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By Janes C Sivells v

An investigation has been conducted to dotexmine some of. the
effects of elrfoll section and washout on the" e:r_geri‘menta.l and ,
calculated cheracteristics of 10-percent‘-thick wings. Three wings.
of aspect ratio 9 and: ratio of root chord to tip chord 8, 5 were 'bssted..
One wing had NACA 64-210-sections and 2° waghout, the second had,

NACA -65-210 se¢gtions and: :2°. waghout, and’ the 'bhird. hed NAGA 65-210.
sections énd 0° washout. F It wes found. that the experimental '
characteristics of the wings could be satisfactorily predicted from
celculations besed upon two-dimensional dete when the alrfoil contours
of the wings conformed to the true airfell sections with the seme
high degree of accuracy as the two-dimengionel models. Smaell
congtruotion errors wers found to cause large discrepancles in the .-
valves of meximum 11f%t coefficlent.. The most significant offect of ..
chenging the alrfoil section from an NACA 65-210 section to an

NACA 64-210 section was to increase the maximum 1ift ‘coefficient by
about 10 percent, although the abruptness of ‘the stall was also
increaged. The eddition of 20 washout to the NACA 65-210 wing |
incresged the angle of attack for zerd 1ift as expected. but was

not sufficient to improve materially the stalling characteristics.

The other characteristics of the wings wero eésséntially. unai‘fected.

by the change in airfoil section or by the addition of wasltiout .

. . INTRODUCTION'

One means of Increasing the critical speed of an airplans wing
is to decrease the thickness of the alrfoll sections. Decreasing .
the ailrfoil thickness below sbout 12 percent, however, reduces the.
meximum 1ift coefficlent of the section (rei‘erence 1). Furthermore,
the use of thimmer airfoil sections increases the structural problems
encountered in the alrplene design. As 1s usually the case in
alrplans design, some compromises muet be made between these conflictins
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desiderations. Fo, exsmple, an airfoil ‘thicimess of 10 percent
represents a reasonable compromise between the gperodyneamic and
structural considerations involved in the des:lgn of a long-range,
high-speed airplane.

Although the two-dimensional characteristics of sevoral thin

airfoll sectlions have been presented in reforence 1, very little
data at relatively high Reynolds mubers heve been avallabls on
the three-dimensional chardcteristics of wings incorporating such
sections. An investigation has therefore been conducted in the
Langloy 19-foot pressure tvmmel to determine some of the effects of
airfoil section and washout on the maximum 13ft and stalling
characteristics of lO-percent-thick wings. Three w:lngs were investi-
gated: The first having NACA 64-210 sections and 2° washout, the
second having NACA 65-210 ssctions and 2° washout, end the third
having NACA 65-210 sections and 0° washout. The pla.n form of all

. three wings was typical of that for wings of a long-range, high-
+ speed airplene in that the aspect ratio.was 9 and the ratio of
root chord to tip chord was 2.5. Presented herein are the experi-
montal asrodynemic characteristics of the three wings, together with
theilr cheracteristics calculated from ’cwo-d.imensiom,l data according
to the method of referesnce 2.

COEFFICIENTS AND SYMBOLS

The coefficients and symbols used herein are defined es
follows {consisctent uni'bs)
Cy, 1iPt coefficiont (L/gS)

clma, - maximum valus of ]:if'b coefficlent

| CD' ' drag coéfficient (p/aS)

Cp, profile-drag coeficient (Do/eS)
cDom in ninimum value of profile-drag coefficient
O pitohing-moment coefficient (M'/gSSE)
where

L 11ft
D drag

¥
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(L/D)pax meximm velue of ratio of 1ift to dreg

Do
Ml

n o

ol

a0y, fac
cm(L.=0)
dCp/dCy,

¢

profile drag

pltching moment about 0.25¢

dynamic pressure of free stream l—mﬁ)

wing area (24.9% sq ft)

mean a.erod.ynmnic chord( c2 ) (herein, ¢ = L.769 f"b)

ma.ss density of air -

alrspeed

local wing chord
wing span (15 £4)..

spenwise coordlnate

corrected angle of attack of root chord , degrees
angle of attack for zero lift, de{:_r'eeé,

Reynolds number (pVe /p.)

Mach number (V/a)

coefficient of viscosity

sonlc voloclty

slope of 1lift cu.t-;»re in lineer range, per degree

pltching-moment coefficiont for zero LIft{

slope of pitching-moment curve in linear range

gection iift coefficient '

maximm value of sectlon lift coefficlent
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MODELS AND TESTS

The three wings were constructed of solid steel and 'were
geometrically similar except for alrfoll section and washout. One
wing hed NACA 64-210 sections and 2° washout, the second had
NACA 65-210 gections and 2° washoub, and the third hed NACA 55-210
sections and 0° washout. The ratio of root chord to 4in chord was 2.5
and the aspect raetlo wes 9.- The sweep and dihedrel at the 0.25 chord
line were 0° end 3°, respectively. The wings with washout had
wniform twist about the 0.25 chord line ilnasmuch as corresponding
elements of the root and tin sections wore comnected with strairht
lines. The wings were smooth and’'fair and. conformed to the true
contour to within 0.003 inch over the forward 30 percent of the wing
and within 0.008 inch over the rearward vortions. The general
dlmensions of the wings are given in figure 1.

The tests were conducted with the air in the tunnel compressed
to approximately 3% pounds per square inch absolube pressure. The
tosts were made at a dynamic pressure of apyroximately &5 pounds
per square foot, corresponding to a Reynolds number of approximately
L 400,000 end a Mach nmumber of gbout 0.17.

The aerodynemic forcos and roments were measured by a simul-
tensously recording, six-component balence system. The profile
drag wes determined from the force test date end alsc by the wale-
momsntunr method from swrveys of the alr flow in the wake of the wing
at 19 spanvise stations. The stalling characteristics weres determined
from observations of the behavlior of tufts attached to the wwpper
surface of the wings behind the 0.30 chord line.

RESULTS AND DISCUSSION

All date have been reduced to standerd nondimensionsl ccefficients.
Correctlons have been applied to the force and moment data to account
for the tare and interference effects of the model suport system.
Stream-angle end jet-boundary corrections have been epplied to the .
engle of attacl: end to the drag coefficlents.

Comparison of Experimental and Calculated Characteristics

Force and moment charscteristicg.- The experimental and
celculated lift, drag, and pliching-moment cheractoristics are
shown in figures 2 to 4. A summaryr of the data in these figures
is glven in table I. The calculated characteristics were obtained
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by the use of the method of reference 2, which takes into account
the nonlinearity of the section 1lift curves. All section data used
in the calculations were obtained from reference l. In general,

the agreement between the experimentel end the calculated character-
istics 1s considered to be very satisfactory. This.good agreement
wvag possible, however, only after extreme care was talen to make
the wing contovrs conform-to the true airfoll contours with the same
high degree of accuracy as the two-dimensional models. Thet this
extreme care was necessary was indicated by oreliminery tests of the
NACA 65-210 wings in which large discrepencies in maximum 1ift
coefficient were found to be due to emall errors in constructlon,
perticulerly eround the leading edge of the wings.

The main discrepancles between the experimentel and calculated
characteristics occur at the upper end of the low-drag range vhere
the calculated curves show & more extensive low-draz rangs than the
experimental curves. This-effect-1s probably due to the spanwise
spread of ‘transition which was not talen intc account in the calculations.
The reasoneblensss of this explenation is indicated by the fact that
the low-drag range obtained fxrom the walie surveys agrees, in general,
with that -obtained from the force tests. (The profile-drag,coefficients
obtained Tfrom force tests were detersiined by subtracting the calculated
induced~drag coefficients from the total-dreg coefficients) The
difference in the extent of the low-drag range 1s also reflected
in the velues of (L/D)mex eince these values, in every case, were
obtained at the wpwer end of the low-drag range. This result
emphasizes the need of preserving laminar flow as far as possible
in order to obtain high values of (L/D)mELJC

Stelling characterigtics.- The stalling characteristics of
the three wings are shown in figwre 5. The values of 1ift coefficient
shown were obtained with tufts in place on the wing. In order to
predict the stalling characteristics of the wings, the characteristics
calculated according to the method of reference 2 and presented in
figure 6 mey be used. This figure shows the spanwise variation of
the maximm lift coefficient which each sectlion 1s capable of -
reaching in two-dimensional flow and the verilation of section Lift
coefficient for the wing whon soms section first reaches its meximm
value. According to reference 3 -the meximum lift coefficlent of
the wing is reached when the curves first become tengent; the point
of tangency of the two curves indicates the smanwise position of
the initial stall, end the rate of dlvergence between the curves
serves &s an ind.ication of the menner in which the stall spreads.
From & comparison of figures 5 and 6 it can be seen that these
wings stall aporoximetely as 'ored.ic'bed.
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Erfect of Alrfoll Seotlon

. A comparison of figurce 2 and 3 shows that the minimum
yrofile-draeg ‘coefficient of the NACA 64-210 wing is slightly
higher (about 0.0004) than that of the NACA 55-210 wing and the
meximnm . 1irt-dreg ratio is correspondingly lower than that of the
WACA 55-210 wing. The most significent effect of the difference in
alrfoil ssction 1s, however, the epproximately lO-percent increoaeo
in meximum 11£% coefficlent for the NACA 64-210 wing over that for
the FACA 673-210 wing.

From figure 5 it may be seen that the stall of the NACA 64-210
wing begen slichtly farther inboard then that of the NACA 65-210 wing
but was more abrupt and was acccoupenied by a greater loss in lirt.
Figure 5 indicates that the  stell of the NACA 64-210 wing should
.. ’have begun slightly farther outboard than that.of the NACA $5-210
wing but the differences in spenwise posltion in either case are
small. Both figures indicate thaet beyond maxime: 1ift there
is slightly less stalled area et the wing tips of the NACA 64-21C

) wing. ‘

Effeoct of Washout

: Except for the expected change in the engle of attack for zero
1ift, there are no practilcal. differences in the characteristics

of the two NACA 05-210 wings with and without 2° washout (figs. 3
and 4). High-speed tests made at the Ames Asronautical Leboratory
of similar wings also showed negligible effeect of 2° washout, A
larger amount of washout would, however, probably make some differ-
ence, but the amount of washout that could te tolerated without
introducing harmful effects at high Mach numbers is not known.,

The 2° washout was not enough to improve materielly the
stalling cheracteristics of the HACA 65-210 wings, elthough the .
gpanwlse posltlion of the inciplent stall was moved acmewhat inboeard,
because of the washout. A:lergor amount of washout should effect
a significant improvemesnt by moving the stall farthor inboard.

CONCLUSIONS

From the résulfs of an inves:bigation of the experimentel and
celoulated characteristics of three l0-percent-thick tapered wings,
the following conclusiona may be drawn:
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l. The expsrimental cherecteristics of the wings could be

‘sa.tisfa,ctorily predicted from calculations baesed upon two-dimensional

data when the alrfoll contours of the wings conformed to the true
airfoll .contours with the same high degree of accuracy as the
two-dimensional models from which the datae were obtained. Small
errors in construction were found to cause large discrepencies in
the values of meximm 1lift coefficlont

2. The most significant effect of changing the airfoil
gection from an NACA 65-210 section to an NACA 64-210 section
wes to Increase the maximum 1ift coefficient by gbout 10 percent
although the abrupiness of the stall was also increased.

3. The sddition of 2° washout to the NACA 65-210 wing
increased the angle of attack for zero lift as expected but was
not sufficlient to improve materially the stalling characteristics.

L., The other characteristics of the wings were virtually
wnaffected by the ,change in alrfoll section or by the small amount
of washout.

Langlsy Memorial Aeronsutical Leboratory
National Advisory Commlttee for Aeronautics
Lengley Field, Va., August 25, 19U7
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TABLE T

SOMMARY OF RESUIAS (BTAINED FROM TESTS IN THE LANGLEY 19-¥00T

PRESSURE ‘TUNNEL, CF THREE 10-PERCENT THICK WINGS
[(R= b x 205 = 0.17]

Liex a0y /o *r=0) - (&) ppx
Ving - .
Experimental | Caleulated | Experimental | Calowlated | Experimental| Calculated | Experimental | Calowlated
205 ' ma“"? 1.35 1.36 0.08 0.083 1.0 -1.1 38.8 38.8
6 .
Mgl m 1.2h .085 085 -1.0 -1.0 39.4 ¥1.0
82%8 1.23 1.22 085 085 <1.3 -1.5 38.0 hL.6. -
“Pomtn O 1.0 aCp/ac,
Wing Yaroe Vake )
. tosts surveys | Calculated Experimental | Calculated | Experimental | Celoulated
g.'f‘eml"‘“‘l 0.00%3 0.004% 0.0045 -0.037 -0.040 o -0.010
é‘gm .00%0 .0039 .00k1 -.035 -.035 0 -.010
ggm .00kk .0039 0041 -.037 -.035 0.00% . -.006
HATTONAL ADVISORY

COMITTEE FOR AERONAUTICS
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Figure 1.- General dimensions of 10-percent-thick wings tested in Langley 19-foot pressure tunnel.
Aspect ratio, 9; ratio of root chord to tip chord, 2.5. (All dimensions are in inches,)
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Figure 2.- Experimental and calculated characteristics of wing having NACA 64-210 airfoil sections.

Washout, 2°; aspect ratio, 9; ratio of root chord to tip chord, 2.5; R = 4.4 x 106 ; M = 0.17.
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Figure 3.~ Experimental and calculated characteristics of wing having NACA 65-210 airfoil sections.
Washout, 2% aspect ratio, 9; ratio of root chord to tp chord, 2.5; R = 4.4 x 105 M = 0.17.
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Figure 4.- Experimental and calculated characteristics of wing having NACA 65-210 airfoil sections.
Washout, 0°; aspect ratio, 9; ratio of root chord to tip chord, 2.5; R % 4.4 x 106; M = 0.17.
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Figure 5.- Stalling characteristics of wings of aspect ratio 9 and ratio of root chord to tip chord 2.5.
R~ 4.4 x 105 M x0.17.
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(a) NACA 64-210 sections, 2° washout.

Figure 6.- Spanwise variation of maximum section lift coefficient and section lift coefficient at maximum &

wing lift coefficient for wings of aspect ratio 9 and ratio of root chord to tip chord 2.5. R a 4.4 x 106
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(b) NACA 65-210 sections, 2° washout.

Figure 6.- Continued.
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(c) NACA 65-210 sections, 0° washout.

Fiéure 6.- Concluded.
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