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THE EFFECT OF SURFACE IRREGULARITIES ON WING DRAG
III ~ ROUGEIESS

By Manley J. Hood
SUMMARY

Tests have Dbecen made in the N.A.C.A, 8~foot high~gpecd
wind tunnel of the drag caused by roughness on the surface
of an airfoil of N.A.C.A. 23012 section and 5-foot chord.
The tests were made at speeds from 80 to 500 miles per hour
at 1ift coefficients from O to 0,30,

For conditions corresnmonding to high-speed flight,
the increase in the drag was 10 percent of the profile drag
of the smooth airfoil for the roughness produced by spray
painting and 63 percent for the roughness produced by
0.0037~inch carborundum grains. About one-half the drag
increase was caused by the roughness on the forward one-
fourth of the airfoil. Sandpapering the painted surface
with No. 400 sandpaper made it sufficiently smooth that the
drag was no greater than when the surface was polished.
In the lower part of the range investigated the drag due to
roughness increased rapidly with Reynolds Number.

INTRODUCTION

The form drag of airplanes has been reduced so much by
improvements in ‘streamlining that skin-~friction drag often
constitutes a major portion of the total drag. It ig there-
fore important that skin friction be reduced as much as pos-
sible. One method of reducing skin friction is to elimi-
nate irregularities, such as rivet hends and roughhess,
from surfaces exposed to air flow.

Previous tests have shown that rivet heads (reference
1), certain arbitrary protuberances (references 2 and 3),
and roughness (references 4 and 5) greatly increase wing
drage



Tests have been made in the N.,A.C.A. 8-foot high-gspeed
wind tunnel to provide more complcte data for the effect on
wing drag of various surface irregularities common to air-
plane wings. The surface irregularitics investigated in-
cluded rivet heads and spot welds (reference 6), lap joints
(reference 7), manufacturing discrepancies (reference 8),
and surface roughness, the subject of the present paper.

tlogt of the surface-roughness tests were made with an
N.A.C.A, 23012 airfoil of 5-foot chord. The effect of the
following surface finishes on the drag of this airfoill was
determined:

040037~inch carborundum grains.
0,00lS—inch carborundum .grains.
0« 0008~inch carborundum grains.
Sprayed paint.

Sandpapered paint.

Polished paint,

The drag was determined with the entire surface covered
with each of thege finishes and also with various ,percent-
ages of the surface, starting from the leading edge, pol=
ished. With the surface of the airfoil ia the desired con-
dition, the drag was determined at 1ift coefficients from

0 to 0«30 and air sveeds from 80 to 500 mileg per hour,
corresponding to Reynolds Numbers from 4,000,000 to
18,500,000.

Supplementary tests to investigate scale effect were
made using an N.A.C.A, 23012 airfoil of 2-foot chord.

APPARATUS

The tests were conducted in the N.A.C.A. 8~foot high-
speed wind tunnel. The turbulence of the air flow in the
clogsed circular test section of this wind tunnel is so small
that sphere tests have shown virtually the same critical
Reynolds Humber in the ftunnel as in free air (reference 9).

The airfoils usced for these tests had the N.A.C.A.



22012 section (reference 10) and had active gpans of 6
feet., Figure 1 shows the 5-foot airfoil mounted in the
vind tunnel. Detailed descriptions of the airfoils and
their arrangement in the wind tunnel are given in refer-
encec 6.

Photomicrographs of samples of the different surface
finishes, 2ll to the same magnification, are shown in fig-
ure 2. The carborundum—~covered surfaces were produced by
spraying carborundum grains mixed with thin shellac onte
the nolished airfolls. The common degsignations of the
grain sizecs are:

Avorage graia Carborundum Company's
sige, k(in.) designation
0.0037 180
L0013 FF
.0005 . ’ 800-RA

Frou fisure 2 it is apparent that the 0.0005-inch grains
were pliled on top of cach other in such a manner that fthe
degree of roughness was not cgulvalent to the grain size,
28 was the case with the larger graing. The photomicro-
grophe algo indicate that the shellac uscd to hold the
grains was sufficiently thin that the effective sigze and
shape of the sraing werc not appreciably changed. The
gsilzes of the graing were detcermined from nmeasurements made
with o nicrogcope and from measurcnents of the photomicro-
graphs. The density (spacing) of the grnins varied some-—
what over the airfoils but the photomicrographs represcnt
average conditions. The spray-painted surface was pro-
duced Dby spraying a lacquer-base primer-surfacer onto the
airfoll, probably a little rougher than ig conmnmon prac-
ticee The sandpapering was done with No, 400 sandpaper
lubricated with water. HNo attompt was made to limit the
sandvapering strokes to any one dircction dut chordwise
strokes predoninated. The surface was polished by rubdbing
7ith o nolish of the type used in polighing sutomobiles,
waxring, and rudbbing with a soft cloth. The polished sur-
face was comparable with that of a new automobile,



METHODS

The 1ift, the drag, and the pitching moment of the
airfoils with each surfacc condition were determined at
-1.25%, =0.15°, and 0.95° angle of attack, corresponding
to 1ift coefficients of approxinmately O, 0.15, and 0.30,
respectively. The tests ~t 1lift coefficients of 0.15 and
0.30 were mnde at speeds varying from 80 to 370 and fron
80 to 270 miles per hour, respectively, the upper limit
in each case producing a wing loading of approximately 50
pounds per square foot. For the tests at zero 1lift the
speed was varied from 80 to about 500 miles per hour, at
which s»ced compressibility effects were so large that
the drag coefficient was increasing rapidly as speed was
increased. '

Each type of roughness was applied to the entire sur-
face of the airfoils at first and then removed in steps.
starting from the lcading edge and working rcarward as the
tests procecded. After the roughness had been renmoved,
the surface wns polished.

4t the high sveeds nttained in the N.A.C.A. 8-foot
high—gpeed wind tunnel the dynamic pressure (q = % s Vg)-
used in computing force and moment coefficients departs
considerably from the impact pressurce as shown by a pltot-
static tube. The nethod by which the dynamic pressure,
alr svcecd, and Reynolds Number in the test section arc
computed is presented in reference 6.

RESULTS

The tunnel effects on the characteristics of airfoils
that are as large, relative to the tunnel diamecter, as the
two tested are considerable and, since these effects have
not yet been completely determined for this wind tunnel,
no corrections have been applied. None of the results are,
therefore, presented as absolute drag coefficients. The
results are, instead, presented in terms of increcascs in
drag coefficient, which should be little altered by tunnel
effects.

According to the subsequent discussion, the results
of these tests should be annlied on the usual Reynolds
Number basis but, for expediency, the drag results are



shown in %erms of Mach number M, (the ratio of the air
speed to the speed of gound in the air) because, at the
higher specds employed in the tests, compressibility ef-
fects cause drag coefficients to vary so rapidly with M
that comparisons are preferably made at equal values of
this parameter. The air speeds qusted are not actual test
alr speeds at the reduced densities existing in the wind
tunnel but are speeds that, at sea level in a standard at-
mosgphere, would produce values of M equal to the test
values. The Reynolds Numbers are the averages of the ac-
tual Reynolds Numbers for the various test runs. ©None of
the Reynolds Numbers departs from thcse averages enough to
affect the results appreciably.

Increnses in the drag coefficient CD of the b-foot

airfoil coaused by 0.0037-inch, 0.0013-inch, and 0.0005~
inch grains and by spray painting are shown in figure 3.
The incrcases were derived by deducting the drag coeffi-
cients of the polished airfoil from the coefficients of
the airfoil with the various degrees of roughness at equal
Mach numbers. The drag of the sandpapered airfoil was the
same as the drag of the polished airfoil within the lim-
its of measurement. In order to aid in visualizing the
magnitude of the drag increases, the approximate percent=
age increases at one Reynolds Number, using full-scale
wind-~tunnel results from reference 10 extrapolated and
corrected for tip effects as base values, are shown for a
few representative points. ’

Figure 4 shows the effect of removing the roughness
and polishing various percentages of the :surface starting
at the leading edge. This figure applies directly to a
specd of 230 miles per hour and a 1ift coefficient of 0.15,
but curves showing the same vhenomenon at other speeds and
1ift coefficionts would be quite similar.

None of the degrees of roughness testecd had any appre-—
01%ble effect on 1ift or pitching moment within the range
of the tests, which included the usual high-spced and
cruilsing range of 1lift coefficlients.

PRECISION

Only increascs in drag coefficient are reported herein.
For the reasons discussed in reference 6, random errors in
these incrcases probably do not exceed ¥0.0001, correspond-



ing to X1.4 percent of the drng of the smooth airfoil, ex-
cept at smeeds below 100 and hbove 400 miles per hour,
wvhere the errors may be twice this value. Systematic er-
rors are thought to be small ernough so that their effect
on the results is not important.

DISCUSSION

From figure 3 it ig evident that even a small degree
of roughnesgs increases the wing drag sufficiently to hnve
serious adverse effects on high-speed performance and
econony. Even the roughness due to spray painting may in-
crease the drag 10 to 14 percent in the high-speed and
cruiging range. Except at the lowest speeds, 0.0013-inch
roughness increases the drag considerably more than 5/32~
inch brazier—-head rivets (reference 6).

In the range of these tests, the drag increases
caused by surface roughness varyconsiderably with scale
(fig. 3). At the lower speeds the .drag due to roughness
decreases raplidly as sveed is reduced and the curves indi-

~cate that, for each degree of roughness, there is a speed
or Reynolds Humber below which that roughness has no ef~
fect on drag. .Conversely, it is indicated that for every
speed or Reynolds Humber there is a liniting "permissibdle
rou"ans~ " which will cause no increase in drag. The ex~
istence of such a permisgsible roughness has been shown by
other tests (references 11 and 12), Estimating pernissi-
ble roughnesgs fron the results herein reported involves
guestionable extranolations but, neverthelcss, the results
do indicate about the same order of magnitude of permissi-
ble roughness as is tabulated for a flat plate with turbdu-
lent bourndary layer in reference 11l; even though in the
case of the airfoil the conditions are different in that
part of the boundary layer is laminar, the alir speed var-—
ies over the surfacc, and the pressure gradients are large.

Because of the large adverse scale effect on the drag
of rough surfaces, it is essential that experimental in-
vestigations of the effects of surface roughness be made
at large scale. Degrecs of roughness large enough to have
serious effects under flight conditions may have no effect

whatsoever under the conditions of emall~scale tests.

_ The variation of drag with specd (fig. %) above about
300 miles wer hour cannot be attridbuted entirely to scale

%



effect because compresslbllltv effoccts may be large cnough

to predominate at thcese spceds. At lower speeds, however,
compressibility offects arc negligible so the variation in
drag can be attridbuted centirely to scale effect and the
results nay be appvlied on the wsual basis of Reynolds Number.

The coffects of roughness on airplane wings can be es-—
timated only nnprox1matclv from the results of these tests
because the effects depend on grain shape and grain space-
ing as well as grain size. Tho variation of drag with
grain density is so great (reference 13) that the results
of tests using similar grains may not agree when the usual

methods of applying the roughness arc used.

According to Reynolds! principles of similitude, the
drag coefficicnts of similar wings having different chords
but acting at equal Reynolds Numbers would .be equally in-
creased by roughnesgses of equanl size and arrangement with
resneet to wing chord. The tecsts made of the 2-foot and
5~foot airfoils with equivalent degrees of roughness
showved poor agrecment at cqual Reynolds Numbors. . It was
difficult, however, to obtain cqual grain densities with
the nmet 1od of application employed and, as previously ncn-
tioned, thec drag of rough surfaces is quite gsengitive to
changes in grain density. Tests in which Reynolds Number
and specd werc independently varied have been made in the
British compressed-air tunnel (reference 14) and permit a
comparison of drag values by the use of only onc model.
These tests show, as expected, that Reynolds! principles
apply to rough surfaces. In the application of the results
herecin remorted, the 'grain sizo and arrangement should
therefore be considered in tcerms of wing chord. For thisg
resson grain gize is shown on the flyures in terms of wing
chord as c¢/k as well as in inches.

Figurec 4 indicates that, with the entire surface of
the nirfoil roughenecd, about one—half the total drag in-
crease is due to the roughness on the forward 25 percent.
In nreliminary tests in the N.A.C.A. 8~foot high-gpeced
wind tunnel, i1t was found that a slight roughness on the
leacing edge of an airfoil, caused by erosion due to run=-
ning the tunnel with dirt in the air stream, increased the
minimum drag of the airfoil 10 percent. It is obvious
that roushness on the forward part of a wing increases the
drag more than the roughness farther back and that it is,
therecforc, of the greatest importance to kcep the forward

art of wings smooth,



CONCLUSIONS

The principal conclugions derived from the results of
the tests can be summarized as follows:

1., Surface roughness increascd the drag of the 5~
foot-chord airfoil by the following amounts at 230 miles
per hour and at a lift coefficient of 0.15:

Perceont
0Ce0037~inch grains - - - - 63
0,0013~inch graing - - - 44
0.,0005-inch graing - - - - “
Sprayed paint - - - - - - - 14

2+ Sandpapering the spray-painted surface with No.
400 sandpaper nrade it acrodynanically smooth so that the
drog was os low as that of o highly polished surface.

2¢ The drag due to the degrecs of roughnegs tested
decreoscd rapidly as spced was decreased below about 200
miles per hour. ‘ :

4, Polishing the front 25 percent -of the airfoil

reduced the drag increase caused by roughness about 50
perconte.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
" Langley Field, Va,, December 1, 1937.
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FIGURE LEGENDS

le—~ Airfoil of 5-foot chord with forward 20 percent
polished, mounted in wind tunnel.

2.» Photomicrographs of surface roughness.

3.~ Increase in drag of airfoil of 5-foot chord due
to surface roughness. ¢, chord; k, grain
size.

4.~ Reduction of drag by removing roughness from for-
ward part of airfoil. Cr,, 0.15; VvV, 230 @.p.h.;

chord, 5 ft.; average, R, 10,200,000; ¢,
ghord; k, grain size.
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Figure 1.~ Alrfoil of 5-foot chord with forward 20 percent polished,
mounted in wind tunnsi.

0.0008 = INCH GRAINS
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SCALE ~1NCHES
Figure 3.~ Photomicrographs of surface roughness.
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Forward limit of roughness, percernfage chord
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