.ynamic loads on the wing, the deron,
the support fittings, and the control linkage. The profiion
of a rigid controI linkage is an aid to the pilot’s ability to
control any temIency toward shake.

A recent unpublished analysis indicates that the loads on
the primary wing structure are likely to be higher during a
roiling pull-out than during a simpIe pull-out and that the
critical loacling condition probabI-y occurs in a maneuver t.ha~
combines high roMng ~eIocit.y ancI high rolling acceleration
With the maximum normaI acceleration.

Large positive internal aileron pressures ha-re resulted in
complete fail ure of fabric-co~ered ailerons and in failure of
the rivets used to attach metal skin to aileron ribs. Loads
of this type can be controlled to some extent by careful
select ion of the Tent Iomt ions, but the possibility of high
skin stresses resulting from inad-rertent. variations in the
vent Iocations should not be overlooked,

The afieron hinge-moment. characteristics must be consid-
ered in the struct uraI dmia~ of the mrious components of
the aikron Iinkage system. Ailerons ha~ing Mnge-momen&
characteristics that. are unsymmetrical with respec~ to zero
aileron deflection may impose Iarge Ioads in the linkage sys-
tem e-reri though the complete aileron system is cIosely bal-
anced. For the same controI forces, therefore, the Ioacls in
the Iinkage system may be much greater for Frise ailerons
than for con-rentio~aI arrangements of be-reled ailerons or of
aiIerons ha~ing pIain-o~erbang balances, internal baIancesl
or tab balances.

A tendency toward se~ere chordnise flemrd tibration of
retractable-arc spoilers has occurred in some installations.
Retractable-arc spoiiers must be macIe suficientIy rigid to
prevent -ribration.

TerticaI-tail fafiures ha~e occurred as a result of sideslip
caused b~- adverse aileron yawing moments in rding p ulI-
outs. Increased size of the -rertical tail recIuces the sidedip
angIe ~~hicb, in tu~j reduces t,he ~erticaI_tail Ioad. (See
refere~ce S.)

ROLLING PERFORMANCE

?70r most conventional airplane desigml any flexibility of
the wing or of the lateral-control system results in a loss in
rolling performance, and the Ioss increases almost linearly
with the d=mamic pressure. Loss in rolIing performance for
given aiIeron deflections results from structural deformation
of the -wing and aileron. Loss in rolling performance because
of decreased aiIeron deflections results from cable stretch or
deformation of push-pulI rods, bell cranks, pulleys, ancl
pulley brackets.

J1ost present-day airplanes are required to meet, a gi-ren
standarcl of rolling performance. The required rigidity of
the various structural components invoIved should therefore
be specified from considerations of the required performance.
The required torsional rigicIity of the fig can be estimated
conveniently by the use of methods discussed previously in
the present paper.

CONTROL FORCES

In the process of estimating airplane control forces, a
definite’ aiIeron contour ancl clefinite aileron deflections must

be assumed. Contour deformations may cause large mtri-

a tions in controI forces and, consequently, such deformations
shoulcl be maintained at a minimum even thou@ littIe
possibility for structural failure exists. Jrariations in the
relative deflections of the right and IefL ailerons, because of
stretch in the control s~-stem, may rewdt in unci~irable
control-force characteristics, part icularly when a clifferent iaI
Wage system is used.

~’~. APPIJCATION OF EQTJATIO~S AND DES~G~
CHARTS

ILLUSTRATIVE EXA?dPLl?

The procedure to be folIowed in the preliminary d~i.m of ___
ailerons for specific airplanes depends to a large extent on
other aspects of the airplane design. k the present, exampIe
an investigation is made of the various spanwise and chord-
wise parts of the wing tlmt. musi be allocated to the aileron __
pIus baIance in order that specified rates of roII with specified
stick forces may be obtained. The aileron configuration
chosen in this desibg consists of a seaIed internally balanced
aileron with a combination of a spring tab and a linked tab.
Equations and char~s, -which already have been presented in
the present paper, are used in arriving at the various corn- _
binat ions of aileron ancl tab climensions that wouId be ex-
pected to meet certain required conditions. The method used
may be applied to aiIerons hatig either esposed-o~erlmng
balances or be-reled traihng-ecIge bcdances rather than the
seaIecl internal baIances thati are considered herein.

The assumed airplane has the geometric cnmstants and the
wing plan form inclicat ed in figure 43. The assumed per-
form~ce requirements are that a value of @~2~’ of 0.09 ke
obtained with a stick force of 30 pounds for an airspeed of
320 miles per hour at sea level, and thai the -wing torsional
stiffness should be such that. the loss in pb~2 ~“resulting from
wing twist. does not exceecl 20 percent a~ an airspeed of
400 miles per hour at sea IeveI. Although these requirements
concern only the high-speecl flight condition, aikron charac-
teristics at low airspeeds as ~eII as at high airspeeds should
be in-res~igated in practice.

The chord ratios selected for the J.inked tab and the spring
tab of each of the possible aiIerons are

-$=0.25

$=0.25

These chord ratios were sel;cted because they may be
expected to produce approximately the maximum changes
in aikron hinge moment for given changes in aiIeron
effectiveness.

For an aileron with a. spr@ tab, an aiIeron deffec~ion
exists above -which the Ioss in aileron effectiveness rewdting
from increased spring-tab deflection is greater than the gain
in aiIeron effectiveness resulting from increased aileron deflee-
tion. hTo ad-rantage is obtained, therefore, in exceeding
this deflection. For Iarge airplanes or high-speed airplanes
the value of this deflection corresponds approximately to the
limits of the range of linear h@e-moment characteristics; for
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internally balanced ailerons the limits of this range me
usuaIly about & 12° or + 15°. The maximum tab deflec-
tions should not greatly exceed the limits of the range of
linear tab effactiveness. For the present example the follow-
ing maximum deflections of the aileron and of the tabs, as
used for each of the ailerons investigated, are assumed:

~omputations have been made of the geometric constants
required for each of &number of ailerons when various values

Zb+za
of ~ and of ~ are assumed. The procedure is illustrated

in detail only for the case of

?b+ &
—=0.40c

and

The balance chord ratio therefore is

The procedure used is as follows:
Step (l):

Compute the aileron effectiveness parameter *. Values

()A8 ~—ihe effectiveness parameter at low Mach numbersof La

and at trailing-edge angles of about 10°—are given in figure 18.
The effect of variations in trailing-edge angle is giveIl in
figure 19. A rough estimate of the effect of Mach number
can be made by means of the data of figure 55. From this

‘a’&a“a’ue‘f ‘he‘ac’or(*)l{/(*).Tf=o Corresponding
to the trailing-edge angle of the proposed aileron is obtained
by interpolating between the curv~s for the true-contour
pIain aileron and the beveled aileron at the Mach number
of the design condition. A conservative vaIue of the param-

Aa
eter ~ Probably is yielded by this procedure because

the data of figure 55 are given for small open nose gaps,

The reduction in ~ with increased Mach number usually

is greater when the nose gap is open than when the i~ose
gap is sealed. For the present design condition, J= 15°

(from fig. 12 and equation (18)), M=O.42, and therefore

~=0.53 x0.98 x0.90

=0.47
Step (2):

Estimate the aileron hinge-moment parameters, The
hinge-moment parameters of a balanced aileron may be
expressed by equations (16) and (17), in which the incre-
mental parameters attributable to the balame are given by
equations (21) and (22) for a traiIing-edge modification, by

equations (23) and (24) for au exposed-overhang btiltince,
by equations (27) and (28) for a sealed intwmd balance, and
by equation (35) for a linked tab. The value of C),afor b
plain aileron is gi_ven by equation (I 5) in ~v~ic~ (G,.)LL may

be obtained from equation (11). Equations for the hingc-
moment parameters of an aiIeron with a completely seaIed
internal balance and with a linked tab therefore may b e
writ ten as follows:

where the increment (AC~t) it is the increment of Cfiaattrib-
utable to the linked tab and (C~JPl~in must be estimated

aikron

from tes~ data. The ratio (2Lalc,a can be assumed to cqual
A–

A+2.5”
For the assumed airplane

=0.706

c,,. = —0.0037 (from fig. 13)

(AciJ.s=o.0014x1 .oI

(=0.0014 from fig. 11; the inboard ai-

leron tip assumed to be Iocated a~

-%-=0.55. Relatively large varia-
bl2

tions in ‘< have only small d’iec 1s
b/2

A6
A+2=6+2

=0.75

()7a 2
=
c =(0.25)2

=0.0625

=0.5

(.F,=O.338 from fig, 25 at >~=0.15)

The value of Cfidfor the. plain aileron must be estimated

from test data for a finite-span wing model having approxi-
mately the same geometric characteristics as the wing of the
proposed airplane. A suitable rnoclel is that having tho
flat-sided aileron for which data are presented in figure D 35
of reference 42, The value of Chi for that” model is about
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– 0.0044, the trzding-edge angle is 17.5°, and the seaI
and hinge Iine are located in such a manner that the aileron
has a small effectire overhang (FI =0.045). The value of
Cfii should he corrected to a trailing-edge angle of 15° and

Lo 1’1=0 by means of equations (22) and (2S). For the
proposed airpIane, therefore,

(%)rtafn
=–0.0044–0.0007–0.0014

(tZkTOX
=–0.0065

Equations (41) tmd (42) nom- may be written as

c,ti=0.706(-0.0037) +0.0014+(0.14X0.75 XO.O625xO.338)

=0.0010

C,,= –0.0065+ (0.09 X0.75 X0.5 X0.338) +~ACh,lt,

=0.0049+ (ah,) *,

step (3):
Estimate the balance requirements of the linked tab and of

the spring tab. The value of 2 (Aa)P/A3c i~ equation (36)
may be assumed to equal— 0.2; therefore

~hJ(l-o%)=-ooo20
The expressions obtained in step (2) for C.= and for C,4 now

may be substituted in equation (43) as follows:

(AC*,) ,,= –0.0020+ (0.2X0.0010)–0. OO49
=–0.0067

The linked tab therefore is unbalancing. The linkage ratio,
as determined from the maximum deflections of the aileron
and of the Iinked tab, is

Mt, 15_= —
da. 12

=l.~,j

For the purpose of estimating the i-equired span ratio of the
spring tab, the assumption is made in this example that the
spring tab must be capable of providing aileron hinge mo-
ments tha i are approximately equal in ma=mi tude to the
hinge moments of the internally balanced aileron with
Iinked tab; that is,

(Ach*)~,=o.oo20

The choice of this increment should cause the size of the
spring tab to be somewhat. conservati~e.
Step (4):

Estimate the required span ratios of the spring tab and of
the linked tab. For either tab, wdues of the factors .F~, FS,
and F’abtained from equations (31), (32), and (33), respec-
t iveIy—are

F,=o.50
F,=o.90
F,=O.71

Values of the ratio 2a’j7=in the expression for the factor Fz
(equation (30)) can be estimated by means of equatio~ (w)
provided the inboard ends of the tabs are at the inboard

e~d of the aiIeron. For the present example the assumption
is made that. the inboard end of the spring tab is at the in-
board end of the aiIeron and the linked tab is just. outboard
of the spring tab. ID order to determine the required span
of the linked tab the combined span of the spring tab and
the linked tab must first be determined. The required
values of Ft are, from equation (35), 0.23 for the spri~g
tab and 0.99 for a fictitious tab having the combined span of
the spring tab and the J-inked tab. From equation (34) and
the e~~r&sion for Fz the required span ratios are

b.,+ bl,=o 95
b= “

and therefore

Step (5):

bf=oma

Compute the heILx-ar@e reduction factors resulting from
tab deflection. For either the linked tab or the spring tab

(-)Aa
As, ~a~ _o.21

(-)

Acz –0.53
A6 aileron

=0-395 (from fig. 18)

Therefore, from equation (29),

kit=–o.7sxo.395xl.25

=–0.384

( .)k,t=–o.17xo.395 –;

=0.084

and the total reduction factor is

k,=–O.384+0.084
=–0.300

Step (6):
compute the he~ix-angle reduction factor resulting from

wing twist. .kccording to the assumed requirements, the
torsional stiffness of the wing should be such thafi the loss in
pbj21’ caused by wing twist shouId not exceed 20 percent for
an airspeed of 40(3 miles per hour at. sea Ie-rel. For the
design condition of an airspeed of 320 males per hour at sea
level, substitution in equation (9) of values of g/%~ from
figure 6 gives

k,=o.2x~

=o.]~
St?p(7):

Estimate the helix-angle reduction factors resulting from
adverse yaw. A.t an airspeed of 100 miles per hour at sea
IeveI, the _raIue of the sum k,+}cp is estimaied to be approxi-
mately 0.2. For Ievel fight, the lift coefficient varies in-
-rersely as the square of the speed, and therefore, for an __
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airspeed of 320 miles per hour at sea level, equatio~ (1 O) gives

kr+kB=o.2$g

=0.02
Step (8):

Compute the required aileron span ratio.
helix-angIe reduction factors d.tat have been
the preceding steps now may be substituted iri
For a value of pbJ2V of 0.09

The various
evaluated in
equation (3).

0.09
“=0.47 x24x( l-0.12-0.02+0.30)

=0.0068

For an outboard aileron tip location of 0.97$, the inboarcl

aileron tip Iocation, as determined from figure 2, is 0.62~.

The aileron span ratio therefore is

4=0.97–0.62
b12

=0.35

Step (9):
Compute the required wing torsional stiilness. For the

(?

twm
present case} the quantity ~’ ~ in equation (8) must be

evah~at ed for ihe aileron, the linkeci tab, and the spring tab.
“acre

(–)‘Taiues ‘f “ and da .,
may be obtained from figures 5 and

20, respectively. Therefore

[“(%)c]ai,,ron=o.’’4xo.8’8

=0.00206

=0.00307

[“(%)C],p,ific= O’’4X0.026
tub

=0.00297

and the required wing torsional stiffness at station y is, from
equation (8),

1m8w=—

()
~ 2x6$j30412 (0.00206+0.00118–0.00025) 290

—.
,J2

= 7900
—, foot-pounds per degree

()
x
b/2

The torsional stiffness frequently is specified at the aileron
midspan. For the present example the aileron midsp&n is at

*=0.79, and the required torsional stiffness at th~t loca-

tion is

7900——
‘5~– 0.793

=16,000 foot-pounds per degree

Step (10):
Calcu.Jate the spring stiffness and the mechanical linkago

of the aileron-spring-tab system by means of equations
(37) and (39). In this process a value for the ratio lr,llc~
must be selected. Expressions for the aileron hinge moment
Ha and for the tab hinge moment H,, mustt be obtained in
terms of the spring-tab deflection 6,L. For the present
example

e,~a== 14.8°

&%.=12”
?’=2.33 feet

~_ 30
.s 2
= —15 pounds

7.= 1.44 feet
ba=7.5 feet

_E,~= O.36 feet
b,,=l.3 feet

g=262 pounds per square foot

and it is assumed that

(44)

The aileron hinge moment is given by

in which

or

=–0.0016
Therefore

Ha=262x7.50x1.442[12(–0.0020)+&,(-0.0016)]

=–97.6–6.5&,

The spring-tab hinge moment is approximately

w,
where the value of ~~ is estimated by extrapolating the

data of figure 13 to be’approximate.ly –0.0060. Therefore

H,,=262X 1.30X0.362X&,X(-0.0060)

=–0.2658,,
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The expressions thus obtained for R= and .HX,,when substi-
tuted in equation (39), give

—1,5=
–41.9– 2.798,,

k,
(45)

and

-L5=-0”’:;’’+a,,k3 (46)

Equation (37) may be written as

14.8= 12kl+k4,,

A simultaneous solution of equations

(47) yieI&

6$,=—9.80

kL=0.9i

k,=–o.323

(47)

(44), (45), (46), and

kJ=l.18 pounds per degree

The required vzdue of L?,,is smaller than the -ralue (3.,=– 15°)
that was assumed originally. Some margin in spring-tab
deflection should be protided, however, to allow for devia-
tions from the conditions assumed in the preliminary design.

DISCUSSION

Computations similar to those made in the section entitled
‘TllustratiYe Example, Part WI,’) have been made for many

7=+ ?b z.
assumed dues of — ~ and ~ of int.ernalIy balanced ailerons.

The resuIts are presented in figure 71. The computations
-were made for the general case in which considerztio~ is given
to Rilerons ha-ring spring tabs as w-elI as either balanc~~ or
unbalancing linked tabs. For specific preliminary-design
problems, the in-restigation maybe limited to ailerons ha-ring
spring tabs and balanci~v tabs] or to ailerons ha-r~~ only a
spring tab, only a linked tab, or no tabs. Considers t ions
regarding the w~~ structure and the required span of the liffi
flap usually impose limitations on the chord-wise and the
spantise parts of the wing that caq be aIIocated to the
ailerons. For the usual case, therefore, the number of
aiIeron configurations that needs to be in~estigated is much
less than the number that was considered in order to obtain
the data of figure 71.

The results presented in figure 71 indicate that, for a. g-hen
Z=+zb

value of ~, the required aiIeron span is reduced when the

hinge axis is mo~ed toward the rear, that is, when the aileron
chord C=is decreased and the balance cord ch is increased.
The decrease in the required aiIeron span results from the
fact that the favorable effecfi of the variation in the con-
figuration of the linked tab more than compensates for the
unfavorable effect of the decrease in ailerori chord. For a
given percentage 10SS in pb/2.l’ resulting from wing twist,
however, the required wing stidness increases rapidly as the
hinge axis is mo-ied to-ward the rear. For an aileron not
equipped with a linked tab, both the required aileron span

SW020-50—14

and the required wing stiffness are reduced as the aileron
chord c= is increased.

WLI.STATUS OF LATERAL-CONTROL RESEARCH

In the preparation of the present paper, an attempt has
been made to discuss rather completely the probIems associ-
ated with lateral control and to present the avafiable infor-
mation that is believed to be most useful in the aerod-ynamic
design of lateral-control detices. The inadequacy of the
available information for application to some of the airpkmes
now contemplated is fully appreciated. This section is ,
therefore included in the present paper in order to establish
the present status of some of the most importank phases of
lateral-control research and to indicate some of the lateral-
control problems that remain to be in-restigated.

Rapid ad-rances in airplane design ha-re increased the
importance of certain -rariables t.ha~ preciously ha~e been
la.rgely neglected. These variables are associated primardy
tith I@h-speed effects and with the effects of the large
changes in boundary-~ayer conditions that may possib~y
occur on wings designed for favorable pressure gradients
o~er a large part of the chord.

COXVEXTIONAL FL.4P-TYPE AILERONS

ROWWGPEREORMA%CE

In general, the rolling performance of an airplane a~_low
llach numbers and at given a.iIeron deflections can be pre-
dicted with sticient accuracy from the available analytical
methods protided that a reasonably accurate estimate can
be macle of the W@ torsional rigidity. Reliable estimates
of the rolling performance at high llach numbers can be
made only when experimental data on the aileron effective-
ness parameter AafA~ at the appropriate Jlach numbers are
av-ailable. Reductions in ACY~A6that usually resuli from
increased Jlach number cannot be predicted from the present
theory, and the available experimental data are imuficient
for accurate quantitative estimates of the -rariation of Aa/A8
with llach number for arbitrary wing-a tieron arrangements.
The avai.IabIe data indicate, bowel-er, that, as the llach
number is increased to that at which shock occurs on tke__
wing, the smallest reduction in aileron effectiveness is ob-
tained m-hen the aileron nose gap is sealed and when the
trailing-edge angle is smaJ.I. Large losses in aileron eff active-
ness may occur for any aileron whe~ the JIach number at
which shock occurs on the W@ is exceeded. The addition
of a protruding nose balance usually causes the llach num-
ber at which shock occurs to be decreased.

mxGE 31o>IEXTS .

l?or airplanes not equipped with booster de-i-ices the aiIeron

~“e moments usua~~ are Of no less ~portance. ban the
aileron effecti~eness. E~en though booster devices are
used, a reasonably accurate knowlecIge of the aileron hinge-
moment characteristics is necessary for the design of an
eficient lateral-control system. The avaiIable methods for
predicting hinge-moment characteristics are not considered
to be sufliciendy reIiable for direct application to the design
of ailerons of a full-scale airplane.
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FIGURE71,–Aileron configurationsestimated to be capable of producfnga p5/2P’0fO.09with 30poundsstick force at 320miles per hour for
-0 E’(

“-O 25;0,=0==14.80,airplane of tlgm-e43. 6.=+12 , jIi=*15 , J,j=+lo ; ~7=0.25; ~=,—0. 0.
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Analytical methods of predicting hinge rnome~ts involve
the following two fundamental steps:

(lj Determination of the section aileron hinge-
moment chamcteristics

(2) Application of corrections to accountt for the
effeck of finite aspeci ratio

Section hinge-moment characteristics calculated by methods
based on poteutiaI-fio~ theory me -i-cry ditl’erent. from the
measured characteristics for most airfoil sections, even whe~
Iaminar flom- can be maintained over as much as 60 percent
of the airfoil chord. llethods based on ~iscous-flow theory
appear to give results that at low liach numbers are close to
the experimental resuIts for ailerons having small trailing-
edge angles. The tiscous-flow theory takes into account
the transition location and gi~es a reasonably accurate
indication of the effects of changes in the transition Iocation
for airfoils having small trailing-edge angles. At the present
time, however, the influence of the airfoil shape —partie-
ular~y the traiIing-edge angle —on the aileron hinge-m omen~
characteristics is not. adequately accounted for by the tiscous-
flow theory. The necessity for deri+g aspect-ratio correc-
tions to the hinge-moment parameters by methods based on
liftimg-surfme theory, rather than on lifting-line theory, is
pointecl out in reference 37. .&t the present time, lifting-
snrfmw-theory aspect-ratio corrections have been obttiinecl
for the parameter ~~= but not for the parameter C’Ad.

lZeasona.bly &ccurat e estimates of the hinge-moment
rharacterktics of bakmced ailerons, at. low XftiC}l numbers
and under conditions for -which transition can be e.xpecterl
to occur near the airfoil leading edge, can be rnacle by means
of the test data of reference 4? and the correlations presented
herein.

The available experinlentaI data. are insufllcient to permit
any reliable estimates to be made of the hinge-moment
characteristics that, mamy occur at high 31ach numbers.
Because the effects of llach number appear to be critically
dependent on certain geometric properties of wings and
ailerons, a systematic in-restigation is neecled to establish the
r~lat i-i-e effects of the various geometric parameters on the
hinge-moment chamcterist ics and to cletermine any con6gu-
rations for -which the llach number effects are a minimum.

Some knowledge of the. boundary-layer conditions on the
wing of an airplane in flight. is necessary in order that. any
reliab~e prediction of ai~eron hinge-moment characteristics
may be made either by means of -riscoudlon- theory or by
means of wind-twmel data. For present-clay production
airplanes, the assumption usually can be macle that the
exist ing bounclary-layer conditions correspond to a transition
location near the Ring leading ec{ge, whether or not the wing
is designed for fa-rorable pressure gradients o~-er a large part
of the chord. Information is needed, howe~’er, on [he radia-
tions in the boundary-layer conditions that may possibly
result from improvements in manufacturing methods and in
airfoil design.

ln ~-iew of the Iarge variations in hinge-moment charac-
teristics that may result from manufacturing irregularities,
surface-covering distortion, Jlach number effects, or possible
boundary-layer effects, the use of nonadjustable aerody-
namic balances to provide acceptable control forces on large

airplanes or on high-speed airplanes is not considered prac-
tical. Satisfactory characteristics sometimes can be ob-
tained b-y adjusting the amount of 1eak8ge in an internal
balance or by changing the Ii&age of a baIancing tab. The
use of some t-ype of booster meclmnism probably will be
necessary, however, for most future high-performtince air-
planes. Some aerod.ynarnic baIance is desirable, neverthe-
less, in order to minimize the required capacity of the booster
mechanism and in order that some lateral control can be
obtainec{ in case of failure of the booster rnecha@-n. The
spring tab has pro-red to be a satisfactory booster mechanism
for many present-thy airpktnes. When a spring tab is ap-
phed to Tery large airplanes, howe~er, some aerodynamic
balance on the tab maybe necessary. Information is needed
on the most efficient methods of protiding aerod.mamic
balance on tabs. .$ mechanical booster mechanism, used
in conjunction tith irre-rersible aiIeron motion, seems most
desirable for airplanes designed to fIy at speeds at which
shock occurs on the wing.

SPOILER DEVICES

.i large amount of work has been done on the development
of spoiler-type Iateral-control detices for small low-speed
airplanes. ~ery little information is aTaiIable, however, on
the Characteristics of spoilers at- high speecls. The high-
speed data that are a~ailabIe indicate that the etiecti~eness
of a spoiler located near the -wing trailing edge, like the
effectiveness of a con~entional flap-type aileron! may be
reducecl considerably -when shock occurs on the -wing. 11-
-restigations should be made to determine whether improved
spoiler effectiveness and satisfactory lag characteristics can
be obtained at high speeds by locating the spoiIer at some
chordtie location other than that established on the b&s
of low+peed data. Information ako is needed on spoiler
hinge moments at high speeds, on means of pre~enting vibra-
tion or buffeting, and on the effects of -rariat ions in airfoil
contour on spoiler characteristics.

LATERAL CONTROL WITH SWEPT W“IXGS

The possibility of raising the critica~ speeds of wings by
using large amounts of sweep is indicated by the results of
a theoretical anal@ presented in reference 90. The theory
indicates that at Iift coefficients near zero the criticaI lfach
number of a wing with sweep is appro.ximately equal to the
critical J1ach number of the same wing -without sweep
diticled by the cosine of the angle of sweep. -k few unpub-
lished experiments have proticled at leasi a qualitative
-reriflcation of the theory. lIigh angles of sweep are re-
quired if the -ralue of the critical flight Jlach number is to
be raised appreciably above 1.0.

AJthough the use of large angies of sweep may provide
definite advantages at high speeds, certain important prob-
lems associated with low-speed Iatend-control character-
istics are indicated by the restdts of tests reported in
reference 91. Figure 72 shows th~t., for a given deflection in
a plane perpendicular to the aiIeron hinge line, the rolling-
moment coefficient, caused by a ffap-type aderon decreases
rapidly with increased angle of sweep back. The rolli.ng-
moment coefficient caused by B spoiIer Iocated at 0.7c 8gd=



19.2 REPORT h’O. 86 8—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

A’SpOi/eC

,’
,/’

/’

‘.Ai/e~on~, “

.—

.(M ‘ ‘.
,,.-flup-fype ai[eronz;

\ tofol deflec fion, 30°

~.05 \

%- \

.$

$.04 \

II —.
0 \0 .

G
~.03

Y \

$
\ .

\

&
L

+.02
\ .

>
m .’

,’ \
Spo7erj \projecfilm, O.fc

.0/ %

\

o /0 20 30 40 50 60
Angie of sweepbock, A, deg

FmrJRE:72.—Effeetof rmgle of sweepbtmkon rolling-moment coefficientsproduced by flap-

type aileronsand by spoilers. ~=0.23; > =0.5; $2s0.5; spOiIerat 0.7c.b/2
Reference 91.

Flap defection and spoilerprojection measuredin plane perpendicularto leading edge.

projected a given distance above a wing surface is affected
by angle of swcepbacli even more than the rolling-moment
coefficient caused by a flap-type aiIeron (fig, 72).

The indicated effect of sweepback on the roI1ing-moment
coefficients (fig, 72) is not a direct indication of the effect
of sweepback on the helix angle p6/2 V because the value of
pb/2V depends on the value of the damping coefficient C,p
as weII as on the vaIue of the rolling-moment coefficient.
Results obtained from tests in the Langley free-flight tunnel
aud in the Langley stabiIity tunnel show that the value of
the damping coefficient CJPis reduced.as the angIe of sweep-
back is increased.

A fundamental characteristic of sweptback wings is that
for a given angle of sweepback the effective dihedral, in-
dicated by the value of the parameter Ciz, increases rapidly
as the lift coefficient is increased. The test data of figure 73
indicate that for a wing having an angIe of sweepba&
of 45° a rolIing-moment coefficient of approximately 0.04
must be provided by a IateraI-control device in order ho
maintain lateral trim at an angle of sideslip of 10° wheg.the
wing lift coefficient is 0.6. For the flap-type ailerons con-
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FIGURE73.—Effectof angleof sw’espbackon voriaffon of ro~in!g-momenteOe~CieBtwith anKk
of yJw. Reference91.

sidered. ~n figure 72 a total aileron deflection of about 400
must be used in orcler to sLIpply the required value of the
rolling-moment coefficient. The design of a device capdde

of providing lateral trim and some lateraJ maneuvcmbdiiy
at high angles of sideslip therefore may be. very dific UIL.

The tests that have been made of wings having large
amounts of sweep have been cond UCM primarily for the
purpose of exploring the nature of the problems involved.
Few, if any, attempts have been made to develop la~eral-
control clevices specifically for swept wings. Because the

problegs associated with lateral co~ltrol, particul~rl~ at
high lift coeff~cients, seem to be of a rather serious na~urc,
a large amount of de.veloprnent work is required. Sat is-
factory solutions of these problems may requir~ thfit lateral
control with swept wings be obtained by devices that are
considerably different in principle from either the conven-
tional flat-type ailerons or the spoiler devices that arc being
used on present-day airplanes.

LANGLEY h’fIWORIAL ~ERONAUTICAL LABORATORY,

NATIONAL .ADVISORY COLIMITT~~ FOR AERONAUTICS,
LANGLEY FIELD, T’A., February 14, 19@’.



APPENDIX

DEFINITIONS OF SYMBOLS

Definitions me gi-ren herein of most of the symboIs used
in the present paper. Seymbols ha-ring a wwy restricted
usage in the present paper are defined as they are introduced.
.lIthough some experimental data on control surfaces other
than aflerons are used for illustrative purposes ancl for the
de~-elopment. of correlations, a~leron symbols are emplo~ed

in referr~~ to experimental data regardless of the type of
controI surface in-rol-red. The -rarious spans and the ~arious
chords that are referred to in the folIowing list of syruboIs
me measured perpendicular and paralleI, respectively, to the
plane of symmetry of the airplane. The -rarious deflections
are measured in planes perpen&icular to the hinge lines.

airfoil sect ion lift coefficien~
aclclitiond lift coefficient at a section causecl by an

,m@e-of-a’ttzck change over tig
airfoiI section normal-force coe&ient
airfoil section pitching-moment coefficient
aileron section hinge-moment coticient.
-wing lift. coefficient
rolling-moment coe%cient
yawing-mornen t coefficient

Ha
()~ge-~omenfi c.oeficien~ of aileron —

qbaz.’
H

()spoiler hinge-moment coefEcienti A-qb,c&d
H,

()tab hinge-moment coefficient. —,qb,?,~
dampi~~ coefficie@ that is, rate of change of

rolIing-moment coefficient. C’1with w@-tip helix
angle pb/2I‘

pressure coefficient
resultant pressure coefihent (P(OugT—P upper )

seal moment. ratio for internally balanced aileron;
ratio of balancing moment of fle.tible seal to
balancing moment of thin-plate overha~~

helk angIe of roll, radians
angular velocity in roll, radiansjsec
span of wing, ft
true airspeed, ftJsec (unless otherwise noted)
indicated airspeed, mph
control force (stick force -with subscript s, -wheel

force -with subscript w), lb
aileron hinge moment, ft-lb
tab hinge moment, ft-lb
spoiler hinge moment, ft-lb
dynamic pressure, Iblsq ft (PTV12)
mass density of air, slugs/cu fit
ratio of mass density of air at altitude to mass

density of air at standard sea-level conditions

span of aiIeron, ft
span of baIance, ft
spa~ of spoiler, ft
span of tab, ft
area of wing, sq ft
airfoil section chord, ft
root-mean-square chord of wing o-rer span of

aileron, ft
root-mean-square chord of wing over span of

tab, ft -—
aileron section chord, ft
root-mean-square deron chord, ft
root-mean-square aikron chord over span of

tab, ft
balance section chord; distance from aileron hinge

Iine to lead~~ edge of exposed-overhang balance
or to a point midway between the points of
attachment. of the flexible seal of a sealed internal
balance, ft

root-mean-square bcdance chord, ft
root-mean-square aileron balance chord over span

of tab, ft
contour baIance section chord for pl~in-overhang

or Frise baIance; clistance from hinge line to
point of t angenc-y of balance leacling-edge arc
and airfoiI contour, ft (See fig. 24.)

root-mean-square contour balance chord, ft
balance-plate chord for int emalJ-y balanced ailerons;

distance from aileron hinge line to leading edge
of balance pIate, fb

root-mean-square baIance-pIute chord, ft
root-mean-square chorcl of tab, ft
upper-surface width of spoiler; in equation (14)

chord of wing at plane of symmetry, ft
root-mean-square of upper-surface v--id th of

spoiler, R
distance’ from spoiIer hinge a.sis to midpoint of

upper-surface width of spoiler, ft
root-mean-square of distance from spoiler hinge

a.tis to midpoint of upper-surface width of
spoiIer, f t

airfoil section thickness at aileron hinge line, f t
root-mean-square of airfoil section thickness at

aileron hinge iine oTer span of aileron, ft
root-mean-square of airfoil section thickness at

aileron hinge line over span of tab, ft
angle of attack, deg unless otherwise indicated
effective change in angle of attack caused by roll- ‘“

ing docity, deg

193



REPORT NTO. 868 —~ATIONAL ADVISORY COMMITTEE FOR AEROIVAUTICS

deflection of aileron, deg
total deflection of right and left aiIerons, deg
critical ailero~ deflection; that is, deflection at

which plain-overhang or Frise balance is no
longer effective in reducing slope of hinge-
moment curve, deg

:detlection of tab, deg
deflection ~oflift flap, cleg
deflection of balance plate of internally balanced

ailerons (positive when attached aileron is de-
ffected positively), deg

limiting cleflection of balance plate when horizontal
balance-chamber cover plates are used, deg

angular deflection of control (stick deflection with
subscript s, wheel deff ection. with subscripfi w),
deg

angle of sidesIip, cleg
angle of yaw, deg
trailing-edge angle at any aileron section, deg
effective aileron trai~ing-edge angle, deg
distance from plane of symmetry to any spa.nwise

station, ft
distance from plane of symmetry to inboard end of

aileron, ft
distance from pIane of symmetry to outboard end

of aileron, ft
distance from plane of symmetry to inboard end of

tab, ft
distance from plane of symmetry to outboarcl end

of tab, ft
chordwise location of minimum pressure point for

low-drag airfoils, measured in airfoil chords from
leading edge

moment arm of point of application of control
force; that is, control-stick length or control-
wheel radius, ft

wiclth of flexible seal of internally balanced aileron,
expressed as a fraction of the baIanc.e.-pla te
chord ~b~

gap between leading edge of unreflected baIance
pIat e and forward wall of balance chamber of
internally balanced aileron, expressed as a frac-
tion of the balance-plate chord C5P

aspect ratio (b2/iS)
wing taper ratio; ratio of wing-tip chord to wing-

root chord
Mach number; also, with subscripts O, .4, B, and

so for~h of fig. 24, area moment of exposecl-

overhang-balance profile about hinge axis
ReynoIds number; also, with subscripts O, .A, l?,

and so forth of fig. 24, nose radius of exposed-
overhang balance

factor used in evaluating (ACE)P
factor used in evaluating (AOhG)L~

~1, ~z, ~t’, Fs, Fd, F5, P6 correlation factors

k, ratio between angular deflection of co~troI (stick
or wheel) and aileron deflection with spring tab
fixed

kz ratio between angular deflection of control (stick
or wheeI) and spring-tab deflection with aileron
fixed

k~ ratio of control force to spring-tab deflection when
aileron is held fixed and &irspeed is zero, Ib/deg

k, helix-angIe reduction factor resultlng from win:
twist

kfl helix-angle reduction factor resulting from sideslip
angle

k, helix-angle reduction factor resulting from yawing
velocity

k, helix-angle reduction factor resulting from tab
deflection

The subscripts outside the parentheses of the foregoing partial
derivatives indicate the factors held constant during measure-
ment of the derivatives.
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-ralue of C~e computed hy means of lifting-line
theory

due of Ch; computed by means of hfti~~-he
theory

lifting-surface-theory correction to (Cza)m

aileron effectiveness parameter; effective change

in section angIe of attack per Unitt change in
aileron deflection

aileron effectiveness parameter for a, trailing-edge

angle of appro.ximat eIy 10° and for Mach
numbers approaching zero (-ralues of fig. ifl)

aileron effecti~eness pa~ameter for a trailing-

edge angle @and for llach numbers approach-
ing zero

aiIeron effectiveness parameter for Mach num-

bers approachi~ zero

aileron effectiveness parameter

number -31

()C’l*f$
hek-angIe parameter --&

P
rol.l@-moment-loss paramet er

wing torsional stiffness at station

for a lfach

y: ft-Ib/deg

radius of gyration about Ionggtudinal axis; frac-
tion of wing span

Subscripts lt and st when used in place of the general sub-
script t, for tabs, refer to linked tabs and to spring tabs,
respecti~eIy.
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