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EB‘ZEEC‘I' .OF EEE‘IEX QAMBER ON THE AERODYMLNEC CEABAGTERISI‘ICS
| OF A EICHLY TAPERE’D MOD’ERA’I‘ELY SWEPI-BACK WING
AT REYNOIDS NUMBERS UP TO 8,000,000

By D, William Conner
SUMMARY

Tegts have been conducted at Reynolds numbers up to 8,000,000
to determine the effectivencss of a reflex—cambered mean line in
shifting the low-Grag rangs of a highly tapered, moderately swept—
back wing without materinily affecting the longitudl al gtability,
Two models were tested, one wlth symmetirlcal elrfoili gections and
the other with the same basic thlckness forms bubk with a reflex—
cambored. moan line

The results of these tes‘bs show 'l:he following effects of the
reflex—caxbered mean lins: (1) the upper limit of the low—drag
range vas shifted from a r1ft coefflclent of about 0.35 to about O, 65;
(2) airplsns trim wes unaffected at zero 1iPt but at low 1ift coof—
flelents the neubtrel point was moved forwaerd ebout 2 porcont of the
mean eerodynsmic chord and at 1ift coefflcients beyond the low-drag "
range the forward shift in the neutral point wes more sovere;
(3) the wing stall was delayed but, once started, progressed more
rapidly; and (4) the maximum 1ift coefficient 1f the wings were
trimed, would be slightly increassd. .

INTRODUCTION

In selecting the alrfoll sectlons to be employed in the design

. of a tailless slrplans, an important consideration 1s the wing pitching
moments which, for trim requiremsnts, must remsin moderate. Because
of thelr low drag quallties, NACA 6~geries alrfolls are desireble

for high-speed and long-range operations and, if symmetrical, have
moderate pitching moments., The 1ift coefficlents encompasing the
crulsing conditions are, however, generally above the low-drag range
of practical symmetricel alrfolls, Adding camber and reflexing the
mean line offers a possibility of shifting the low-drag range of the
wing to include higher 1ift coefficlents without materislly affecting
the pltching moment. Tests were conducted in the Langley 19~foot



pressure tunnel of two highiy 't:eq;;ez'e"d',t -m&&'erately swept-back wings of
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identical plen form. One of the wings was of NACA 6-series symmetrical
airfoil ssctlons and the other wing incdorporated the same baslc airfoll
gections but had cambered and reflexed mean lines. The Reynolds nmumber
renge for these tests wes from 3,000,000 to 8,000,000,
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SIMBOLS

11ft coefficlent (L/gS)
drag cosfficient (D/qS)
profile-drag coefficient (CD - Op i) from force

Ca_C
meaguremsnte; 'mg—dy from waks surveys
ako span

section profile—drag coefficient based on section chord
from measurements of flow in wake

pitching-moment coefficlent (M!/qSE)

angle of attack of root chord corrected for alr—flow mls-
elinemsnt and Jet-boundary interference effects, degress

Reynolds mumber (pV&E/u)
Mech number (V/V,)

117t
drag

pltching moment about quarter—chord polnt of mean
serodynanic chord

induced—drag céefficient
(0.04360;2 + 0.0006Cy, + 0.0003)
dynamic pressure of free stream (—%pve)

“y s
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S wing ares
c section chord
b/2
g mean serodynamic chord (M,a.C.) é f c2dy!
. o]
P mass density of air
v alrspeed
1 coefficient of viscoalty
b wing span
¥ lateral coordinate
Ve gpeed of soumd in air

MODELS

Both wing models wore mude of lamirnasted mshogany lacquered and
sanded to a smootk finilsh. The symmstrical wing had NACA 65{318)-019
airPoil gections at the center line and NACA 65 ,3—018 gections at ths
congtruction tip; thess sectlons are described in reference 1. The
modifled wing incorporated the same baslc thickness profiles ss the
origiral wing but used a reflex~cambered mesn line, The mean llne was
gimiler to that of the NACA 65,3-618 airfoil with a O.2-chord pitch
control flap deflected upward to effect zero pliching moment at zero
1ift, The mean line for the modified wing was falrsd so that no break
occurred at the 0,8-chord station. Ordinates for the root and construc—
tlon tip sections are given in teble I.

The wings were practically the same in geometry and the exact
dimensions for each wing are given in figure 1. Filgure 2 shows the
symmetrical wing model installed in the test sectlion. The wings
wore tested without flaps, control surfaces, landing gear, nacelles,
or other protuberances.

APPARATUS AND TESTS

: The tests were conducted In the Langley 19-foot pressure tunnel
with the air compressed to a density of approximately 0.0052 slug per
cublc foot, Valuss of dynamic pressure ranged from 20 to 145 pounds
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per square foot with the resulting Mach mumbers verying from 0,08

to 0.21, Tests wore made over an engle-of-etteck range from below zero
11ft to boyond the stall, Msasurements of 1ift, drag, and pitching
moment were -cbteined by means of a slmultansous—-recording belance
system. The profile drag was obtalnsd both from force tests and from
surveys which determined the loss in mousntum of the wing weke. The
stalling charaateristics were determined by observing the action of”
strands of cotton thread sttached to the upper surface of the wings

on the rear 60 percent of the wing chord, TForce tests and stall studies
were also mede with roughnese applied to the leading edge of each wing.
The roughness was obtained by application of No, 60 (0.0ll-inch mesh)
carborundum grains to a thin layer of shellac over a surface length of
8 percent chord measured from the leading edge on both upper and lower
swrfaces. The graing coverod 5 to 10 percent of the affected area.

RESULTS AND DISCUSSIONW

All data heve been corrected for the tere and Interference
effects of modsl supports, for ailr—flow misalinement, and for Jot—
boundary Interference effects. In order to obtain values of profile-
drag coefficient from force measuremsnts, the induced-drag coefficlent
“was computed by the method described In reference 2, as follows: :

DU o
CD1 = 0.0’4-36CL + 0.0006(1'1.J + 0.0003

The values of the constants in the formyla for cDi were computed

becatise the charts given in reference 2 do not apply for the twist
distributlion and tip shape of this wing. The 1ift distributlion was
determined by the method of references 3 end k,

Effect of Camber

Lift end stalling characteristics.— A comparison of the
serod;ynamic and stalling characteristics of the two wings can be
obtained from figures 3 end 4. The lift-curve slopes for the two
wings were approximately equal at 1lift coefficlents below 0.2 and
above 1,0, At values between these lift coefficlents the rate of
chenge of the slope for the symmetrical wing was essentially uniform
vhereas the slope for the cambered wing remeined constant up to a
11Pt coefficient of ebout 0,7, then decreased abruptly and remained
constant elmost to the stall., In reference 1 the data for the
NACA 65,3-618 airfoll with the 0,20-chord flap deflected -10° are
consldered to approximate the characteristics of the cambered wing
sectlon whereas the date for the NACA 65,3-018 airfoil spply
directly as the symmetrical-wing section characteristics, A
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comparison of the date {reference 1) of each section with the data
of the corresponding complete wing (£f1g. 3) indlcates that the shape
of the 1lift curves ars similar, The maximm 1ift coefficlents of the
wings in the untrimmed comdltion were approzimately the same.

The stall patterns (fig. 4) of the two wings wers similer,
As.the angle of attack was lncreased, a cross flow gtarted near the
trailing odge of the center mection of each wing, This flow increased
in geverlity and spread outboard uuntll it was directly perpendlcular
to the model center llne, Any reglon where the dlrection of spanwise
flow was forward of thils perpendicular was then interpreted as being
a stalled aren, Addition of camber slightly delayed the cross flow
and the begimning of stelled regiomns, but once started the stall pro—
greosged more repidly. For both wings the inltial stall occurred at
the upper end of the low-drag range. Differences in stell progression
cen be directly correlsted with the differences in section character—
istics previouvoly discusassd, There was llttle tendency for the stall
to be intermittent wuntili after the attitude of maximum 1lift coefficlent
hed been reeched, at which time a ewirling type of stall developed on
both winga.

Drag characteristicg.—~ Flgure 5 presents the proflle~drag coef—
ficlent of the two wings as measured by force tests and by momentum
loss of the wing wake. The results from the two experimental methods
were in close sgvesment, A&ding carber to the wing sirfolls shifted
the upper 1imit of the low-drsg rangs from Cp = 0.35 to 0.65. Also,

the valve of minimum drag cosfficient was slightly lower, probebly
because of emell diffevences in the surface corfition of the wings,
since the mection drag data of refsrence 1 do not show thls benefit.
The drag valiues were highor for the cambered wing than for the
symetricel wing from Cp = 0.80 +to the stall. This difference

In drag 18 characteristic of the alrfoll sectlons snd 1s agsoclated
wlth the rates of stall progression.

A comparilson of the sectlon proflle—drag coefficlente at seoveral
valusg of 1ift coefflcient is given in flgure 6. Because of the cross-
flow on ths wing which developed to a noticesble degree at values of
1ift coefficilent above 0.5 (fig. 4), the dreg measured at a given
Sparwlse stetlon ls not necessarlly the drag corressponding to the
gection at that station but may correspond to a ssction farther inboard.

The pesks iadicated at 0.52— for the cambered wing were found (after the

survey) to have resulted from narrow flat aress on the lesding edge of
the wing.

Pltching-moment characteristics.~ From figure 3 1t 1s seen that
adding reflex ceamber to the wing 4id not change the trim et zero 1lift
since the velues of pltching-moment coefficilent were ldentical for the
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two wings, In the low-drag ravge of lift coefficient, adding camber
moved the neutral point ahead about 2 percent of the mean aerodynamic
¢hord, At the upper extremes of the low-drag range of each wing there
was a forward shift in the neutral point which often occurs with wings
of swept—back plan form operating at moderate 1lift coefficients., This
shif't was much more noticeasble for the cambered wing than for the
symmetrical wing and was associated with the previously discussed
behavior of the 1ift and drag curves and the stall progression, Near
meximum 1ift the pitching-mement coefficient was more positive for the
cambered wing than for the- symmetrical wing by an emount that veried
both with 1ift coefficient and Reynolds number. In order to trim each
wing et its maximum 1ift ceefficient by deflecting a trailing-edge

- control surface, a greater increment in 1ift ocoefficlent would be
added for the ceambered wing than for the symmetrical wing, The result-
ing maximum 1ift coefficient would, therefore, be slightly higher for
' the cambered wing,

' Effect of Roughness

The aerodynamic characteristics of both wings with and without
-leading-cdge roughness and at four Reynolds numbers are presented in
figure 7. Stalling cheracteristice of the wings with roughness are
presented in figure 8,

Lift and stelling ¢ gggaggeziszigs.-vTha application of leading—
edge roughness decreased the value of dCy/da(Cp = 0) for both the
symmetricel and the cambered wing from 0,085 to 0,078 and 0,082 to
0.077, respectively. The average decrement in maximum 1ift was 0,30
for the symmetrical wing and 0,26 for the cambered wing. The addition
of loading-edge roughness to each wing did not change its stall pattern
although the rate og stall progression accelerated, with a resultant
decrease of 4° or 5° in the angle of attack for meximum 1ift, The
stalled regione again developed more rapidly on the cambered wing,

Drag characteristics.~ Any dreg benefits shown by adding camber
to the airfoll disappeared when roughness was applied, At values of
11ft coefficlent below 0,3 the valuos of drag coefficient for the two
wings were identical, The comparative values of drag coefficlent for
Cr, > 0.3 were less for the symmetricael wing than for the cambered wing.
This effect of roughness illustrates the need for maintaining a smooth
surface condition in order that the benefit of a cambered mean line
may be ubilized,

Pitching-moment characterigtics.~ At low values of 1lift coef-
ficlent, the application of leading—sdge roughness caused & forward
shift in the deutral point of 1 to 2 percent of the mean aerodynanic
chord. At high values-of 1ift coefficient the nevitral-point locations
were approximately the same with the wings rough as with the wings
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smooth, but the loss in maximum 1ift coefficient résuliting from rough—
ness8 increpaesed the rate of changs of neubral point with 1ift coefficient.

. Variation of Aerodynamic Characteristics
with Reynolds Number

Lift choracteristicyg.~ The variation of maximem l1ft coefficient
with Reynolds number is given in figure 9. With the wing smooth the
meximum 1lifh coefficiont Increassed with increasing Reynolds mumber.
This increase wag more pronounced for the symmetrical wing than for
the cambered wing in the Reynolds number range of 3,000,000 to 5,000,000,
The: results showm in figuwre 7 indicete that et low values of 1lift
coefficlent ths lift-curve slope ls independent of Reynolds number,
At the high values of liit coefficient an increese In slope with .
increasing Reynolds number is evidenced, With the wings rough, the
maximum 1ift coefficienb of both wings was essentially independent of
Peynolds nwnber. (See fio. 9.)

Drag characterlstice.— Figure 10 presen‘bs the varietion of
profile—drez.coefficiont with Reynolds nvmber for the approximate
design conditions of high-speed (Cp = 0.2) and cruising (Cp = 0,7)

flight, With the wings smooth, the profile-drag coefficient at
Cz, = 0.2 increased with increasing Reynolds nurber., An increase

in tummel sli—gtream turbulence with Reynolds number is belleved

to be partly responsible for thils effect. Roughness applied to the
loading edge of the wings initisted turbulent flow over the wing
surfaces end then the drag ccefflclent showed little changs wlth
increasing Reynolds number. From previous dlacussion and the curves
shown, the addition of camber to the symmetricel wing appeared to

have little effect on the wing drag in the high-gpeed condition, In
the crulsing condition with the wings smooth the cembered wing still
partly reteinod the low-drag qualities and thus malntained much lower
values of drag coefficient then dild the symmetrical wing, Applying
wing roughrness to both wings reversed the situation decldedly as pointed
out previously and also resulted in appreclable decresses in drag with
increase in Reynolds number,

Pitching-moment characteristics.~ With the wings toth smooth
and rough, incressing the Reynolds number did not-noticesbly affect
the pitching moment of the wings at low values of 1ift coefficlent,
At any glven 1ift coefficlent near the stell, the positive velues

of 1'(;1619 pltching-moment coefflcient decreased with increasing Reynolds
numbex,
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CONCLUSIONS

From tests of two highly bapered moderately swept~back wing
models to dshermine the effect. of ckanging the airfoil section from
gymaetrical proflles to reflex~cambered profiles, the following
conclusions were indlcatbed:

1, The upper limit of the low--d.rag reglon of the asrodynamically
smooth wings was shifted from a 1ift coefficient of about 0.35 to 0.65,
which sllowsd for s vreductlon in the drag in the cruising condition.
With leeding-edge roughnoss on the wings, ths drag in the rangs of
11ft coefflcient above 0.3 was decldedly more for the cambered wing.

2, The value of plitching-moment ccefflclent at zero 1ift did
not change but the neubral point moved shead 2 percent of the mean
aerodynemlic chord, Ths forward shift in neutral point which was
obgerved. abt veluss of 1ift coefficlent above the low-drag rangs of
the wings was more severe for the cambercd wing, Application of -
roughness had. a dostebllizing influence on both wings.

3. The lift-curve elope for both wings decreased. at the upper
end of the low-dreg range. Thls decrease was more definite and
proanounced for the canbered wing. :

I, Stalled srsss developed on both wings at the upper end of
the low—drag range. The value of the maxlimum 11ft coefficlent, if
the wings were trimmed, would be slightly higher for the cambered.
wing oven though the stall progresslon was more rapid.

Langley Memorisl Aeronautical Laboratory
Netional Advisory Comittee for Aeronauvtics
Langley Field, Ve,, October 1, 1946

D. Willliem Conner
Mechanlical Engineer
Approved: g ,
“Olinton H. Dearborn
Chief of Full-Scale Research Division
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TABLE I,~ ORDINATES FOR REFLEX-CAMBERED AIRFOIL
| stations and ordinates in percent chord]
Root Section Tlp Section
Station Ordinate Station Ordinate
Upper Lower Upper Lower
surface surface gurface gurface
0.3 1,65 -0.69 0.3 1.562 ~0.657
N 2,05 -1.05 .6 1.937 -.991 "
1.0 2.45 -1.41 1.0 2.324 -1.339
2,0 3.26 -1.99 2.0 3.085 -1.887
3 3.92 ~2.42 3 3.711 -2.288
L k.49 -2,79 b L,259 ~2,645
5 5.02 -3,13 5 k., 752 —2.962
6 5.49 -3.43 6 5,194 —3.250
8 6.33 -3.97 8 5.995 -3.758
10 7.06 4,43 10 6.683 ~4,198
15 8.51 =5.39 15 8.056 " =5.107
20 9.60 —6.15 20 9.092 -5.827
25 10.43 ~6.79 25 9.873 -6.429
30 10.9" ~T7.27 30 10,392 | -6.882
35 11.2 -7.57 35 10.676 -7.169
39.5 11.32 ~7.70 39,5 10. 717 ~7.289
45 11,09 -7.66 4s 10.498 -7.258
50 10.61 =745 50 10,047 -7.058
55 9.88 -7.06 55 9.358 -6,681
60 8,94 -6.,52 60 8.463 -6.173
65 7.80 -5.83 65 7.389 -5.522
70 6.56 -5.04 70 6.212 ~4.,775
75 5.25 -4.16 75 k,972 -3.938
80 3.91 -3.26 80 3. TR0 -3.089
85 2.58 —2.35 85 2.444 -2,229
90 1.36 -1.48 90 1.285 -a-l.ll-03
93 .73 -.97 3 8,690 o932
95 .39 - 67 95 8,367 —-.633
96 .26 -.51 96 2 ohl 2—. L82
97 Jb -.37 97 o135 o346
98 .08 -.23 98 073 —.222
99 Ok -.13 99 2,036 | 2,122
100 Ok -0k 100 20 0

aIn order to facilitate model construction, the ordinates for the rear
10-percent chord of the tip section were increased above these basic
values to provide a 0.134b-percent~chord trailing—edge radius

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
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(b) Cambered wing ; aerodynamic washout about O.25 chord = 4°;
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19~foot pressure tunnel,

Figure 2,~- Symmetrical wing mounted for testing in the Langley
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Fig. 8 NACA TN No, 1212
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(a) Symmel‘r/'ca/ wing. (b) Combered wing,
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Frgure & .- Stalling characterisiics of wings with leading-edge
roughness. R~ 4,730000;M=0./3.
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Figure 9.« Effect of Reynolds number on maximum 1ift coefficient with
and without leading-sdge roughness.
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Fig. 10 ' ' NACA TN No, 1212
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(p) High speed condition; GL = (0.2,
Flgure 10.~- Effect of Reynolds number on cD at high speed and crulse
o
condition with and without leading-edge roughness.
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ABSTRACT:

Two models were tested {or effect of reflex cambers: one with symmetrical airfoll, the
other with same basic thictmeas {orms but with reflex-cambered mean line. Results show
that for reflex-cambered wing the upper limit of {ow-drag range shifted irom lift coefficient
of 0.35 to 0.65, alrplane trim was unaffected at zero lift, at {ow 1ift coefficients neutral
point moved forward about 2% of mean aerodynam{c chord, {orwvard shift was more severe
beyond {ow-drag range, and wing stall was delayed.
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