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EFFECTS OF SWEEP ON CONTROLS
I .— EFFECTIVENESS |
By John G. Lowry and Harold I. Johnson

Langley Memorial Aeronsutical Laboratory

INTRODUCTION

The design of controls for unswept wings that fly at low speed
has- been discussed in several papers ?references 1 to 7). The decign
procedures set forth in these papers are adequate to allow for the pre—
diction of control characteristics within smell limits. However, with
airplane speeds aporoaching end sometimes exceeding the criticel speed
of the wing surface, these low—speed characteristics ere drastically
chenged. This paper will use the results of about 25 inveztigations
(references 3 to 2%) to indicate the neture of these changes and to
discuss the design of controls on swept wing.

At the present time, information on the behavior of controls in
the transonic speed range is too mesger to permit the development of a
" rational design procedure that aprplies at transcnic speeds. Because
of this situation, the design of control surfaces for fransenlc alr-
planes must still be based primarily on low~-zpeed consideraticus. At
the seme time, however, the experimental regults that are avelleble for
transonic speeds indicate certain trends which should be kept in mind
in crder to reduce the unfavorable effects of compressibility at high
speeds. With this thought in. mind, therefore, some of. the Important
experimental data at transonic speeds will be discussed and a design
procedure based on low—3peed data will be presented. TFor convenierce,
the discussicn will be divided into ailleron effectiveness, lift effec--
tiveness, and pitching-mcment effectiveness. However, i1t should be
realized that the parameters are closely interdependent end hence, if a
certain geometric design feature causes & perticular change in one of
the parameters, it will usually cause a corresponding chenge in tuae
others. : . .

w: ¢ . -2 ATLERON EFFECTIVENESS

Effects of Compressibdbility

Effects of sweep.— Information on the effect cf sweevp on aileron
effectiveness at high subsonic speeds was obtained recently from tests
in the Langley S3-foot high—speed tunnel (references 8 and 9). These
tests were run on a wing of NACA 65~210 section which for the unawent
case had an aspect ratid of 9.0, & taper ratio of 0.h, end a 20-nercent—
chord plain aileron covering 37.5 percent of the wing semispan neer the
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tip. In order to obtain the swept-wing configurations, the straight
wing was rotated about the hO-percent—root-chord point and the tips
extended so that they were parsllel to the airstreem. This procedure
changed somewhat the aspect ratio, taper ratio, and wing section parallel
to the etream direction but reteined the advsntages inherent in testing

the same model at different angles of sweep. Some tyoicel results from
the investigation are shown in figure 1l.

Here we have the change in rolling-moment coefficient produced by
20° chsnge in total aileron angle plotted against Mach number for the
straight wing end for the two wings sweptback 32.6° snd 47.6°, It is
noted that the ailerons on the stralght wing remained fully effective
up to the critical Mach number of the wing which was 0.73 at design lift
- coefficient. Beyond the criticel Mach number the ailerons continued to
lose effectiveness up to the highest test Mach mumber of 0.525. This
large loss in rolling-moment effectiveness at supercritical Mech numbers
is apnarently a direct reflection of the zenerally large loss in 1lift
effectiveness of trailing—edge ccntrol surfaces on stralght elrfolils
at supercriticel Mach numbers. The effects of sweepback ere seen to
be twofold. First, the alleron effectiveness, before compreessibility
effects appear, 1s reduced apnroximately by tbe factor. cos?\ in
accordance with the simple theory of the effect of sweepback cn flap
effectiveness. Second, the Mach number at which compressibility effects
"first appear is raised by sweeping the wing back. For exemple, the
elleron on the straight wing began to lose effectiveness at a Mech num—
ber of about 0.7, that on the 32 .69 eveptbeck wing at a Mach numbey
of 0.8, end that on the b7.6° sweptback wing at a Mach mumber of 0.9.

It might be noted also that the drop—cff in effectliveness due to com—
pressibility effects becomes less abrupt as the .sweepback anele iz
increased.- These date show the deslirability of resorting to sweepback
in order to delay the loss in aileron control effectiveness that ocewrs
-at high subsonic gpeeds.

Scme qualitative data on the effeﬂtiveness of ai]erons at Mach -
numbers between the criticel and 1.3 have been obtained by the Langley
Pilotless Aircraft Research Division (reference 10) and are shown in
figure 2. In these tests rocket—propelled test vehicles were Fltted
- with low-aspect-ratic wing of NACA 65—series secticn having Z0-vercent-
chord gealed ailerons deflected about 5° psrallel to the relative wiml.
Frcm continuous measurements of the rolling velccity and speed of the

‘ missiles the rolling—effectiveneﬂs paremeter g% was determined 23 a

function of Mach number. It should be noted that this paremeter %g

=

depends on the wing demping moment due to rolling ag well es tne aileron
effectiveness so that some of the results are only qualitative with
regard to alleron effectiveness. However, the results probebly indicate
correctly the effects of the various major design parameters cn aileron
effectiveness at transonic speeds. In figure 2 we have plotted the
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5 per degree of aileron deflection ageainst the flight Mach number.

It is seen that for these wings of Gevercent thickness and aspect ratlo
of 3 the unewept configuration experiences & sudden serious loss in.
aileron effectiveness at Mach numbers around 0.925. Because of the
affects of rotational inertia of the rocket-propelled body and the
longitudinal deceleration during these tests, the actual loss in effec—
tiveness wasg somewhat greater than 1s shown by the data. As the sweep—
back angle is increased, the abrupt loss in effectiveness grows csmaller
until at a sweepback angle of 45° there appear to te no sudden chenges
in effectiveness through the transonic rsnge. The ailleron effectlveness
at supersonic speeds is much lesas than at subsonic speeds for all swee p—
back angles, the difference being greatest for the unswept wing and
least for the most highly swept wing. °

Effect of thickness.— Other rocket tests (reference 10) heve shown
that airfoil section thickness appears to heve a mejor effect on the
loss in effectiveness of controls in the transonic range. Figure 3
11lustrates this point. Here we have tests of two NACA €S-series
symnetrical airfolls of different thickness ratios at an aspect ratio
of 3.0. The 9-percent—thick section exhibited an abrupt loss in effec—
tiveness at a Mach number of 0.925, but the 6—nercent—thick section,
although shéwing an equel loss in effectiveness from Mach number of o. 9
to 1.3, does not show the discontlnuity at. Mach numbers of about. 0.9.
Data for sweptback wings similer to that shown here indicated that -
for 45° sweerbdack, sudden chenges in control effectiveness in the
transonic $peed range will be avoided if the thickness ratlo is less
then 10 or 12 percent. These data apply for deflections of 50 and
therefore may not represent the varlations for smeller deflections.

Effect of aspect ratio.- The effect of aspect ratio at 45° sweep—
Yack as determined from rocket tests (refsrence 10) is shown in figure 4.
The control on the airfoil of aspect ratic 1.75 was considerably more
effective than that of the aiwfoll of aspect ratic 3.0. This may very
- well be largely an effect of change in.the damping moment due to rolling
of the airfolls. The same trend in control effectiveness with aspect
ratio was observed also on unswept airfoils of aspect ratio 1.75 and 3.0.

Effect of trailing—edge angle.— The tralling-edge angle of controls
also appears to determine to a large extent the behavior of ailerons at
transonic speeds. Some resulte from the Langley 8—foot high-<need tunnel
(reference 8) and from the Ames 16-foot high~speed tunnel are shown In
figure 5. This figure shows the rolling moment produced by aileron
deflecticn for several wings at 2° angle of attack and at Mach numbers
of ‘about 0.85. We see that the ailleron with a 209 trasiling-edge angle
on the unswept l2-percent—thick wing showed a reverssl in effectiveness
.. for the up—going aileron. This reversal of effectiveness extended to
deflections of 109, the largest tested. The aileron with the 11° treiling-
edge angle on the unswept 10-percent—thick wing did not however show any
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reversal even at slightly higher Mach numbers. Sweening the wing with
the large trailing-edge angle back 47°, es shown in this figure, also
eliminated the reversal in effectiveness over the complete deflection
rangé. Other Ames 16~foot high-speed-tunnel data (reference 1£)
Indicate, however, that the trailing—edge angle of controls on swept
wings 1s also critical. For example, eilerons with 16.4° trailing-edse
angle on a 37° sweptback wing showed serious decreases in effectiveness
with Mach number, whereas reducing the traiiing-edge to 11.2° zlleviated
‘the large decreese in effectiveness. These results indicate two thirgs:
first, that the trailing-edge engle is important and should be kept es
small as possible, and second, that sweeping the wing will reduce but
will not necesserily eliminate the adverse effects of large trailing—
edge angles on ailercn effectiveness. .

Aileron Design

- Experimental results.— From the digcussion thus far we see that the
mein effects of sweep are to delay the adverse effects of compressibility
to higher Mach numbers and to reduce the magnitude of these effects when,
and 1f, they do cccur. In order to determine to what extent the design
procedure for controls on unsweépt wings would heve to be modiffed for
swept wings, a semispan wing with an espect ratio .of £:and taper raiio
of ]/2 was tested in the L ey 300 MPH 7- by 10-foot tunnel, unswent
" and with three sweep angles (reference 11) The. wing was’ equipped with
a varisble—spen, plain-sealed, 20-nerc¢nt—chord aileron. -

The variation of the rate of change of rolling—moment coefficient
with deflection CIS with spen of aileron for the varicus ergles of

sweep is shown in figure 6. The alleron for this Investigation extended
inboard from the tip but the data are appliceble for other eilepon lcca-
tions. The variation of Cza vith sweep shown here alsc includes the

'effect of espect ratio which varied from 6 for the straight wing to 3.43
for: the 51,39 swept wing. It will be noted that as the aweep is 1ncreased
and the aspect ratio decreases, the values of . Cis decreasze consideradbly
and that this decrease is even greater for ailerons located neer the

wing tip It should be remembered, however, that these data are for

low Mach numbers and Revnolds number of sbout 2 x 10 In order to

.- .jeke this chart of & more general’ nature,- the data vers reduced to the

form more generally used — that is, the chenge in rolléng moment for

) unit chenge in angle of attack over the stleron svan Eé' In meking

this reduction 1t was necessery to esteblish a nomenclature for swent
wings.  In order to be consistent with established procedures, the chords
end spens of the swept wings are measured parallsl and pervendicular to
the pléne of symmetry .and the sweep angle is that of the wing leading
‘edge (see fig. 7). The control surface deflections are measured ;n a
plane perpendicular to the control hings line. When the "unswept" wing

e



-2 117

panel is referred to, it will represecnt the wing that would be obtained
if the swept wing were rotated about the midpdint of the root chord

until the 50~percent—chord line is perpendicular to the plane of symmetry.
The tip is cut off parallel to the plane of symmetry. The chords in

this case are measured perpendicular to the SO-percent—chard line.

(The unswept spans and chords are primed in fig. 7.)

Deeign proeedure.— In reducing the deta of figure 6 from Cig toO

El as shown in figure 8 the valnee of 028 at each spanwise station
were divided by cos®A and the value of flap effectivensss parameter
ag for ‘the. “unswept' ving panel, It will be noted that this method
brought the curvea together for large—epan ‘ailerons and for ailerons
on wings swept less than 309, 'The curve for A = 0° to 30 agrees
with the thecretical curve (reference 2) for the same aspect ratioc
and taper ratio as the unswept wing. Short-span tip ailerons show,
however, a loss in effactiveness for the higher sweep angles and
indicate that on highly swept wings a partial-span aileronm located
slightly inboard will give more rolling mcoment than the same: ailercn
. located at the wing tip. e

In using this chart for design purposes, it is necessary to correct

the values of Eé for aspect ratio, teper, and flap chord. Alleron

effectiveness C,  1s obtained by using. the formula at the top of the

o]
figure where gﬁ 1s obteined from the appropriate curve on this chart.
The aspect-ratio correction K; 1is the ratlo of Eﬁ for the aspect
ratio of the "unswept wing to the value of ‘Eé for aspect ratio 6

(obteined from reference 2) and for taper ratio of 1/2. The. taper—ratio
correction Ke is the ratio of the value of - —l_,for the taper ratio
of the'hnuwept wing to the value of -l for taper ratio of 1/2, both

values (obtained from reference 2) atre for aspect ratio 6. The flap
effectiveness persmeter u§ is based on the unswept—-atleron-chord ratio
(see:reference 1) and A -Ye the: sweep of the wing leeding edge. The
values of CZ& thus obtained are. for low 1ift coefficients and for

small deflections, end gcme changes will occur if either is varied cal-—-
siderably.-

Effect of deflection - Figure 9 shcws the ratio of Cza obtained

. - at large aileron deflections to the values of C,. obtained. from the
* previous figures. It will be noted that the loss in Cza for lerger

deflections s lecs for the evept wing than for the straigbt wing. The
difference arpears to be about the same as the difference in defle tions



of the ailerone on the ‘two wings measured in the streem direction. Thus,
1t would appear that larger deflections can be used on ewept wings which
would tend to alleviate the low ei?gggiveness of the aileréns., The
results of. swept—winb—aileron invéstigations indicate that the effec—
tiveness, as with straight vings, ig relatively.constant with 1ift
coefficient so long as no unusual or sudden changes in flow occur over
the wing. : T Co

Comparison of estimated and test results. In order to determine -
the reliability of this method in predicting C;s for wings of other

sweeps, aspect ratioa, ‘and taper ratips, values of Cle were estimated
for lh wings and are compared in figure 10 with the measured values.‘

Figure 10 s e plot of Cza '..against Clb ; the solid line
test

est - :
is the line of agreement. The scatter of points eround the line of

agreement indicates that the method gives good: agreement for these rather
conventional sweptback wings, that is, winge of aspect ratic between

2.5 to 6 and. taper . ratiocs between 0.4 to 1. This method, however, can-
not be expected to give as good results for all cases of swepi wings,
particularly for these of extremely low aepect ratio and/or with extreme
taper. . . : S : A

LIFT EFFECTIVENESS -
Effects of Compressibility

Effects of sweep.— The problem of control 1ift effectiveness is -

closely related to the problem of aileron rolling effectiveness.. In

the case of ailerons, ve are interested in the rolling moment caused

by the-lift effectiveness of a control located some distance outhoerd

on a wing. In the case of an elevator or a rudder, we are Interested
directly in the lift effectiveness of the ‘control, inasmuch as this

11ft effectiveness determines how much elevator control will de required
to nitch the airplane through its angle-of-attack range or how much
rudder control will be required to offset yawing momedts due_ to the use
of uilerons, asymmetric power, end so forth. Because of the close
functicnal relationship between all the primary controls, therefore,

one might expect to find that the effects of compressibility on the

1ift effectiveness of elevators and rudders will be largely the same

as the effects of compressibllity on the rolling-moment effectiveness

of ailerons and vice versa. Thia expectation is. borne out by an analyeis
of the aveilable experimental data pertaining to full-spen controls that
would likely be used as elevators and rudders. Some effeets of com—
pressibility on the 1lift effectivenees of such controls will be con- _

sidered now. )
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. An examination of the data for full-span control surfaces on
unsvept airfoils, tested recently in the Langley 8-foot high—speed
tunnel, the Langley 16—foot high—speed tunnel, and the Langley 24—inch
high-speed tunnel (references 15 and 25 to 28), permit two conclusions
to be made regarding lift effectiveness et high subsonic speeds. First,
below the critical speed of the airfoil the control 1ift effectlveness
is essentielly uneffected by compressibility effects. Second, at
speeds slightly above. the critical speed the controls tested alwsys
experienced an abript loss in effectiveness which continued up to the
highest speed tested. The data suggest'that the control effectiveness
for small deflecticns for these unswept configurations of conventional
thickness would probably reverse at Mach numbers. in the neighborncod
of 0.9. ’ ) :

Further light is shed on this phencmienon by results obtained fran
wing-flow tests (references 12 and 13), which are shown in figupe 11.
This plot shows the control-effectiveness paremster CZS’ measured

over x40 control deflection, plotted egainst Mach number. Data are
shown for an unswept configuration of 10-percent thickness, the actual
sweep of leading edge being 139, and for a 335° swertback configuraticn
of 9-percent thickness. It is noted that the control effectlveness

for the unswept tail surface actually did reverse for small deflections
at a Mach number of approximately 0.95. At higher Mach numbers the con—
trol regained effectiveness for gmall deflecticns. It may be noted aleso
that the sweptback configuration did not lose completely its control
effectiveness at any speed up to a Mach number of 1.10, Actually, the
control effectiveness of the sweptback configuration fell off by about
40 percent from its low-speed velue. Although thesé data were obteined
at very low Reynolds number, that 1s, approximately one millien, there
is no proof that the phenomenon of control reversal shown by the unswept
configuration will not occur also at higher Reynolds numbers, perheps

to a different degree. From figure 11 it should not be assumed that

the unswept control had reversed effectiveness at all deflectionms.

Effect of deflection.- Figure 12 will show how the 1ift produced
by the control veries with deflection at different Mach numbers for
the straight tail surface. One curve is for a Mach number of 0.35
“where the force break occurred, one is for a Mach number of 0.96 where
the control effectiveness was reversed, and cne is for a Mach number
of 1.0k where ‘the control had regained efféctivenedss at all deflections.

It should be noted that, although the flap geve a net loss in lift
between deflections of =40 end kP at a Mach number of 0.96, as was
ghown in figure 11 by the negative value for CLg at higher deflec—

tions, the flap produced 1ift in the proper direction. Hence, it would
probably be possible to use such a control for trimming in combination
with an ad justable stabilizer or an adjusteble fin at transonic speeds,

.
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but it is belleved everyone would object to such a control because of
the illogical type of control motlion it wowld introduce. In this con-
nection, however, floating-model tests of very thin unswept airfoils
have not shown reversed control effectiveness at transonlc speeds for
the moderately small deflections that were tested. Hence, 1t seems
premature to condemn completely the use of unswept configurations at
transonic speeds. Much more data 1s needed to determine the effects
of airfoil. thickneas, of flép trailing-edge angle, and of possibly other
gecmetric perameters on the flap effectiveness of unswept tail surfaces.
For the present time, however, we know that the flap on the 9-percent-
thick, 35° sweptback tail surfece showed no signs of complete loss of
effectiveness even for small deflection at any speed up to a Mach
number of 1.10, the highest Mach number reached.
Design Procedure

Since the control 1ift effectiveness is 8o clogsely related to the
alleron rolling effectiveness, the design of controls such as elevators

on tailless aircraft will not be discussed in detail. The 1ift effec—~
tiveness parameter CL however showed sbout the same veriation with

gsweep as did the aileron effectiveness, that is, there was a decreese.;
in CL vith increase in sweep and decrease in aspect ratio (see i

fig..13) ‘Reducing these data to eliminate the sweep angle and flae .’““
chord by dividing the values of CLo at esch spanwise station by

cos2A and... ay of the "unswept" control brought the curves together
except for ‘the small—Span controls on highly swept wings which agein
showed a loss in effectiveness (see fig. 14). The values of Cry for.

other wings equipped with tip controls may be ohtained in a mamier .
similar to the alleron effectiveness, except that the aspect-ratio» .
correction is the ratio of the lift—curve slope for the ' "wnswept" wing
to the lift-curve slope for aspect ratio 6 (K3)(see fig. 14). As with
alleron effectiveness, the reliability of this method was checked by
estimating CL5 for nine wings and comparing with the measured value

of Cy_. Good agreemsnt vas obtained for all wings excep* two Tor whichtf

the control was located other than at the tip. Since unswept 1ift data

- indicate the 1ift &ffectiveness is different for controls starting at

" the” t1p"than for those starting at the root, this disagreement would-
probably be expected. Thus, in addition to the restriction placed cn
the method of prediction of atleron effectiveness, that 1s, aspect )
ratio and taper ratio, we must also limit this method to contr013 start—
ing at the wing tip. .
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PITCH EFFECTIVENESS

Effects of Compressibility .

In addition to a knowledge of the effects of compressibility on
aileron characteristics and 1ift effectiveness, the designer of a
high-speed flying-wing-type airplane needs to know what the effects of
compressibility will be on the pitching moment produced by trailing-
edge Tlaps. Here,the emphasis is on sweptback configurationc elmost
entirely because of the necesslty for providing a reasonadbly large,
allowable, center-of-gravity range together with a reasonably high,
trimmed, maximum 1ift coefficlent., Some date showing the effects of
compressibility on the pitching-moment effectiveness of longitudinal
controls on aweptback wings are shown In figure 15.

This figure shows the pitching-moment parameter Cma plotted

against Mach number for various sweptback wing-flap combinaticns
(references 12 and 14). The pitching-mcment slopes shown here are with
reference to a point at 17 percent of the mean sercdynamic chord of

each of the wings. This point was found to be the ;cw—eneed aercdynamic-
center location for the isolated wings, having 35° arnd h; of °weepback .
and an mspect ratio of 3, which are shown in this figure. It is seen
that the effects of compressibdility on pitching-moment control are
relatively small at all speeds tested which are up to a Mach numbver

of I.1. The maximum logs in effectiveness of the %-cnord plain

flap on the 359 sueptback NACA 65-009 airfoil, which was the omly con~
xtisuration tested through the speed of sound waa about 30 percent.

‘,¥ g?srt:al-epan flaps on the tapered 35° aweptback ving show s similar
;;f;tendency to lose bitching—moment effectiveness as the speed of sound
18 approached. With 45° of sweepback, the longitudinal control effec—

tiveness cf'tha full-span 25-percent-chord flap on & l2-percent—thick
wing was” cdmpletely unaffected by compressibility up to a Mach number
of 0.89. These data indicate that trailing-edge—type longitudinel
controls will retain considereble pitching-moment effectiveness =at
transonic speeds if as much as 35° sweepback 1s uced z2nd if the wing
thickness 1s not too great; for the cases under consideraticn the
maximum thickness was about 12 percent.

Moo,

Effects of Sweep

The limlited amount of low-gpeed data for the effects of sweep and
spanwice location on the pitch effectiveness dces not permit the con-—
struction of design charts. The pitching-moment data for one series
of swept wings do, however, show consistent variations with sweep
for sweep angles greater than 30° (fig. 16) but are not complete
enough to account for all the varisbles
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~ CONGLUSIONS

It appeers from the data presented thet no sericus problems
resulting from compressibility effects will be encountered so long es
the speeds are kept below the criticel speed of the wing or tail
surface and the trailing-edge angle is kept smsell, that is, lees then
about 149, Above critical speeds, however, the behavior of the control -
depends to a large extent on the wing sweep angle. The maln effects
of sweeping the wing or tail are to postpone to higher Mach numbers the
adverse effects of compressibllity and to decrease these advercse
effects when they occur. The design procedures presented, although of
a preliminary nature, appear to offer a method of estimating the effec—
tiveness of flap—type.controls on swept wings of normsl aspect ratio
end taper ratio. ) .
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