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I.- WING THICKNESS

From the structural design standpoint it is obviously desirable to
use thick wing sections because, for a given design skin &ress, it
offers a means of obtaining the greatest structural rigidity at the.
lowest cost in structural weight. In addition there is the utility of
having greater space available withti,the wing for internsl storage.
A brief review of the effect of wing thickness snd thickness distri-
bution on the high-speed perfom=ce ~d stability characteristics of
a representative configuration Is presented.

.

Details of the models used to illustrate thickness effects are
shown in figure 1. The wing had an aspect ratio of 6 with quarter-*I
chord sweepback of 45° and taper ratio 0.6. Wings having constant I

streamwise thickness ratios of 6, 9, and 12 percent and a wing tapering
from 9 percent at the root to 3 percent at the tip were investigated on
the transonic bump at Reynolds numbers of somewhat less than a million.
The same wing plan form was also investigated by use of the rocket
technique at Reynolds numbers of from k to 7 million. Data were obtained
by the rocket technique for a constant wing thickness ratio of’g percent
and also with the wing tapering from 9 percent at 40 percent of the
semispan to 16 percent at the theoretical root. The wing thickness
ratio at the fuselage juncture was about 14.5 percent. A fineness-
ratio-10 fuselage was utilized for this’study.

Variation of lift slope, lateral center of pressure, and pitching-
moment slope with Mach nuniberat low lift coefficients for the thickness
series investigated on the tran.sonicbump is shown in figure 2. All
data have been corrected to the same wing stiffness level and, therefore,
differences shown in the data presented in figure 2 should be pr~mrily
attributable to aerodynamic rather than to aeroelastic effects. For
the thicker wings a large loss in lift slope is present at transonic

0

speeds. This loss in lift slope occurred at the tip sections as verified ‘ ..
by the inbosrd movements of the lateral center of pressure. The loss “in

● tip load also produced large unstable aerodynamic-center nnvements.

,.
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These aerodynamic-center movements occur at--lowlift coefficients and ‘.
could produce ~desirable stability and trim characteristics in this
speed range. The fac& that these phenomena are primari~y a function of””
the thickness ratio over the outboard-wing sections is-brought out by -
the smooth variation of the various parameters for the-wing of constant
6 percent thickness and the wing tapered frorng percent,’atthe root
to 3 percent at the tip. It would appear fr~ these @-”other data th~<-
outboard-wing thickness ratios not much in excess of 6 ~ercent are —
desirable for the attainment of satisfactory.stabilityand trim charac-:--
teristics at transonic speeds for swept wings-of moderq> and high aspect

.-ratio.

The variation of minimum drag coefficient with MacJ.nu@er as
obtained from bump and rocket tests is presefitedin figure 3. It shoul~
be mentioned that there were considerable efl%cts of thickness ratio
indicated in the minimum drag chs.racteristics..ofthe bump data at.sub-.””
critical Mach nutiers. ~ese effects, however, were believed to be
distorted by the low Reynolds nunibersof the investigations and, there-.
fOre, for purposes of SIM2.ysisdrag results were adjusted to the sme
value at a Mach number of 0.8. As eqected, ”~here is a large increase ‘-—
in minimum drag for the thicker wings as well.as an “earlierdrag rise. :1
The most interesting point to note is that the wing tapered in thickness
from 9 percent at the root to 3 percent at the tip sho~ less drag than
the wing of constant 6 percent thickness. _.

The rocket test data have been analyzed by subtracting the fuselage-
alone drag from that of the wing-fuselage combination;“~%us,the ~ag
shown represents the’drag of the wing plus mi.itualinterference. The ‘“
largest increase in drag attributable to the thickened inboard section
is present between Mach numbers of 0.95 and 1.”05. It is interesting
to note that at the highest Mach numbers the tiag coefficient of the
gloved wing is considerably less than would be estimate~ from the
experimental 9-percent-thick-wingdrag. ThiE_.effectmight, however, be
caused in part by wing-fuselage-interferenceeffect~, -Z
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In order to analyze these data in terms of struct&al parameter-s, —
figure 4 was prepared. In this figure the mi~mwn drag_coefficient at .. _.__~.:
a Mach number of 1.15 obtained from the transonic-bump33ivestigatlons .-

are plotted against wing-thicknessratio. Itiaddition,:the structural
.-.,..—

weight required for a skin stress of 30,000 poimds per ~qusre inch was
estimated f~r an assumed design wing loading of 300 po~s per,square
foot and is plotted in terms of the structural weight re-quiredto meet

-. —
the sank design conditionfcm the tapered-in-t”hickness,wing. me ~ati~”” - “- __~
of streamwise aeroelastic twist at the wing tip to the twist estimated

.-

for the-tapered-in-thicknesswing was compute~by use of”simple beti: ““-” e -–=

theary with a ratio of GJ/EI ~f 0.83.
-. .“,. =—
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It is seen that the minimum drag coefficient of the tapered con-
figuration is somewhat less thsn that obtained for the 6-percent-thick-
wing, However, the structural wing weight is about m percent greater
and the aeroelastic twist is about 20 percent greater for the 6-percent-
thick wing than for the wing with thickness ratio of 9 to 3. Although
the tapered-in-thicknesswing is structurally equivalent to a constant-
thickness wing of about 7.5, it is somewhat better in performance than
a 6-percent-thick wing.

11.- COMPOSTI!E

Four or five years ago both in

FUN-FORM WINGS

this countw and elsewhere cormosite
plan forms composed of sw=ptback and sweptforw&d sections were pr~posed
in order to alleviate the low-speed stability problems associated with
sweptback wings. Figure 5 illustrates the improvement in the low-speed
pitching-moment characteristics produced by such a plan form. In this
figure the pitching-nmment coefficient is plotted against lift coef-
ficient for aspect-ratio-6 wings with sweep of 45°, taper ratio 0.6, and -,
NAC!A65AO09 airfoil section parallel to the plsne of symmetry. It is
seen that, although an unstable pitching-moment variation is evident for .

● the sweptback wing above lift coefficients of 0.5, the W plsn-form wing
with midsemispan break shows a satisfactory pitching-moment variation
to stall.

4
Although stability improvements were indicated for M snd W plan-

form wings it was _&houghtthat the presence of additional junctures
would cancel a good deal of the favorable sweep effect on drag at high
speed and, therefore, nothing was done to develop these wing plan forms.
Recently, however, members of the Langley Laboratory have pointed out
the possible aeroelastic advantages ofM and Wwings as co~sred with
conventional sweptback wings. One of these advantages is illustrated in
figure 6.

Figure 6 presents the experimental variation of streanwise twist
under air load across the semispan of wings of aspect ratio 6, sweep
of 45°, -taperratio 0.6, and NACA 65AO09 airfoil sections parallel to
the plsne of symnetry for loads producing unit tip deflection of the
sweptback wings. It is evident that, although the shape of the deflec-
tion curves of the sweptback wings are little affected by the ratio of
torsional to bending stiffuess (GJ/EI), the M and W plan-form wings sre
very sensitive to this parsmeter. For example, with a vslue of GJ/EI
of 1.60 the twist characteristics of the W plan form with midsemispsn

-. break wofid appear very desirable; whereas with a value of GJ/EI
of 0.83 there is an undesirable divergent tendency over the outer wing
sections. ‘Large chages in the deflection characteristics could similsrly-’
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be expected by changing the spanwise_location of the.plan-fo~ break or..,
by taper,ingthe wing in thickness or plag fo~, and so ‘forth. It there-
fore appears quite possible,to design a compo6ite pla&form with essen-
tially no streamwise twist for nmst flight conditions.

A comparison of the aerod~~c ch~acteristics of M, W, and swept.”
back wings at subsonic and transonic speeds (reference 1) is presented
in figure 7. AIL three tings were of aspect ratio 6 wi+h 45° sweep,
taper ratio 0.6, and NACA 65AO09 airfoil sections parallel to the plme
of symmetry. The M and W plsn forms had mids@ispan brea@, From the,
variations of lift-slope, lateral center of pressure, tid pitching-
momsnt slope with Mach number.it is evident that the M and W plan forms
show more gradual variations of the various parameters with Mach number.
The inboard shift in center of load and the fistable trend in ~itching---
mment slope which is indicated for the 9-percent-thick sweptback wing
at tr.ansmic speeds is ‘notpresent in the da~a of the ~percent-thick
M and Wwings. .... ..

A co~arison of the variation of minimum.drag Coefficient with ‘_.
Mach number for sweptback and M and W plan-form wings of aspect ratio 6..
which were obtained from wind-tunnel tests (reference 1) and by the _
rocket technique are presented in figure 8. The wind-tunnel results
indicate”a slightly earlier drag rise for the M and W wings d.though a
comparison with the drag estimated for an unswept wing with the same
streamwise thickness ratio indicates thht a large percent of the syeep’ ~
effect is being realized. An earlier drag rise is also .shotifor the
M plan form from the rocket investigation, although at Mach nutiers
above 1.1 the M wing actually has slightly les,sdrag than the sweptback
wing.

Figure 9 shows a comparison of,the dr~ due to .li~ for the swept-
back and M and Wplafl-form wings at Mach.numbers of 0.90 and 1.o8. It
will be noted that at bet% Mach numbers the ti”agdue to--liftof the
W“wing is considerably greater than”that for.the stiptb~ck wing whereas”
that for,the M wing differs only slightly from that for the sweptback
wing. The.increase in drag due to lift indicated for the W plsn form is
probably caused by boundary-layer drainage into the midspan juncture. __
There”are indications that the losses shown might be considerably ““
reduced at higher Reynolds numbers and such iriformation.willbe obtained
by utilizing these same plan forms. ,..

The veriaiion of pitching-moment and &a~ coefficients with lift
coefficient at a Mach number of 1.38 for sweptback smd M -d W plan- ~1
form wings is presented in figure 10. The wings were of aspect rat~o 4~..
with sweep of 600 and taper ratio 1.0 and the .streamwiseairfoil-sections
were MICA 65AO06. It is evident that the undesirable pitching moment ._
characteristics at the higher lift coefficients shown for the sweptback

=.
.—
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wing are improved considerably when M snd W plan forms are utilized.
This improvement is similar in nature to that previously indicated at

* low speeds. The minimum drag for all three plan forms is essentially
the same. The drag Que to lift is somewhat better for the sweptback
wing at the lower lift coefficients; whereas at the higher lift coef-
ficients the &rag is lower for the composite plsm-form wings, par’t&u-
larly the M wing.

The results of another attempt to improve the structural charac-
teristics of a sweptback wing are shown in figure 11. ,Abasic aspect-
ratio-6 wing of 45° sweepback was nmdified in plan form by adding a
triangular area inbosrd of the 0.40 semispan station. This modification
resulted in a increase in the eqosed area of about 25 percent and’a
trailing-edge sweepforwti slightly greater,in magnitude,than the
original trailing-edge sweepback. The original 65AO09 airfoils were
broken at maximum thickness and the rear elements were sheared back to
the new trailing edge - the.segments of the original.airfoil being
connected by a flat-sided section the extent of which is shown by the
cross-hatching. The drag coefficients of the wing-fuselage conibination
minus fuselage alone based on the exposed area of the origitis3swept-
back wing are presented. Drag rise for the modified wing occurred at
a slightly higher Mach number. At supersonic speeds the drag of the
larger modi$ied wing was considerably less than that of the swept wing.%
Thus, reduced pressure drag, probably as a result of wing-fiselage
interference, nmre”than compensates”the increased skfi-friction ~x. ““

d Aerodynamic data for lifting conditions, however, sre needed in order to
make a more complete evaluation of this configuration.

CONCLUSIONS

In conclusion it has been shown that thick
thickness ratio slthough desirable structurally
formance and stabi~ty standpoint. By tapering

wings of uniform-
are-bad from the per-
the thickness ratio

judiciously, however, it maybe possible to obtain performance and
stability characteristics at transonic speeds which are superior to
those of a structurally equivalent wing of const~t-t~ckness ratioo

The use of M and Wwings would appesr to offer an attractive means
of improving the stability characteristics and of reducing wing aero-
elastic effects at-all speeds. Although the minimum drag.is somewhat .
higher at Mach numbers near fcrce bresk there is little difference in

-.
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minimum drag above relatively low supersonic speeds. The &rag due to :
lift of W wings would appear to be somewhat gre”at,erthan of comp~able
sweptback wings at transonic speeds but higher Reynolds number data are”

-..-..
*

needed to substantiate this effect. —- .L—-.-—

Langley Aeronautical Laboratory ----

National.Advisory Committee for Aeronautics ——
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Figure 2.- Effect of wing thickness and thicbess distribution on.
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A =6, A=45°, k =0.6, 6 SERIES AIRFOILS
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Figure 3.- Effect of wing thickness and thickness distribution
on the variation of minimum drag with Mach number.
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of plan form on the low-speed pitching-
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Figure 7.- Transonic aerodynamic
and sweptback

characterlsti~s of M, W,
wings.
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Figure 9.- Drag due to lift for M, W, and sweptback wings
at transonic speeds.
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Figure 10.- Pitching-moment and drag characteristics of M, W,
and sweptback wings at M = 1.38. R = 0.4X 106.
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Effect-of plan-form modif~cation on_the variation
of minimum drag with Mch nwgber,
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