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AN INVESTIGATION OF THE LOW-SPEED STABILITY AND CONTROL
CHARACTERISTICS OF SWEPT-FORWARD AND SWEPT-BACK WINGS
IN THE AMES #0- BY g0-FOOT WIND TUNNEL

By Gerald M. McCormack and Victor I. Stevens, Jr,.
SUMMARY

An investigation has been made at large scale of the char-
acteristics of highly swept wings. Data were obtained at several
angles of sideslip on win~s having angles of sweep of +45°. & 4P,
and 0°. The alrfoil sectiogs of the wings varied from approxi-
mately NACA 0015 ot the root to NACA 23009 at the tip. Each
wing was investigated with flaps undeflected, partial-span split
£1aps deflected 60°, full-span split flaps deflected 60°and
golit-flap-type nilerons deflected +* 150. Values of maXimum
1ift were nbtained at Revnolds numbers ranging from 5.7 %o
9.2x'los.l In this report the summarized results are compared
with the predictimns made by use of the gimplified theory for
the effect of sweep mnd with existing small-scnle data. The
basic wind-tu-rel results from which theseé summary data were
taken are included in an aprendix.

The nrimary problems accompanying the use of sweep as re-
vealed by this investigation are the loss in maximum 11ft, the
hich effective dihedral, and the sharp reduction in lateral-

control effectiveness. 1n general, simple theory enables good

predictions to be made of the gross effects of sweep but further
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2 i NACA BRM No. A6K1H

refinements gare neoessary'toﬂobtain the accuracy required for
design purposes., In cases where.qomparisons can be made, the
indications are that, as sweep increases, scgle effects dimin-

ish and large-scale results gpproach small-scale results,

IHTRODUCTION

Theory indicates and cxneriment has shown thst the prime

aerodynamic effect of wi

=

g sweep is tn2 rcduce by the cosine

of the angle of sweep the effective flight velocity exper-

e 5

¥ the 2irioil sections 2T the wing. This then enables

o

ienced

lncreases in maxinmum flight speed t92 pe attained before
serious compressibility effects arc cneonuntered. Theory and
experiment also show that wing sweep introduces a number »f
tabllity and control »roblenms 1c scrisusness. of which
beeomes @ccentuated at low flight speesds.

Small-scale tests have pointed out the general nature of
Tihiese problems and indiceted those which must be overcome if
the high-speed bencfits of sweep arec t2 be realized., They
have alsn suggested thet boundery-layer flow and, hence,
Reynnlds number has a profoundé influcnce nn measured charac-
teristics and that the value of small-scele tests remain
gomevhat doubtful until the extent »f this influence 1is under-
stond.

Since ncl-r:.;e-scale data were avallable for wings with
large angles »f sweep, &n investigation of the effects of

swWweep was conducted in the Ames U40- by &0-foot wind tunnel

and the results are reported hercin. It is believed that
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these date will go far towards establishing the detum required
t» estimate the effects »f scale ~n highly swept wing plen
forme, With this knowledge at hend it is evident that the
valuec »f future small-scale tests will be considerably

increesed.
This repsrt discusses & summary °f the basic results and

eompares them with simple swept-wing theories and, where
possible, with existing smell-scalc data (refcrences 1, 2, and
2), To make the basic data availeble for further anelyscs

s an apnendix t» this report.

r| J

they arc ineludced .@
DESCRIPTION OF lIODELS

models tested were chupnsed of wing panels from

=
5
o
)
I...l
<
[6)

an available airplene which were given the desired plen forn
and sweep DY individuaily fabricated tipes end center sections,
The recsulting angles of sweep were 07, 30°, and 450 gweepfor-
ward, &nd 307, and Us? swecpbaci (mensured with reference %9
the quarter—chord line of the a rfoil sections), Aside from
the angle of sweep, the prime plan~f5rm variasble was c¢onsidered
tn be aspect ratio, The tips &and center sectinsnsg were construc-
ted 3o giﬁc the emoallest veriation »f this parameter nossible
without modification of thc “irpleonc wing pancls. No spccial
attempt wes mede tn enntrol the veriatinn »f taper ratin, arca
st span. Photogrephs of the wings -and plan-form drawlngs

with pertinent 3imensi0ns'are gshown in figures 1 =nd 2. The

ranmetric ch~racteristics of the five vings tested are listed

TR Gablie L.
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The airfoil sections of the swept wings were dictated by
the sections of the airplane wing panels (an NACA 0015 at the
inboard end and an NACA 23009 gt the outboard end of the panel),
The proflles of the center sections and tips were simply exten-
sions of the wing-panel airfoil. To expedite construction,
three tips only were fabricated: one for the swept-forward wlngs,
one for the straight wing, and one for the swept-back wings.
Thus for the swept-forward and swept-back wings compromise tips
were used which were misalined 73° to the air stream. The twist
in the chord plane of the wing panels was approximately 1/4° of
washout. The dilhedral of the chord-plane leading edge was kept
at 0°.

No attempt was made to improve the falrness of the wing
panels beyond the original mgnufacturing condition. Thus, due
to presence of various access plates, panel Jjoints, etc., the
wings were rough to a greater degree than that normally
assoclated with latest construction requirements.

Partisl-span and full-span split flaps were tested on all
models. The flaps were 0.20 chord and were deflectedéoo.1 The
span of the partisl-span flaps was 0.623 wing span for all mod-
els; the span of the full-span flaps varied slightly from full-
span (in no case more than 0.064 wing span) as shown in table I.

Ailerons were simulated by attaching the outboard portion
of one of the flaps to the right wing and deflecting it $15°
(up-deflection was obtained by attaching the flap to the upper

surface of the wing). Thus the allerons as tested were

1Except where noted, all chords and spans used in this report
were measured parallel r~nd perpendicular to the plane of
symmetry. Flagp deflection angles were megsured in a plane
perpendicular to the flap hinge 1line.
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0.20—chord split-flap-type ailernns,
The winge were mounted on a faired sting which in turn

wag attached tn the three-strut supnort system. Photographs

»f the wing installations are shown in figure 1,
COEFFICIENTS AND SYIMBOILS

The data are presented in the form of standard NACA cnef-
ficients and symbols as defined in figure 3 and the following
tabulation. All forces and moments dre presented about the
stability axes with their origin 1ncated on the root chord,
or rnot chord projected and at the same fore and aft location

as the quarter il.a.C.

CL 11ft coefficlient (1ift/qS)
Cp drag ccefficient (drag/qS)
3 ; nns s o (pPltching moment
Cm pitching-moment coefficient <~ = e )
4. & qDC s/
k one sown  (POLling monent \
Cq rolling-monent coefficient | =2 )
\ qSb /
/yawing moment
C vawing moment coefflclent L e
n : i T \ RELS .
/side force>
gside-—- aefficient W —
Cy ide~force c ef11c161‘ ¢ ik 3
CLU rate »f change of 1ift cnefficlent with angle of
attack, per degree
ACqy increment »f 1ift cnefficlent due to deflecting
flaps
C1. nmaximum 1ift cnefficient
max
Cy rate of change of rolling-moment coefficlent with
sldeslip, per degree
Crp rate of change of rolling-moment coefficient with

wing~tip helix angle, »er radian
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rate of change of yawing-moment coefficient with
sideslip, per degree

rate of change of rolling-moment coefficient with
aileron angle, per degree

rate of change of CLB with 1ift coefficient where
1lift is inoreésed by changing angle of attack

rate of change of OCy with 1ift coefficient where
1lift is increased by deflecting flaps

rate of change of CnB with the 1ift coefficient
squared

ratio of 1ift to drag

dynamic pressure, pounds per sduare oot

velncity along flight path, feet per second

angle of attack, degrees

angle of sideslip, degrees

angle of sweep of quarter chord line of airfoil
sections, degrees (Sweepback is positive and
sweepforward is negative.)

effective dihedral, degrees

control surface deflection, degrees

e

X5

spect ratio based on length o1 quarter chord
LS

\3 cns®h -

Jones! edge-velocity correction

aspect ratio based on span
line

.G
taper ratio, ratio of tip chord to root chord (EED
r

wiing area, square feet
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e mean serndynamic chord »f wing measured parallel
tn plane »f symmetry, feet
b wing span measured pernendicular t» the plane »f

synretry, feet

Ct wing-tip chord
Cp wing-ra2st chord

TESTS AND RESULTS

Foar each »f the mniel eonfiguratisns six-component force
and moment date were obtalned through an angle-of-attack range

he data were obtained

=

of sideslipe.

A

65 ]

at each of several angle
at dynanmlc pressures which range from 5 to 75 pounds per
squaré font (R = 2.8 x 10% t59 R = 18.0 x 108)?; most of the
date were obtained at dynamic pressures »f 10 to 20 pounds per
squere 79t (R = 4,0 x 10% and R = 9.3 x 10%, respectively).
The basic data obtained from the wind-tunnel tests »T the
five swept wings are described in the apnendix. Als» included

in the apnendix is a descriptinn »f the correctinns =2nd tares

applied t» the data.

In this discussion an evaluation is made of the effect of
wing swecp on the more important aerndynemic parameters and of

the consequent effcct an airplane pcrformance and stability.

2These Reynnlde numbers are bascd upon the 1i.A4.C. as a refer-
ence length and ere the minimum and maximum limits °f the
variatiosn including the change in chord length wlth sweep.
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Alsn, the accuracy with which the simplified sweev theonry may
be used to predict the characteristics of swept wings is eval-
uated by a comparison with the experimental data. Finally,

an attempt 1s made to compare nt least qualitatively the vaglues
of the varlous characteristics as obtained at small-scale

(R < 1.5 x10°%) and full-scale Reynolds numbers. The summary
data on vhich this discus-ion 1is based have been extracted {(for
a test dynamic pressure of 20 1b/sq ft) from the measured char-

acteristics included in the appendix,

The conccpts advanced by Betz in reference 4 form the
groundwork for the theory of the acrodynamic effects of
incorporating sweep in a wiag plan form, These concepts are
based on the assumption that for an infinite-span wing only
the velncity cormponent normal tn the quarter-chord line
influences the pressures over a wing; the spanwise component
of velocity 1is neglected. Thus, if the velocity components
are resolved perpendicular and parallcl to the quarter-chord
line of a wing, the effective dynamic prcssure over the wing
will decrease in proportion to the square 2f the cosine of
thé angle of sweep and the effective angle nf attack will
increzse in proportion to the reciprocal of the cosine of
the angle of swcep. Thesc changes in effective dynamic pres-
sure and angle of atteack brought ab»hut by wing sweep form
the basis for the existing simplificd sweep theory.

In interpreting the comparisons to be made between the

simplified theory and experimental results, the limitations
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of the simplified theory must be borne in mind. Over the

ro9t section »f highly swept finite-span wings, particu-

larly highly tapered low aspect ratio wings, the basic assuap-
tinn that the wing reacts only t2 air velocities normal %o The
quarter-chord line probably docs no2t hold. It should alsn be
noted . that simplified theory in ite present form applies only
t2 wings which generate an additional loading due to angle-2f-
attack change that is rectangular in form., Therefore apore-
ciable deviations from rectangular loading such as produced

by taper will result in discrepancies between the theoretleal

and experimental results,
117t Charecteristics

TLift—curve slnope.— The simplified theory indicdtes a
I i V7

decreecse in lift-curve slope propartional only to e€osd. To
account for induction effects, a correctlion must also be made
for any variations of aspect ratin, Hence; the effect of
sweep on lift~curve slope, when corrected for aspect ratio,

will be in accordance with the relatinsn:

[a/(a+2)],
o8l 7TEEIT

p} 7

/ﬂx ol /4
\ULQ’. ) ia \\C I‘C)

A=0

In conformity with standard nomenclature, aspect ratin 1s
based on the spen »f the wings; however, there is some conten-

tion thet since only air flow perpendicular to the quarterchard
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line 1s consicdered to affect the aerndynamic characteristics,
agspeet ratio should be based on the length of the quarter-
chord line., Such an assumption 1s used in the analysis
included in reference 1. In figure 4, the experimental
results (taken from thie linear portion of the 1ift curve) are
shown together with the predictions based on theory for both
concepts of aspect ratioc®, For swept-beck wings, basing the
aspect ratio on the length of the quarter-chord line gives
The better agreement; whereas for swept-forward wings, basing
the aspect ratio on the coaventional span givee the better
agreement.,

It is believed that nelther of thece aspect ratio
concepts gives a correct picture of the induction effects of
the vortex pattern on swept wings, It can be shown that if a
wing is swept baciz, the induction influences of the trailing
vortices on the wing should be reduced, and conversely, if a
wilng is swept forward, the induction inTluences on the wing
should be increased, That 1s, the effective aspect ratio
increases with sweepback and decreases with sweepforward for
wings of constant geometric aspect ratin (b3/8).

o

The lift—curve slopes for the wings of this report have

been estimated using the method of Fallkner (reference 5) which

21t is recognized that a further aspect ratin correetion,
namely, Jones' edge-velncvitly correctinn should be used.
The effect 1s small, however, compared t2 the errors
resulting from the use »f simple sweep theory. It has
been omitted, therefore, in an effort to indicate clearly
the adequacy of simple swecep theory in indicating the
lift-curve slope of highly swept wings.
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tekes int» consideration the induction effects »f the swept
vortex svstem in a more precise manner, In applylng this
method the sectlon lift-curve slope for these wings
(Clm = O.103> vae used ratber than the theoretical value
<01a s §7¥?> used in refsrence 5. The results are shown in
figure 4. The predicted velues o»f Cp, and their variation
with sweep closely approximate the experlmental results.
This indicates that, when induction effects are properly
accounted for, accurete predictions 2f lift-curve slope can
be made. It can be inferred then that the failure of simple
theory tn accurately indicatc the effect of swcep 2n
lift-curve slope is ~ result »f impropcr induction effects.
Taper apvears to have a strong effect on lift-curve slope
due t» its inherent influence »n inductlion effects. As
previnusly mentioned, the simplified theory strictly anplies
snly to rectangular loading and hence the taper of the wings
of the subject investigation may account for some of the
discrepancy between thenretical and experimental results. In
an attempt to correlate the effect of taver on the I1ift-curve
slope of swent wings, cate from previous investigatinns of
swept wings having different taper ratins (references 1, 2,
%, 6,and 7) are shown in figure 5. For most of the investi-
gations the wing aspect ratio (Gefined as b?3/8) and taper
ratin did not very with sweep. For those cases where aspect
ratin (b?/8) varied with sweep, the data were corrected to

the aspect ratio (b?/8) for the unswept wing.
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Examination of the date in figure 5 will reveal that,
as taper retio is decreased, the maximum value »f lift-curve
glope occurs at greater angles »f sweepback., The relation
between taper ratin and the angle »f sweep at which the maxi-
mum value of lift-curve slope occurs is shown in figure 6.
The figure disclnses that in order %2 »btain maximum 1ift-
curve slope the taper ratio should be reduced from 1.0 as the
wing is swept back and, by inference, increased from 1,0 as
the wing is swept forward.

A comparison of figures 4 and 5 shows that values »f
lift-curve slope determined from larg.—scale tests show no ¢
better or poorer agreement with simple theory than values
from small-scale tests. It appears th:et the principal dise-
greement between theory and experiment lies in failure »f the
theory to properly account for the induction effects on swept
wings and that in comparison the effects »f scale are rela-
tively small.

Exeminatinn »f the nonlinear psrtion »f the 1lift curves
and comparison with small-scale data shows that no consistent
effects exist which could be attributed directly t» scale
effect. Those differences which d»o exist are small and
erratic in nature and probably result from differences in
plan form, wing section,and local wing roughness.

Flap effectiveness.- According ©» simple sweep theory,

flap effectiveness decreeses as c¢os®As  An additional

~

correction to account for induction effects must be applied
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vhen comparing flap effectiveness on wings of different aspect
ratin., The comments previnusly made regarding the effects of
induction on lift-curve slope apply equally well to flap
effectivencss. In fact when a‘,CLa', and 8§ are measured
perpendicular to the quarter-chord line, the effectiveness
paremeter oa'g 1s unaifected by sweep and the 1lift increment
produced by flap deflection is direetly proportisnal to CLG‘
or to CLa cosi, Hence the theoretical effect of sweep on
flap 1ift increment may be written either in terms of sweep

and aspect ratio:

e by ok, ap (A/(a+2)]p
o, o [a/(a+2)] =0

ar in terms of sweep and 1ift-curve slopes:

(ac), = (80r), -, cosd T
where o 1s the angle of attack of the ront chord.

In figure 7 the experimental results are shown together
with predictions mede in accordance with both the foregoing
relstions®. It can now be seen that predictinns »f flap 1ift
increment made in terms of aspect ratin deviate from experl-
ment the seme as did the predictinons of lift-curve slope.

However.when predictions are made in terms of 1ift-curve

4Note thet in correcting for aspect ratio, the aspect ratin

was based on the span. As in the case of CLa, if aspect

ratins werc based on the length of the quarter-chord line
better agreement in flap 1lifT increment would have been

obtained for swept-back wings and poorer agreement for
swept-forward wings.
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slopes, the agreement with experiment is almost exect. Thus
the contral which cLa has on flap effectiveness emphasizes
the importance »f fully underetanding the effect on CLa of
the meny factors involved; this is especlally significant when
flap effectiveness is considered in terms of airplene contrnl
and performance.

Since the flap 1lift increment is dependent upon 1lift-
curve slope, the conclusions concerning the effect of scale
on lift-curve slope apply equally well to flep 1lift increment.
In general, it can be sald that sweep introduces no new scale
effect on flap 1ift increments measured at low angles of
attack.

Vaximum 1lift.-— The effeet of sweep on maximum 1ift of

the wing without flaps, with 0,623 gpan Tflaps deflected 609,
and with full-span split flaps deflected 60° is shown in
figure &. Attention is called to the fact that the wings
tested  were composed largely of production wing panels with
normal roughness and irregularities such as caused by access
plates. As & result »f the roughness, maximum lifts measured
on these wings may be somewhat lower than those measured on
smonth wings, However, since the measured values on the
unswept wing appear to be reasonably high for the particular
airfoil sections, it is believed that the roughness was not
sufficient to seriously reduce the maximum 1ift measured.

As shown in figure &, sweep in wing plen form produces

serious losses in maximum 1lift. However, for all but one of
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the wing configureations the neasured meximum 1ift was equal
to or greater than simple theory would indicate, that is,
Clrax ¢id not in geheral decrease praportional to cas @A,

Furthermore, the geometric an le of qttc el By il
’ Imax

(fig. 9) dnes not decrecse as

cos&kii/A+2)Jx—

n+d)]A

which would be predicted by simple theory. It is probable

thet sps.wise boundary-layer flow prevents stall from
spreading .from tip to ront - on the swept-beck wing and from

ront t2 tip on the swept-forward wing, It i1g-alsn pnssible

. that  this intense boundary-layer drain allows cert=in sectinns

of .the wing t»o resch abnormally high engles of attack prisr
O Y () o]

ts dvafl,

On the unswept wing the gain in meximun liftvcoefficient

Gue tn flao de flect;on is egual t2 the flap llft 1nc¢onent at

Alow ”ngles of attack- whercas an The swe ot uin~s the gains L

maximum 1ift confii lent re sanewn“t less than the .flap 1lift
increments realized at. low angles »f attack. This is partic-

L

ularly true for the sutboerd partlon of . full-span fleps on

the swept-back wings end the inbnord.fleps on the  swept-forward
‘), D o &

wings. (For sweepback:angleg greater than'}O°, full-span

flaps proaduce n»n gr then d» pertial-span flaps,)

te
gres Cmex :
Such decreases in flep offectiveness with sweep are disap-

"pointing but nat surprising, since near stall the air flow

is separated »n the outbonerd section of swept-back Wings and

the inboard sectian of swept-forward wings.
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The meagsured loss in QLmax due to sweep seriously limits
alrplane performance. With either partial or full-svan flaps,

0 s s
the loss in QL due to 45 of sweep would require increases

maX
in landing speed of approximately 20 percent.

Because of differences in taper ratio and airfoil sections
of models used for small- and large-scale tests to date, no
quantitative conclusions can be drawn regarding the effects of
scaie on (

maX
ever, 1t can be inferred that as the angle of sween is increased

at various angles of sweep. In general, how-

the effects of scale become smaller. For instance g comparison
of figure & of this report with figure 7 of reference & shows
that an increase in CLmax of 0.25 is obtained at 0° of sweep
when going from small- to large-scale tests. In contrast, in-

creases of only 0.10 and 0.08 in are gained with 30° and

GLmaX
U5° gweepback. The increase in CLmax at 0° of sweep is in
general accord wlth what past experience has showm to be a rea-
Sonable effect of scale; whereas the increases for the swept
wings fall far short of what would be anticipated from experi-
ence on straight wings. These data indicate that large-scale
tests show a much more rapid decrease of GLmax with sweep than
do model tests. This seems true vhether flgps are deflected or
not. Since large-scale results tend to approach small-scale
results at large angles of sweep, considerable care should be
taken in trying to estimate large-scale airnlane performance
from swept-wing model tests. Expectations of improving GLmax
commensurate with that experienced at zero sweep are not likely
to be fulfilled. The importance of this problem would indicate

a Pressing need for swept-wing tests of a number of given models

throughout the full Reynolds number range.
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It should be noted that the above inferences have been
drawn from results of tests of wings using conventional air-
foil sections, It may well be that when sufficient data
become avallable to make similar comparisons on wings using
laminar-flow sections, the effects ol roughness and Reynolds
number may be markedly different.

L/D ratio.- The variation of L/D with 1ift coefficient
is shown in figure 10 for each of the five wings with partial
and with fulle-span flavs, That part of the drag attributed
to induced drag has been corrected to the aspect ratio?®
(b2/3) of the unswept wing, that is, an aspect ratio
of L14,62, The L/D values for conditions where the drag coef=-
ficient was less than 0,1 are not shown because it is
believed possible inaccuracies dve to lack of precise drag
tare values would invalidate any conclusion drawn from such
results, This excluded study of the wmost important flight
speed range for nlain wings and hence the I/D values for
rlain wings are not shown, It is believed, however, that
the results shown for the winzs with flaps are sufficiently
accurate to allow useful conclusions to be drawn as to the
effect of sweep on L/D ratios for that region of the most
interest, centering around gliding and landing.

The results show that at 1ift coefficients near a

maximum 1ift coefficient of 0,8 the I/D for the swept wings

The use of aspect ratio based upon the span of wing rather
than the length of the quarter-chord line is justified
on the basis of results quoted in reference 6,
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approximates that for the unswept wing. As stall is approached
the L/D ratins of the swept-back wings remain at least as high
as those for the unswept wing; whereas the L/D ratios of the

swept-forward wings show a rapid decrease.

Longitudinal Characteristics

The effects of sweep on the pitching-moment characteristics

of the plain wing, wing with partial-span flaps,and with full-
span flaps are showh in figures 11 to 13, The remarks which
follow are based upon the data obtained on the plain wing
(fig. 11) but in general apply also to the wings with partial-
or full-spen flaps (figs. 12 and 13).

For 1ift coefficients lese than 0.5, the pitching-moment
coefficiecnts vary almost linearly with 11ift coefficient and
indicate that forward sweep moves the acrodynamic center
forward (4 percent 11.4.C. at ~U5° gweep), while sweepback
moves the aerodynhamic center rearward (5 percent M.A.C. at
45° sweep). At higher 1ift coefficicnts the #:5° swept wings,
and to a lesser degree the —30°‘swopt wing, exhibit an abnor-
mal diving tendency. Similar diving tendencies of highly swept
wings have been reported previously (rcference 1). Such
irregularities in moment characteristics do not appear serinus
if considered only in terms of the eclevator power aveallable
with a conventional tail. However, the effect upon static
stability and the abrupt variation of elevator position and of

stick force with speed may prove osbjectionable to pilots. In
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the case of a tailless desgign these irregularities would be
more serious. For instance, if the 45° swept-back wing were
considered a possible design with the 0,KO-span ailerons used

i 35670

(JT‘

far longitudinal control (elevons) and with neutral stal
at low 1ift coefflclients, over 30° up—-elevon travel WOUld ve
reculred t» maintaln trim even i the elevoﬁ‘effectiveness at
low 1ift coefficients were maintained. For the HEQ swepnt-
forward wing a similer but less extreme condition exlstecd,
Smaller control angles would be redquired but the date indicate
an abruptness of control motion which, because of the 1low

damping in pitch, might be serious in tailless designs., In

cons 1dering the longitudinal Stauilluy it shnuld be remembered

that the effects »T fuselage, tip shape, q40ts, etc,, have
been disregarded. It may be, and unpublished data 89 indi-
cate, that minor configuratisn changes will remove the diving

tendency and 1ts associated problens.,

For 1ift coefficients just less than CLmax’ the swept
wings tested, with the exception of the 300 swept-rorward
wing, exhibited a strong climbing mnment. This characteristic
is obvinusly undesirable since it makes inadvertent stall
cuite likely. In reference & a chart was presented which

ined, on the basis of small-scalc date, the boundaries of

aspect ratis and sweep angle which would give a wing either a

[

climbing or a diving tendency near stall. This chart 1is

reproduced herein &s figure 1l#., Alsn shown on this figure

4-%

are the date obtained in thls investigstion, Based upon thesc

data; it apnears that the chart as set forth in reference 8
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applles as well to large-scale as to small-scale wings; further-
more, the chart applies to swept-forward as well as swept-back
wings. Insofar as the over-all shape of the pitching-moment
curve 1s concerned large-scale tests agree generally with small-
scale results with the exception of minor differences. Again it
should be noted that these comparisons have been made from exam-
ination of results of investigations on wings using conventional
sectlions. The wvalidlty of the statements regarding these com-
parisons 1s as yet unsubstantiagted in cases where laminar-flow

sections are involved.

Lateral Charagcteristics

Dihedral effect.- The variation with 1ift coefficient of

the rolling moment due to sideslip 1is shown in figure 15 for the
plain wings and in figure 16 for the wings with flaps. The pow-
erful influence of sweep on the dihedral effect 1is immedlately
apparent. (A scale of effective dihedral for the unswept wing
has been shown on the figures to allow convenient comparisons.)
Within l1imits, the dihedral effect due to sweep increases in

proportion to 1ift coefficient.
Both the 3%0° and 45° plain sweot-back wings reached a

maximum value of GZB of -0.003% (17° effective dihedral) at

1ift coefficients of 1.15 and 0.85, respectively. In the case
of the swept-forward wing the maximum value of CZB incrensed
with angle of sweep, being 0.0014 for the -30° swept wing and
0.0020 for the —450 swept wing. These maxinum vglues for the
swept-forward wings occurred in both cases near a 1ift coef-
ficient of ©0.9. It should be noted that while the swept-back

wings show much greater dihedral effect than do the sweot-

forward wings, this is due largely to the dihedral effect of
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the unswept wing. The incremental dihedral effect is roughly
of the same order of magnitude for elther directinn of sweep.
The maximum dihedral effect »f the wing with flaps
deflected is considerably higher, ebout 32° ror the 45°
swept-back wing with full-span flaps. Such extreme dihedral
would make meaintenance nf a wings-—level attitude in the landing
approach almost impossible bscauge »f extreme sensitivity in
roll to slight angles of sideslip. Even with adequete lateral
control it is felt that a pilot would have difficulty in
reacting sufficiently fast to prevent reaching excessive

angles of bank,

For the case where 1lift is changed by changing angle of
attack (flap deflection constant), simple sweep theory gives

the following reletion for the parameter éCLg/éCL -
a, o P : o w  tanA

6It is recongnized thet both »f the terms on the right side of
this equation should be modified further by & correction
involving aspect retin and cdge velocity. Simple theory
shows that, where esymmetrical 1ift exists, the corrections
would be the form A/(AE+4). Again the question arises as
to what the value of aspect ratio should be. Obviously the
choice is more complex than simply deciding whether the
span should be based on conventional span or quarter-chord-
line length. In attempting to correlate the subject date
ag well as other swept-wing data both these approaches were
used. Since neither proved consistently superior to the
other or to simple theory, it was decided to delete the
cnrrection entirely., It is pnseible thet additional study
of existing date together with future tests will reveal a
means »f determining an effective aspect ratio which when
used in this connectinn will more accurately predict =sym-
metric loading conditinons. It should be noted, then, that
throughout the sections of this report dealing with asym-
metric loading conditions (sideslip or ailerons deflected)
no corrections for aspect ratio changes ‘have been applied
tn the oredictions for the effect of sweep.
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This relation has been used to estimate the values of

ulﬁ/écL for the five wings tested and the results are
compared with experimental valueg in figure 17. Reasgnnably
gnod agreement is shown execept in the case of the U5° gwent-
forward wing which had a somewhat lower value of éclﬁ/écL
than was predicted.

For the case where 1ift 1is changed by changing flap

deflectinn (engle of attack constant), the theorctical effect
of sweep on éCLB/éCL is twicec that given by the foregoing

expression, thet is,

i A
/cscla/ach @015/5%% T —53 —2—713—

where bp/b is the ratio of flap span to wing span. The esti-
mated and experimental results for this case are a2lso shown in
figure 17. The agreement between theory end experiment in this
co.se 1ls only falr., The discrepancy is probably due in great
measure to fallure of the thcory to properly &aceount for the
sponwise center of 1oad. Theory indicates rectongular 1nading -
thet 1s, that the center of additional load is applied at mid-

semispan of wing or flap. NMovement of the center of load

inboard 28 much as 20 percent »f the wing semispan would be
required to make the discrepancy betwoen'thoory and experiment
vanish. ' .

Thus, rclations obtained by means of the simplified theory
appear to estimate at least the gross cffects of sweep on the

parameter éCLﬁ/éCL « A notable cxccption is the case of the
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)
A

1 ¢ . - G . a1 an b
L5 gwept—forward wing which exiiibits & dihedral effect much
less than theory would indicate but still greater than the
30° swept-forward wing.

23

Since the problem of determining the value of 30y ,./0Cr,
° i

end the maximum value of CL 1is probebly the most serinus

one faced by the designer of swent-wing cirplsnes, & consider-

able effort has been made to gvoluate the effects of scale o2n

swept-back wings from The data. Unfortunately, such an

evalustinon cnuld no2t be obtained. Only the generalizstion can

be made that the effects of sealc avoear much less important

than the cffects »f wing geometry, Both large- and small-
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scale swept-back-wing tests show very simile
That is, the value of 6C1ﬁ/5CL Tapproximetes thet
predicted by theory, with & maximum value of CLﬁ being
reached prior to the stall, and followed by a reductlion in

s approached . No2te that these ~nd the

'_Jo

Czﬁ as the stall
following consideratinons regarding the effects »f scule apply
t2 plain swept-back wings only.

As previously nnted, the value of 6Clp/5CL indicated
by simple theory 1is based upon the assumption thet The add
tional 12ad is concentrated at the mid-scmispan. Therefoare
marked differences in this parcmcter would be expcctcd where
nonrectengular loading was known ©92 cxist. In comparing
experimental results with the theory such was found t2 be the
case., Recfcrence 1 showed that for the rectanguler swept-back

c
wings the measured value was as nuch as 1U percent morc than
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the predicted value. The tests repoarted herein gave experi-

mental results less (as much as 1l nercent less) than the

=

predicted value: Such differences might be anticipated since
theory showsg that sweepback tends to shilft the load center
towards the tips, and teper ratins lcss than 1,0 tend to shift
the load ccnter towerds the ro2t, A complcte understanding »f
this actlon cannot be had untll more thorough studies are made
of the effects 2f swcep and taper onn load center. A first
approxination (probebly on overcorrectisn) of the ansver can

(|

be rcached, however, by simply ad the load centcr to

L
(%)

justing
correspond to the arce center. If this is done, theory would
fall within 10 percent 92f the results shown in this report

while, of course, the discrenancles 2f reference 1 would be

unchanged., Such & procedure applied ©» The results »f reference

3 would slightly nvercorrect £or the effects 2f taper that are
showvn. From this 1t can be concluded thet the vealue »f
éCLﬁ/éCL can be apouroximated to within 15 percent by simple
theory; that a cloaser approximation can be had - probabl
within 10 percent - if the centroid of l-ood 1s assumed to lie
on the centrnid of area. It is belicved that the effects of
scale fall within this latter error and probably are »f the
samec general magnitude as the effects o7 section or tip shape.
No data conuld be found t» aid in a quantitative evaluation of
these c¢ffects.

With regard to the maximum values F CLE lixely tn be

g

encountered with a highly swept wing, 1t appears imnosaslble tn
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conclude more than the fect that a maximum value exists for
every wing and that this maximum value tends t» decrease with
taper ratio, The data of this renort and reference 1 show
very nearly the same maximum value (CL = 0,C0%% %o O.GO}S)
fnax
for bath swept-back wings. Reference 3 shows a very similar
maximum for the untapered wings but shows the maximum decreas-
ing with both taper and sweep for other wings. No relation
seems to exist between the 1ift coefficlent at which the
maximumn Clﬁ cccurs and the maximum 1ift coefficient of the
wing. Since, however, the value »f ACvp/sCL, in general,
increases more rapidly with sweep than O decreases, the
# max
maximum value of Clﬁ accurs at progressively lower percent-

8

ages N7 clmax as sweep 1s lilncreased., For instance, for a

450 sweptback wing, CL 2ccurs at 0,55 O in refer-
nax Tnax
Z .
nc @01 -C in reference 1, and 0,70 C in the
ence 3, Yand € 1ce 1, @ 7 Ol as EneEne
data of this report; whereas Cy, for a 30° swept-back ving
Fraax

sccurg at 0,80 Cy_ QB2 0 and 0,91 C for the

Lmax’ s 7 Lpax

same data, respectively. Since the phensmenon which causes the

valve »f CLE to peak ore not completely understnsd at the
present time, an accurate prediction 2f its value 1s impnos-
gible. Examination of all available deta leads, however, to
the conclusinn that if & maximum value »f -0,C038 is chosen
the choice can be cnonsidered conservative, but for the present,
wind-tunnel tests must be relied upon to give the exact

answer. Certainly this problem is worthy of additional study.

Until the governing factors are more clearly defined it remains
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lnposeible tn determine to what extont - Gy
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scale,

In the case of swept-back wings with fleps deflccted the
amdunt of correlatinn possible between large— and smell-scele Jatae
is extremely limited &and the results fer less smenable t»
interpretation, For most cases examined theory gave at least
& slightly conservative vealue »f éuzﬁ/éCL where The change
in 1ift coefficient was due either t» & flap deflection at
constant angle »f attack or a chenge of angle of attack with

flaps deflected. All the deta, large and smal
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or indicated that & value of exlsted and that it

CL{S r
max
increased with sweep. Walle no systematic variatisn of Oy,
with wing geometry could be ascertained, none »f the data
showed a value greater than -0.007. For the present, thercfore,
1f wind-tunnel tests are not avallable the best annrnach.t»
predicting C15 cheracteristics of ewept wings with flaps is
to use simple thenry t» predict éuzp/éCL and to consider
~0,007 Clﬁ as the maximuu,

No correlation was attempted with the swept-forward-wing

deta because nf the scarcity »f low-scale tests.

Al leronitel fectivellogs.,.~ The Variatbinn of dailerdnioffactive—~

ness with 1ift coefficient is shown in figure 1€, The values

of aileron effectiveness shown in figure 1€ were obtalned as

the 40y produced by -15° or 15° »f sileron deflection and

hence are ACL/ASa rather than & true Gy, » It is immediately




NACA RM No. A6K15 2

decreasing o5 much as 5C percent for US° of sweep. The effec—

tiveness of the allerons 2n the swept-beck wings decreased

with 1ift csef icient, repidly at high 1ift conefficlents.

This is duc t9 a logs in effectlveness »f the upward deflectcd

eileron which is in the wake »f the separated flow and hence
contributes 1little or nothing t2 the rolling moment " The

allernns 7"n the swept-forward winge show a general increese

)

in effectiveness with 1ift coefflclent, probably due 12
favorable effeet »f the spanwisc boundary-layer drailn.
According t» the simplified theory, a8 a wing 1s svent,
the alleron effectiveness will decrease, as for any flep, in
proportinon t2 the cos®A. That is, when corrections for

aspect ratin are ignored the valuc of CLSa is given by the

fallowing relation: (3ee fantnote &, p. 21)

o = DOy, cns®A
( Lga)A <-15a/A = 0

his relatiosn has been used t2 predict the variatiosn of

alleron? effectivencss with sweep for the five wings tested,

end the results are conparcd in figure 19 with the experi-=
Eh &

(o}

mental data cross-plotted from figure 18 for zero 1lift.

gl

"The ailerons 21 the wings of this investigation varied boti
in the relstive amount »f 1115 arca affected cncé in the
relative spanwise loncatinn of the center of pressure »f
the area affected. In comparing theory end ﬂxoerln,uu,
these variations were accountcd for by eorrecting the
thearetical values »f ailernn effectivencss in proo@rtian
to the ratlo of the relau ive areec end spenwvige center of
pressure »f the swent wing t» the relstlve area and soan-
wise center of pressure °f the unswept wing.

3
ke

e
n
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For eltner sweepforward or sweepback the experimental values

of alleron effectiveness are as much ag 20 percent lower than
The theoretical values.

The foregoing results shaw that alleron effeetiveness is
reduced by wing sweep and that on swept-back wings the ailesrnn
effectiveness 1s further reduced at high 1ift coefficients.
Ingnfar as rolling control at low 1lift cnefficient is
concerned, theory shows that CLO is reduced in proportiom
to cosA; whereas Cléa is reduceduin proportisn to cong?®)
and hence pb/2V will be reduced in proparslion to. eqa8l “for
& given size of alleron. In general, therefore, it appears
that, t2 maintein a given value °f pb/2V, aileron size nust
be increased as wings are swept. As higher 1lift coefficients
are reached the lateral-control problem becomes particularly
pronounced. Natonly must powerful lateral control be provided
£t avercome great dihedral effects but the results reported
herein show that avalilable lateral controal, at least for

-

swept-back wings, decreases seriously with 1ift coefficients.

For example, with the 450 swept-back wing equipped with full-

span flaps and flying near 137 of total aileron

lal
“Imax’
deflection would be required to hold the wings level for only
o] i . & 3

17 »f sideslip. The need for development »f adequate aileron

control or a means tn reduce ailernn control requirements is

obvious,
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The warlation with 1ift coeff
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due t2 eideslip is shown in figure 20 for the plain wings and
in figure 21 for the wings with partial- snd full-span flaps.
Sweepback increased the directinnal stebllity and sweepforward

decreased the stability; hnowever, due to the initial prsitive

stability »f the unswept wing the stability o»f the swent-
forward wings becane negative 2nly et higher 1lift conefficients
and then only slightly so.

The thesretical effect of sweep on the directinonal

stability is in accordance with the f2llowing relation:

/ 2 == .'/. ~ 2\ tan A.
KéCnﬁ/éCL >A \écnp/éuL )A_—_:O + o 57.3

The directional stability estimated on the basis of this
equation is compared with experimental results in figure 22.
Although precise agreenent is n»t »btained, the trend oI the

experimental deta is indicated by tTliedry.

The directional charactcristiics »f thc swept wings tested

should not present any serlous problems 2f a purely low-speed

~ -

gtetic directional steblility and controal nature since adequate

stability end control should be nbtainable by use »f fins and
rudders of normal proportinns chmbined with normal tail

lengths, Fowever a dynamic problem ariscs from the fact that

Czp increases with sweep more rapidly than Cnﬁ' This
|

unbalance between Clﬁ and C,, leads t» the dutch-roll tyne

P
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of 1lnstabllity which has been discussed in reference 8. The
data obtalned in the investigation reported herein substantiate

previous Tests conducted on small-gcale models ar

=1 -
1. Corlse—

quently indicate that mesns must be found tn balan Cy - and
Cnﬁ'

COKNCLUDING REiIaRYS

Large—scale tests indicate that the primary problems to be
overcome bsfore successful use can be made of high angles of
sweep are (1) high dihedral effeots accompanied by poor lateral
control at high 1ift coefficients, (2) 1w maximum 1ift value
together with low flap effectiveness, and (3) rapid shift in

neutral point in the moderate t»2 high lift-coefficient range

55 Jiact

coupled with a possiblility of strong stalling moment at maxi-
mum lift resulting from poor plan-form choice.

In general, simple thensry enables gnod predictinsns to be
made 2f the gross effects of sweep »n wing characteristics,
but it is felt that the accuracy is inadequate Ior purposes
of design., It appears that the majority of the inaccuracies
result from an incomplete understanding 2f the effects of
aspect ratio.

Yhere it has been found pnssible t» conpare larze-scale
data with small-scale date a comparisnon has shown that where

scale effects exist at 1low angles »f sweep, scale effects
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tend to vanish at high engles »f

approaching small-scale results,
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APFENDIX

Description »f Basic Wind-Tunnel Test Results
For each swept wing, six~component force data were
obtained at several angles »f sideslip and several values 7T
dynamic pressure. (See fig, 23 £or variation of Reyn»
number with dynamic pressure.) At each angle »f sideslip,
geveral mndel configurations were tested including plain
wing, wing with partial-span split flapse, wing with full-span
split flaps and wing with split-flap-—type aileron. The data
obtained are presented in figures 2L t9 91 in terms of the
variation of the measufed characteristics with 1ift coefficient.

Table II forms an lndex 2f these figures presenting the basic

All the Gata are referred to the stability axes whose
origin is located at a point on The r29t chord »r rost chord
projected and at the same fore and aft lncation as the cuarter
M,A.C. The test results are presented in the form of standard

NACA coefficients as defined in the sectinn Croefiiclients and
Symbols.

All the basic wind~tunnel deta heve been corrected for
air stream inclination end for wind-tuniel-wall effects. A
brief anelysis of the effect »f sweep on tunnel-wall corrections
indicated that the average correctisn either with or without
sweep was approximately the same for the tunnel wing configure-
tions considered. Hence the standard correctisns for unswept

wings were applied
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Force tests made with the sting support alone in the
funnel showed that its tere should be negliglble except in
the case »f pitching moment, drag and yewing moment. Ileasured
pitehing-moment tares are believed reliable aand were applied
t2 all the data, While the drag teares are appreciable
(approximatcly 0.02 in the case of the unswept wing wherec
the area is small and decreasing for the swept wings where
the area is larger), it is felt that they could nnt be
determined with sufficient accuracy 4o warrent applicotion.

ence no drag tares have been annlied, Since the neasured

yawing-moment tares (fig. 92) were small, the

plied to the baslec data, However, in analysls of the data
it was found that the tares were reletively large ~hen
compered to the effects of sweeps In order then %o pranerly
assess the effects of sweep, 1t was necessary t» apply tares
t2 the summary data which is, thercfore, shown fully corrected

in figures 20, 21,and 22.
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TABLE I.- GEOMETRIC CHARACTERISTICS OF THE I'IVE SWEPT WINGS
SR gmien B 2 POl
Angle ofi Span Area, | Aspect Taper ‘ Mean aero=-i~ Span of %pan of Span of |
sweep | (L£t) 3 i ratio, ratio, | dynamic partial- ! full-spen| ailer- |
(deg l | (sq £t)! b2/s cg/e, | chord, c span flaps| {laps ons l
| L | (£%) (% b) (% b) (% D) |
KSR i z - |
S RN o B G R e L 11.32 62.3 | 97.0 T -3
{ | !
! : i i i
~50 | 36439 282.3 i 4,69 «40 8.44 6203 I 9342 30.9
0 s 201.8 % 4462 « 50 6.92 62.3 92.5 30,2 ;
30 | 36,06 | 268,4 4.84 S4d 7.97 62a3 | 970 3447
! ; ' ! !
45 i 33406 30946 i 3464 .42 10.00 62.3 | O6«2 ’ 6309
| { H
: A i e = L

1411 chords were

measured parallel to the air stream.

2 Tlaps and ailerons were 20 percent chord.
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TABLE II.- IFDEX TO THE BASIC DATA FIGURES

; . ] ;

| Pl s dedeal |

?\____45 A—“—-Si)é./&: 0 IA=30 }7\;45 i 31395119 Configuration i Data presendad

i ! ‘

; 24 | 36 | 50 | 64 | 78 ! 0 Plain wing ECD,G,Cm,CI,Cn,Cv vs Cf,
25 37 z 5L : G5 % 79 % 0 Plein wing + partial-span flaps ECD’G’Cm’Cl’Cn’CY vs (g,
26 38 g 52 86 i 80 f 0 i Plain wing + full-span flaps ;CDgx,Cm,CL,Cn,Cy vs Cp,
27 39 i 53 |+ 87 3 81 I 0 Plain wing + ailerons la,cm,cl vs Cy,

!

é 28 40 54 i €8 % 82 g -5 Plain wing CD:G:Cm!CL!Cn’CY vs Cq,
29 41 55 69 : 83 % -5 Plain wing + partial-span flaps !Cp,0,Cpy,Cq,Cp,Cy vs Cp
30 | 42-| 56 | 70 i 8a | -10 § Plein wing Cps®sCpsC15CysCy  vS Cp,
31 4.3 57 a é 85 % -10 é Plain wing + partial-span flaps |Cp,0,CysCysCy,Cy vs Cy,

‘{ == 4.4 58 72 3 86 ; -10 Pl'ain wing + full-span flaps Cps®sCpp»C15Cn,Cy vs Cp,
32 45 59 73 % 87 ; -10 i Plain wing + gilerons G°Cm’CL vs Cy,

} -
33 46 80 74 ! 88 é 5 ! Plain wing CpsQsCpysCysCpsCy vs Cp,
34 47 61 S 1 89 E 5 % Plain wing + partial-span flaps CD’“’Cm’CL’Cn’CY vs CL
-~ | 48 | 62 | 76 | 90 § 5 i Plain wing + full-span flaps Cps®sCpsCy sCpsCy 7S Cy,
1 49 63 {4 91 i 5 Plain wing + ailerons

l

i

l

lhetual angle of sideslip *s noted on each curve sheet.
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NACA RM No. A6BK15 Fig. la,b

(a) The Y5° swept-forward wing.

Figure 1.-

(b) The unswept wing.

Photographs of three of the swept wings mounted in the Ames
Lo- by 80-foot wind tunnel.



| Mg B s it
i medmllha g B
| -

[
" -




*3utm yoeq-gdems LGf UL ‘pepnrouoy -1 aandtT4

ABK15

NACA RM No







NACA RM No. A6BK15 : Fig. 2a

NOTES: 1.- SWEEPOANGLEB GIVEN ARE REFERRED TO QUARTER CHORD LINE OF AIRFOIL
SECTIONS.
2.~ FORE AND AFT LCCATION OF ROOT CHORD IS REFERRED TO .35 MAC.
3.- CHORD AT FLAPS AND AILERONS IS .20 OF WING CHORD MEASURED PARALLEL
TO AIRSTREAM,

; L3z 38" - ~

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

SWEEP = -45°, AREA = 335.5 SQ FT, ASPECT RATIO = 3.12, TAPER RATIO = ,38

A 36.39°

~— 761" —»

ApAE,

SWEEP = -30°, AREA = 282.3 8Q FT, ASPECT RATIO = 4.69, TAPER RATIO = .40

Figure 2a,b.- Geometric characteristics of the swept wings.
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SWEEP = +450, AREA = 309.6 8Q FT,
ASPECT RATIO = 3.64, TAPER RATIO = .43

I
Figure 2b.- Concluded.
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Figure 3.- 8ign convention for the standard NACA coefficients.
All forces, moments, angles, and control surface

deflections are shown as positive,
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