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PROFILE-DRAG CORFFICIENTS OF CONVENTIONAL AND LOW-DRAG
AIRFOILS AS OBTAINED IN FLIGHT

By John A. Zaloveilk
SUMMARY

he results of flight investigations of the profile
drag of several carefully inished conventional and low-
drag airfoils are presented. The results indicated that
in g1l cases lower profile-drag cosfficients were
obtained with the low-drag than with the conventlional
airfoils over the range of lift coefficient tested and
that, for comparable conditions of 1ift cosfficient aw’ -
Reynolds number, the low-drag seirfoils may have nrofile-
drag coefficients which are at least 27 percent lower
than the profile-drag coefficients of the conventional
airfoils.

INTRODUCTION

A number of flight investigations have been
conducted by the National Advisory Committee Ifor
Aeronautics during the past several years to determine
the profile drag of varicus conventional and low-drag
airfoils., The purpose of this report is to present
the principal results of these investigations in order
to provide infermation that may be of assistance in
judging the relative merits of conventional and low-
drag airfoils.

AIRFOILS TESTED

The various airfoils tested were the NACA 27-212,
NACA 35-215, NACA 66,2-2(1l.7), NACA 6L4,2-(1.4)(13.5),
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NacA 241L.5, N-22, and two Republic S-3 sections, one
11 percent thick and the other 1% percent thick. These
two sections are desiganated Republic S-3,11 and Repub-
lic 8-%5,1% in this paper. Flight tests of the
NACA €+, (1.1)(13. C) and the N;FQ 2li1li.5 airfoils are
reported in references 1 and 2, respe culvely The pro-
files of the eirfoils tested are shown in figure 1.

The NACA 27-212 and NACA 35- 15 airifoil sections were
built into panels around the wings of the airplanes on
which they were tested. ' The others were sections of
the actual wings of the test airplanes. The arrangement
of the test panels and the spanwise positions of the
wing sections tested are shown in plan form in figure 2.
The airfoil designation NACA 6L,2-(1.l)(13.5), which is
the test section of the NACA-NAA ( Jorth American Avia-
tion, Inc.) compromise low-drag wing, was based on the
maximum thickness and on the pPGSoJ”e -distribution
characteristics computed from the measured ordinates

of the test section. The designation NACA 66,2-2(14.7)
wag similarly determined,

The NACA 2L1L.5, Republic $-3,11, Republic S-3,13,
and N-22 sections may be C]aSSWLIQQ as conventional
airfoils and the NACA 6L,2-(1.L)(13.5), NACA 27-212,
NACA 35=-215, and NACA 66 2- 2(14 7) snctlons, as low-
drag airfoils.

All the airfoils tested were carefully smoothed
and faired to eliminate perceptible protuberances due
to rivets, skin joints, and access doors. Surface
waviness, however, was present to various degrees on
the different airfoils. Surface waviness was measured
by use of a curvature @agn of the type shown in fig-
ure 3 on the uvper surfaces of the NACA 35-215 and
Republic S-3%,13 airf01]s and on the uhper and lower
surfaces of the NACA 6l,2-(1.14)(13.5), Naca 66,2-2(1L.7),
and Republic S-3%,11 alrf01ls. No wav1ness measurempnts
were obtained Oo“ the other airfoils,

The curvature- gage measurements on the NACA 35-215,

NACA 6l ,2-(1.4)(13.5), NACA 66,2-2(1l..7), Republic S-3,11,

and Republlc S-%,13 aerOLlJ wofh made w1th the legs
of the gage spaced 1.2, 3.8, .0, .0, and 3.0 percent
of the section chord, respec+1voly. In preer £0o
present thess mpasarements on a comparablo ba 13, che
measurements on the NACA 35-215, NACA 6l,2-(1.L)( 23, 5)
and Republic S- 3,15 airfolls were reduced to values d
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that a gage would give if the legs were spaced L.0 per-
cent of the section chord c¢. This reduction was made
to the first order of approximation on the assumption
that the readings of a curvature gage were proportional
to the square of the leg spacing. The reduced measure-
ments together with the measurements on the

NACA 66,2-2(1l;.7) and Republic S=3,11 sections are
presented in figure li as plots of d/¢ against s/c,
where s 1s the distance along the surface from the
leading edge. The dashed lines in figure |} indicate
the approximate curvature-gage readings that would be
obtained if the surfaces were free of waviness,

It should be pointed out that wing distortion
im £light may introduce waviness considerably different
from that measured. This effect is probably adverse
and may be expected to vary considerably with wing
construction.

The destabilizing effect on the laminar boundary
layexy due to waviness of a given magnitude increases
as the chordwise velocity gradient becomes less favorable
(or more adverse). The chordwise velocity distribution
for the various airfoils st a section 1ift coeffi-
clent c¢; of 0.20 have therefore been included in

figure L. The velocity distributions were calculated
for the undistorted airfoil profiles by the method of
reference 5. The velocity distributions are given as a
plot of the ratio TU/U, against s/c, where U is

the local velocity outside the boundary layer and

U, 1is the free-stream velocity.

PRCFILE DRAG

The profile-drag coefficients were evaluated from
wake surveys of the various zirfoils by the method of
reference Il and compressibility corrections were applied
as in reference 5. 1In figure 5 the section profile-
drag coefficients cdo and the corresponding Reynolds

numbers R are plotted against section 1ift coeffi-
cient c¢;., The Mach numbers of the tests were less
than 0.5%.

From figure 5 1t may be seen that all the low-drag
alrfoils gave lower profile-drag coefficients than the
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d. The lowest profile-drag coefficient, a value
0040, was measured on the NACA 27~212 seetion at
t coefficient of 0.28 end a Reynolds number
I, x 106, The NACA 27-212 airfoil, however

ndicated by wind-tunnel tests, low drag 1s obtained
nly over a relatively small range of 1ift coefficient
and the pressure gradient at the tralling edge is

unne cessar11y severe, At Reynolds numbers in the range
from 15 X LOU to 20 X 10O riow commonly encountered by

Plgnter bype ‘aircraft, rro*llq-irag coefficients

entional airfoils over the range of 1ift coefflcien
5
=Y

, 18 not
icdered a particulariy desirable airfoil bscause, as

i ’
u

of 0. OC¢5 and 0, 0059 wers measured on the NACA 66,2-2(1l.7)

and NACA &l;,2-(1.4)(13.5) airfoils, respectively. At

Reynolds nﬁ%tufs Prom DA XS PO 41 X 103 a profile-
drag coefficient of 0,009 was obtained on ths
NACA 35- 215 airfcil.

The lowest profile-drag cocfficient obtained on
the conventional wing sections was 0.0062 and was
reasured on the Republic S-%,11. The lowest profile-
reg coefficients obtained on the other conventional

5

G
a

sections were O 0007 for the Republic S-3,13%3 and 0,0066
for the NACA 241L.5. All these valuss were obtained at

low 1ift coe;flckerus in the range of Reynolds numbe
from 15 /x 10°® o 20 x 106, on the N-22 section only
one value of profile-drag coefficient, 0.007C, was

obtalned, which was at the relatively high 1ift coeffi-
cient of 0.50 and the low Reynolds number of l.g X 100,

The results for the NACA 66,2-2(1lL.7) and Repub-

4

lic S-5,11 sections were obtained for the most nearly

comparable test conditions - that 1s, 1ift coefficient,
Reynolds number, and wing-surface preparation - and are

thererfore best suited for the comparison of the profile-

drag characteristics of low-drag and conventiocnal air-
fotla, ‘At a lif*/co fficient of 0.20 and a Reynolds
number of 16 x 10° the profile-drag coplflcvcnta for

Ghe *AﬂA 66,2-2(1;.7) and Republic S=5,11 sections wsre

0.0045 and 0. 0062, reoneculvely. The profile-drag cosf-
ricient of the NACA 65 ,2-2(1l.7) section is thus 0.0017,

or 27 percent, lower t<an the profile-drag coefficient
of ths Republic S-5,11 section.

Unpublished tests in the NACA two-dimensional low-

turbulence pressure tunnel of a section aporoximating
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the NACA 66,2-2(1.7) indicated a profile-drag coeffi-
cient of 0,003 at a 1ift coefficient of 0.20 and a
Reynolds number of 16 x 106, Similar tests (unpublished)
of NACA 230-series airfoils indicated a profile-drag
ccefficient of 0.0063 for an NACA 23011 section at a
1ift coefficisnt of 0.20 and a Reynolds number

of 9 x 10°, The Revublic S-3 sections have pressure-
distribution characteristics that are very nearly those
of the NACA 230-series sections and may therefore be
expected to have the same drag characteristics., Inas-
much as the surfacss of the NACA 66,2-~2(14.7) airfoil
tested in flight were carefully finlshed tc give a very
low degree of waviness (figs. fi(g) and (h)), probably
comparable with that of the tuanel model, the con-
siderably greater drag measursd in flight as compared
with the value obtained in the tunnel is believed to be
due to an increase in surface waviness assoclated with
wing distortion under air lcads. The better agreement
between the flight and tunnel results for the conven-
tional sections may irdicate that the position of
transition is 3o far forward on these sections that it
is not materially affectsd by an increase Iin surface
waviness resulting from loads imposed on the wing in
flight.

CONCLUDING REMARKS

The results of profile-drag tests of various
smoothed airfoils indicated that in all cases lower
profile-drag coefficients wers obtalned on low-drag
airfoils than on conventional airfoils over the range
of 1ift coefficient tested. The results alsc indicated
that, for comparable conditions of 1lift coefficient and
Reynolds number, the low-drag airfoils may have profile-
drag coefficients which are at least 27 percent lower
than the profile-drag cosfficients for ths conventional
airfoils,

Langley Msmorial Aeronautical Laboratory
National Advisory Committes for Aeronaptics
Langley Fleld, Va.
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(a) Republic S-3,11 airfoil, lower surface.
(b) Republic S-3,11 airfoil, upper surface.
(c) Republic S-3,13 airfoil, upper surface.

Fiéﬁre 4,- Surface waviness and velocity distribution
(at ¢; = 0.20) over various airfoils. (Dashed lines
indicate approx. gage readings for surfaces free of

waves.)
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Figure 5.~ Comparison of profile-drag coefficients ob-
tained in flight on various conventional and low-drag
airfoils. Reynolds number for corresponding lift
coefficients given above.




