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EFFECTS OF WING~TIP DROOP ON THE LONGITUDINAT
CHARACTERTISTICS OF TWO HIGHLY SWEPT
WING-BODY COMBINATIONS AT MACH
NUMBERS FROM 0.6 TO 1.k

By Farl D. Knechtel and George Lee
SUMMARY

An investigation was conducted to determine the effects of wing-tip
droop on the longitudinal stability characteristices. of a 53 and a 63
sweptback wing-body combination. Both models were tested with flat and
abruptly drooped wing tips. The 63° wing was also tested with & curved
drooped tip. In addition, the comblned effects of wing fences and
extended leading-edge flaps were investigated. The results showed thet
abrupt drocop of the outer 40 percent of the basic 53 wing improved the
stabllity characteristice of the model. For the 63° swept wing, curved
droop caused sllight beneficial effects on the stability, whereas abrupt
droop caused adverse effects. In gene:::a.l, the most favorgble stability -
characteristics were obtained for either Fflat or abruptly drooped wings
with fences and extended leading-edge flaps. :

INTRODUCTICN

The longitudinal instabillity of swept wings at subsonic and transonic
speeds at moderebe to high angles of attack has been the subject of numer-
ous investigations in recent years (refs. 1 o 6). The instebility has
been traced to flow separation which Initially begins at the outboard
portion of the wing. The flow separation is due to (l) the outboard por-
tion being more highly loaded than the inboard portion, and (2) the maxi-
mum 1ift of the outboard portion being only slightly affected by spanwise
boundary-layer flow, whereas maximum 1ift of the inboard portion is
greatly Increased by spanwise flow. Various devices have been employed
to alleviate flow separstion near the wing tips. One type of such devices
is intended to increase the maximum 1ift of sections near the tips, and
includes increased leading-edge radlus, leading-edge slats or flaps, and
camber. Another type of modification is intended to reduce the loading
of sections near the tips, an example belng wing twist. The third, and
perhaps more successful, type of modification is intended to control oxr
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alter the spanwlse flow on the wing, The latter group would Ilnclude
boundary-layer fences and leading-edge chord extenslons on the outer
portion of the wing.

A modification which might be claessified as having the combined
effects of two of the above types involves the use of extreme amourts of
negative dihedrel over the tip portion of the swept wing. Possible
edvantages of drooped tips are, first, that the angle of attack would
increase more slowly at the tip then at the inboard part of the wing,
and, second, that the discontinuity of the droop might fevorably alter
the spanwlse boundary-layer flow. Blackaby (ref. T7) has shown that at
low speeds abrupt drocp of the tip produced lmprovements in the stability
cheracteristics of a 63° swept wing camparable tc those caused by addl-
tion of a wing fence. The present Investligation weas conducted to deter-
mine, for wing-body combinations heving 53° and 63° of sweep, the effects
of wing-tip droop on the longitudinal stablility characterlistics at tran-
sonic speeds, both alone and in combination with fences and extended
leading-edge flaps on the outboard portion of the wing.

NOTATION
c local wing chord
T mean serodynamic chord
Cp dreg coefficient, drag
Copin minimum drag coefficlent
or, 11t coefficlent, iégi
L
cLopt 1ift coefficient foz'<&{>
max
Crg lift-curve slope
Cnm pitching-moment coefficient about an axis through the quarter-
chord points of the mean aerodynemic chords, Pitchigg moment
gSc
%g% pltching-moment-curve slope
Akgg% change in pitching-moment-curve slope from that at zero 1ift

>N
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lift-drag ratio

o o

) maximm 1ift-dreg ratio

M free-stream Mach number

a free-stream dynamic pressure

r body radilus

S total plsn-form area of basic wing

x axial coordinate, measured from body nose
a angle of attack, deg

A leading-edge sweep, deg

APPARATUS AND MODELS

The investigetion was conducted in the Ames 2- by 2-foot transonic
wind tunnel. The test section of this wind tunnel is ventilated, allow-
ing continuous choke-~free operation through the range of Mach numbers up
to 1.4. This facility is described in detail in reference 8.

The models were constructed of steel and all were derived from, or
were direct modifications of, two basic wing plan forms. The first basic
configuration (fig. 1(a)), one of those for which longitudinal character-
istice were presemted in reference 6, had 53 sweep of the leading edge,
en aspect ratio of 3.0, a taper ratio of 0.4, end NACA 0003 airfoil sec-
tions 1n the streamwise direction. The second. baslic plan form was that
employed in references 1 to 3, having 63 sweep of the leading edge, an
aspect ratio of 3.5, and a taper ratio of 0.25. As shown in figure l(b) 3
the 63° swept wing in the present case had & 6-percent-thick modified-
flat-plate airfoil section (streamwlise) with rounded leading edge and
wedge-shaped. tralling edge. The wings in each case were sattached to a
modified Sears-Haasck body of 9.85 fineness ratio.

From the two basic models, a total of four wing-body configurations
for the 53 swept wing and five for the 63 swept wing were derived. The
Pirst four configurations were similar Ffor both models. These are (1) the
basic wing, (2) the wing with a fence and extended leading-edge flap on
the outboard portion of the wing, (3) the wing with tips abruptly drooped
40° outboard of 0.6 semispan, snd (4) the wing with drooped tips as well
as the auxiliary 1ift devices of (2). The fifth econfiguration for the
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63° wing consisted of the wing with the portion outboard of 0.4 semispan -
curved downward at constant radius to 45° slope at the tip.

It is to be noted that of the four models with auxiliary 1lift devices
(configurations (2) and (4)), three had the fence and the inboard end of
the leading-edge flap located at 0.6 semispan. However, on the flat 53°
wing with auxiliary devices, the fence and flap were inadvertently located
somevwhat farther inboard (at 0.48 semlspan) as shown in figure 1(a).

The models were sting-supported in the test section, as shown in
figure 2. Forces and moments were measured by an internal straln-gage
balance. The area blockasge ratlos of the basic models at zero angle of
attack were approximately 0.005 for the 53° wing and 0.006 for the 63°
wing.

TESTS ARD DATA REDUCTION

Lift, drag, and pltching moment were measured at angles of attack
from -4° to 22° at Mach numbers from 0.6 to 1.4. A Reynolds number of
1.5 million based on the mean aserodynamic chord was held constant for
angles of attack up to the load 1limlt of the balance, or approximately
12¥. For higher angles of attack, the tunnel stagnation pressure, and .
hence the Reynolds number, was reduced by as much as 30 percent because
of balance load limits. All coefficients are based on the baslic wing
plan~-form gecmetry.

Model base pressures were recorded and used to adjust the measured
drag to correspond to a condition of free-stream static pressure af the
model base. Angles of attack were corrected for defiections of the sting
and balence resulting from aerocdynamic loads.

Subsonic wall interference effects as shown In reference 8 were
small enough to require no corrections for models of the silize employed
in the present investigation. Interference caused by wall-reflected
shock waves at Mach numbers from 1.06 to 1.15 are known to be present;
however, no assessuent of thelr effects hae been made. No attempt has
been made to correct the data for the effects of seroelastic distortion.

Apart from posslble systematic errors resulting from neglecting the
above corrections, the probsble random errors in the date near zero 1ift,
as determined by a root-mean-square analysis of data scatter, are
consldered to be as follows:

M +0.003
a +0.03° .
C1, #0.008

Cp +0.006 "
Cp +0.0010 . -



NACA RM ASTFO6b R 5
RESULTS AND DISCUSSION

Lift, drag, and pitching-moment results for the models are presented
in figures 3, 4, and 5, respectively. The variation of lift-curve slope
with Mach number at three 1ift coefficlents is presented in Pigure 6.
Figures 7, 8, and 9, respectively, show the variations with Mach number
of minimm drag coefflcient, maximum lift-drag ratio, and 1ift coefficlent
for maximm lift-drag ratio (CLO 'b) . The variation of pitching-moment-
curve slope with Mach number at constant 1ift coefficient is plotted in
figure 10. Presented in figure 11 are the varistions with Mach number
of the lift coefficient for a given reduction In longitudinal stability
from thet at zero 1lift, as measured by a value of A(dCRh/dCr) of 0.12.

Lift

The model with 53° of sweep.- The effect of abrupt wing-tip droop
on the lift~curve slope (fig. 6) was generally small throughout the Mach
number range of the tests. The two configurations with drooped tips hsd
s8lightly lower lift-curve slopes than the corresponding models without
droop. The addition of fences and leading-edge flaps to the basic 53°
swept wing increased the llift-curve slope by amounts ranging up to 20
percent at zero 1iff.

The range of angle of attack was Insufficient for defining the
effect of the modifications on maximum 1lift. The 1lift curves (fig. 3)
show, however, that at the highest angles of attack, the 1lift coefficients
of the flat wing with fence asnd leading-edge flap were generally higher
than those of the other four conflgurations.

The model with 63° of sweep.- The variation of 1ift with angle of
attack for the 63° models indicated trends similar to those previously
discussed for the 53° models. The configuretions having curved or
abruptly drooped tips usually had the lowest lift-curve slopes. The flat
wing with fences and leading-edge flaps had the highest lift-curve slopes
as well as the highest 1ift coefficient at the larger angles of attack.

Drag

The model with 530 of sweep.- Examination of the drag results shows
that drooping the tips of the basic wing caused little change in the min-
imm drag coefficient (fig. 7(a)) and decreased the meximm 1lift-drag
ratio (fig. 8(a)). The addition of Ffences and leading-edge flaps to the
flat wing and to the abruptly drooped wing csused a substantial increase

TR
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in the minimum drag coefficient as expected, and also reduced the maximm
lift-drag ratio. The maximum lift-drag ratios were highest for the basic
flat wing and lowest for the drooped wing with fences and flaps. However,
as indicated by the drag polars (fig. L), the addition of fences and
leading-edge flaps improved the drag characteristics at moderate to high
1ift. This effect is also indicated in figure 9(a), where the optimm
1ift coefficient is seen to have been increased by the addition of these
auxiliary devices. Addition of wing-tip droop to the basic wing caused
the optimum 1ift coefflclent to decrease glightly for Mach numbers up

to 1.1 and Iincrease sglightly for higher Mach numbers.

The model with 63° of sweep.- The unfavorable drag characteristics
of the modified flat-plate wing are reflected in ite higher values of
and lower values of (L/D)pgx +than those shown for this plen form
with more conventional wing sections in reference 1. As in the case of
the 53° swept wings, the addition of fences and leading-edge flaps to the
flat wing and to the abruptly drooped wing caused significant increases
in both minimum drag coefficient and optimum 11ift coefficlent. Other
effects of these devices were slight increases in maximm 1ift-drag ratio
for the flat wing and slight decreases for the abruptly drooped wing.

Abrupt droop of the basic wing caused slight increases in minimm
drag and little or no change in either maximum lift-drag ratio or optimum
1ift coefficlent. Curved droop caused small increases in minimum drag
and smell decreases in maximum lift-drag ratio, as well as slight
decreases in optimum 1lift coefflclent at subsonic speeds end slight
increases at supersonlc speeds.

Pitching Moment

The pitch-up of swept-wing alrplanes is basically & dynamic phenom-
enon. Therefore, an accurate definition of potentlelly dangerous piltch-up
conditions requires a dynamic stability analysis to take into account
other factors in addition to the static pitching-moment charscterlistics.
For the purpose of this report, a dynamic stability analysls was not con-
sidered warranted; however, 1t was considered deslrable to provide some
basls of comparison of the pitch-up tendencies of the various configura-
tions. For this purpose 1t was convenlent to define the 1ift coefficlent
for pltch~up tendency as the 1lift coefficient Ffor which the pliching-
moment-curve slope had Increased by approximately 0.12 from the slope at
zero lift, " This definition is approximetely analogous to comparing the
stability boundarles of the various couflgursetions based on the ususl
stability criterion, dCm/dCr, = 0, after adjusting all the pltching-moment
curves to have a common slope, dCp/dCr, = -0.12, at zero 1lift.

The model with 53° of sweep.- Abrupt drooping of the wing tips
Increased the 1ift coefficient for pltch-up tendency substantially
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throughout most of the Mach nmumber range (fig. 11(a)). Increases in
stability-boundery 1ift coefficlents of 0.1 to 0.25 over those of the
basic wing were obtained at subsonic speeds up to M = 0.95. Small
improvements were agaln obtained for Mach numbers greater than 1.05 and
these gains increased with Mach number. Addition of fences and leading-
edge flaps caused the stability at moderate 1lifts to increase for Mach
numbers up to 0.96 (see fig. 5(a)). The greatest improvement in stebil-
ity over the complete Mach number range was obtained for the model having
drooped wing tips together with fences and leading~edge flaps. For this
configuration, stability-boundary 1ift coefficients 0.35 higher than
for the basic wing were obtained at subsonic speeds, while at Mach num-
bers from 1.02 to 1.30 no unstable tendencies were noticed for angles of
attack ui) to 22°, Addition of fences and extended leading-edge fleps to
the basic wing increased the stabllity-boundexry 1ift coefficients by
approximately 0.4 at Mach numbers up to 0.92 and by 0.10 to 0.25 at Mach
numbers sbove 1.03, The decreased effectiveness of the fences and
extended leading-edge flaps at high subsonic speeds was attributed to
their insbility to control flow separation on the wing caused by the
strong shock waves associated with deceleration of the entire three-
dimensional flow field.

Drooping the wing tips decreased the stability at zero 1ift
(fig. 5(a)). This effect 1s further illustrated in the lower part of
figure 10(a), where tip droop is shown to increase. dcm/ch by amounts
ranging from 0.0T7 at subsonic speeds to about 0.03 at a Mach number
of 1.k,

The model with 63° of sweep.- Figure 11(b) indicstes that neither
the curved nor abrupt droop eliminated the pitch-~up tendency, although
curved droop caused slight to moderate improvements over the basic wing
up to Mach number of 1.1. Throughout most of the range of Mach numbers,
the change to gbruptly drooped wing tips reduced the stablility-boundary
1ift coefficients by 0.1 to 0.2. This effect of abrupt droop contrasts
with that reported in reference 7, which indicated that, at low speeds,
abrupt droop improved the longitudinal stabllity of a wing-body combing-
tion having this same plan form. It should be noted, however, that the
sectlons of the two wings were dilifferent, the wing of the present invest-
igation heving & modified flat-plete ailrfoil with a large leading-edge
radius rather than a conventional airfoll sectlon such as those employed
in the reference investigations. The effect of this differerce in wing
section on the pitching-moment characteristics can be illustrated by
comparing the data of the present investigation with those of reference 1
at comparaeble Mech numbers. This comparison shows that the wing with a
conventional section (NACA 64AO06) had & much more severe pitch-up
tendency. .

The addition of fences and extended leading-edge flaps, either with
or without abrupt droop, increased the 1ift coefficient for pitch-up

U
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tendency by 0.1 over that of the basic wing for Mach numbers up to 0.9,
and generally produced the most satisfactory pitching-moment character-
istics.

CONCLUSIONS

The results of an expexrdmental investigation of the effects of
wing-tip droop on the longitudinal serodynesmic characteristics of highly
swept wings with and without fences and extended leading-edge flaps at

Mach numbers from 0.6 to 1.4 lead to the following conclusions:
1l. YFor 53° of sweep

(2) Abrupt drooping of the outboard 40 percent of the basic
wing improved the piltching-moment characteristics substantially.

(b) The most favorsble pitching-moment characteristics were
obtained for the flat wing with fences and leading-edge flaps at Mach
numbers up to 0.9, and for the abruptly drooped wing with fences and
leading-edge flaps for Mach numbers greater than 0.9.

(c¢) Addition of fences and leading-edge flaps caused the maxi-
mum 1ift-drag ratios to be lower, and the 1lift coefficient for maximum
lift-drag ratio to be higher, than those of the configurations without
the auxiliary devices.

2. For 63° of sweep

(a) Abrupt drooplng of the outboard 40 percent of the basic
wing caused an adverse effect on the pitching-moment characteristics,
whille curved droop had & slight beneficlel effect. .

(b) In genersl, the most favorable pltching-moment character-
istics were obtained for either the flat or abruptly drooped wing with
fences and leading-edge flaps.

(c) The flat wing with fences and leading-edge fleps had the
highest maximm lift~drag ratios.

Ames Aeronautical Laborsabory
Nationel Advisory Committee for Aeromautics
Moffett Fleld, Calif., Jumne 6, 1957
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Figure 8.- Variation of moaximum lift-drag ratio with Mach number.
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