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IEVESTIGATION OF BXTREME LEADING-EDGE ROUGHNESS
OF TEIOK LOW-DBAG AIRFOILS TO INDIOATE
THOSE ORITIOAL TO SEPARATION

By Bastman N, Jacobs, Ira H, Abbott, and
Hilton Davidson

SUHMARY

Seéveral airfolle, including a conventional NACA 23031
and some low-drag airfoils for whioch the thickness had
been increased to the point that they were consldered
doudbtfully conservativé with respect to separation, were
investlgated as smooth glrfolls and after the application
of a standard roughness. The results show some of the air-
folls to be critical o0 separation resulting from such
flow disturbances. It 1s concluded, pending the further

-investigatlon of separation diffioculties, that airfoll

sections falling definitely within the conservative range
should be used,

INTRODUCTION

The NACA low-drag airfoils first investigated, the
alirfolls dealt with in the earlier applications mainly to
pursuit alrrlanes, and most of the .airfoils for whioch.data
are presented in reference 1 were intended to be of con-
servatlve deslign. No very serious separation difficulties
should therefore arise in operation with these airfolils,
sven though the leading edge becomes very rough, In other
words, moat of the alrfoils wers 'so ochosern that the thick-
ness, the camber, and the position of minimum pressure
would lead to a oonservative pressure recovery over the
rearvard part of the upper surface. ¥or such airfolls
the recovery could be made without marked separation,
even in the rresence of a boundary layer sxcessively
thickened by premature transition and ‘roughness near the
leading edge of ‘the airfoil,” Thus, it was -expected that




the new alrfolls would give drag coefficlents in the same
range as oonventional airfoils when both were similarly
roughened rather than give excssalve drag coeffiolents
aspoclated with turbulent separation.

On some more recent applications to long-range bomdb-
ers, however, root eections have been increased in thick-
ness to the polnt that thelr relation to the conservative
range has become, at least, doubtful. The range of con-
servative alrfoll deslign as contrasted with the oritical
range as determined by the cholce of thickness, camber,
and position of minimum pressure is discussed in general
terme in reference 1. Results are thereln presented on
at least one alirfoll that was estimated to fall in the
doubtful range, or in the range wherein alrfolle may be
eritical to separation resulting from leading-edge rough-
ness, .

The present series of teets was undertaken to obtain
quentitative data with regard to these limite of conserv-
ative airfoll deelgn. The program contemplated en inves-
tlgation of a eeries of airfolle estimated to lle close
to the doubtful range. It was thus thought that s com-
parison of the test results for wings with and without a
. standard roughness applied to the leading edge of each
would give quantitative data tending to define the range
of conservative design.

CHOICE OF STANDARD ROUGENESS

It was desired to choose an extreme rough condition
as a standard roughness to be applied t0 the leading edge
of the various airfoils and at the same time one that
would not alter the contour of the section. The standard
roughness might thus simulate an extremely rough condil-
tion that might result from mud or rough ice on the lead-
ing edge of the airfoll but, of courese, could not repre-
eent thick ice accumulations of the worst type, whioch
would eeriously alter the airfoll contour.,

With such consideratione in view, a standard rough-
ness consisting of carborundum particles thinly applied
over the leading-edge part of the airfoll wae adopted. A
mioroescopic examination of the particles used showed them
to be shaped like lumps of coal and to have crosswise
dimensions near 0,010 inch and seldom greater than 0,015



ineh, The particles were applied to one surface of Scotch
tape; the tape was, in tu¥h, attachéd to the leading edge
0of the airfoil. The use of Scotch tape in applying the
roughness permitted its quick romoval for the comparative
tests of the smooth airfoil. The carborundum particles
vere retained on the Scotch tape by a thin coat of shellac
alloved to Lecome tacky before the application of the par-
tlcles. The tape and roughness extended around the lead-
ing edge of the airfoil gection for a total surface length

of 31, inches, equally disposed above and below the lead-

ing edge. The carborundum was 8o thinly, spread on this
surface that 6 to 10 percent of the area was actually
covered by carborundum grains. The airfoil modele were
of 2-foot chord and 3-foot span; the roughnees strip was
:xtended across the entire span from wall to wall in the
unnel.

For the full-scale wing at a Reynolds number corre-~
sponding to that of these model tests, the corresponding
roughness is geometrically similar to that on the model.
The roughness may thus be ocnsidered to be something like

particles of gand somewhat less than TF inch across adher-

ing to the leading edge of a wing of 100-inch chord. Such
roughness conditions, of course, cannot be considered
typical but it was hoped that the comperative resultes of
the same roughneses on various wings would be of value as
representing a standard roughness condition, extreme, but
of a type not markedly altering the original airfoil ocon-
tour, . .

TESTS AND RISULTS

The tests of the 3-foot~chord airfoils both with and
without roughness were of the routine type, approximately,
as described in reference 1, MNost of the results were
obtained at a Reynolds number of about- 10 million. Some
resulte were also included at a Reynolds number of approx-
imately 6 million in order t0 give some information on
scale effects. T '

The following airfoll sections were investigated
smooth and with the standard roughness:




NACA 23031

.ﬁoeing 7-series type, 0,20c thickness
NAOA 66,2-222 (approx.) -’

NiCa 66,2-433 (approx.) '

NACA 66,3-418

The resulte of the ailrfoil tests are presented in
figures 1 to b in standard chart form except that the
drag coeffitclients have been plotted to a smaller scale
than that usually employed. The reduced drag scale per-
. mits the high drag values associated with separations
that ocour on some of the rough models t0 be shown,

DISCUSSION

Comparison of ailrfoils.- The FACA 23021 section (fig.

1) is intended to represent s thick conventional airfoil,
It 18 evident that roughnese on such a section produces a
serious logs in the maximum 1lift coefficient. The mini-
mum profile-drag coefficient is increased from 0,0068 to
nearly 0,0100, indicating the additional drag associated
wvith the premature transition and the roughness. The drag
coefficient appears to increase somewhat more rapldly with
the 1i1ft coefflcient than for the gmooth airfoil dut the
varilation remains normal, increasing progressively with
1ift on approaching the reduced maximum 1ift ooefficlent
of the rough airfoil, Thus, only the usual progressive
separation effects are evident as the maximum 11ft coeffi-
clent 1s approached.

The Boeing 7-series type airfoll in figure 2 1s typ-
lcal of airfolls showing marked separatlon effects due %o
roughness. The 11ft curve begins to show a l0ss at small
" poeitive angles and the upper part of the curve has a re-
duced slope. The maximum 1lift coefficlient for the rough
airfoll 1s approximately 1.1, a lower value than that of
the conventiomal rough airfoil. The minimum drag eoceffi-
clent for the rough airfoil 1s approximately 0.0116, a
value only a little more than that of the conventional
rough airfoll; dut the dArag increases sharply above a
11ft coefficlent of 0.5, indicating the onset of marked



- -«-m«pmmu abount. the sttitpnde at which the lift-
. :-onrve slope ochanges. --The drag coefficients are seen to

. f

‘become very ‘high at 1urgn: 1ift coasfficients.

A sinilar, although less draatic, behavior will be
observed for -the alrfoils NACOA 665,3-233 (approx.) and
NAQA .65,2-422 (approx.) in fignres .3 and 4, The ailrfoil
with the highor oamber appears to be gsomevhat more mnoon-

lnzvative. S R

. The ohar&otpit.tie; of & lov-drag.airfoil of the con-

mervative type, NAOA .656,3~418, are shown in figure 5., 4

reduction in maximum, lift t0 1.29 4s observed to be of
the. same -type as that.shown for the conventional airfoil
due to roughnsas. whe minipum drag coefficient 1s .in-
oreasead. to apprqzimately the same value as that of the

. canventional airfoil although the increment due to rough-

ness is, of ocourss, larger on account of the  lower initial
value for the low-drag airfoil, The drag coefficlents
show a progressive lnocreas® on approaching the maximum
11ft coeffioclext, as d4id the conventional airfoil, thus
shoving drag coefficlents in the same range as thbse ‘of
the rough conventional airfoil for 1ift coefficients be-
low 1,1, - It is therefore concluded that. for a conserva-
tive airfoil of the low~dreg type, roughnedés should pro-
duce no marked separation effects apart from the effects
that normally ocour when the maximum-lift attitude 1s
approached, .

nﬂignifioanoe of wake-survey measurements made in the
presence of geparation.-~ In tests made .to determine drag

by medans of wake ‘surveys in the presence of separation,

‘the dead air in the régions of locdl separation may tend
"to ‘deviate spanvise in such a way as t0 pass off at ‘the
v 'sutvey ‘plane, indicating excessive drag; or to deviate

ouiward so as t0 pass off in some otheir plane,-indicating
a deficient Arag in the survey plane. Tor that reason,

"in nost "instandés wheére separation was 1likely to ocour

spanwise drag surveye were made. -‘Some of the results of

".such surveys are shown in figures 6 and 7. ¥Yor .the unocon-

servative airfoil (fig, 6), .1t will be noted that separa-

. tion does t6had 0 ‘be.TooallRed "In & reglon .near hidspan.
‘It was found that this separation region might tend to

shift .spanwise;  this tendenocy leads t0.inconsistent re-

. sul'ts .at the survey plané, such as those shown in figure

. 8¢ *The results show, therefore, that the separated
rTegions may be looal apnd that the drags measured bdehind

-
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these regions may bs excessive rather than quantitatively
correct, It seems clear, nevertheless, that such sections
showing even local separation cannot be considered conserv-
ative and their use should be avoided,

" On the other hand the spanwise surveys shown for a
conservative low~drag airfoil in figure 7 indicate a con-
sistent spanwise variation of drag, hence, an airfoil that

-is not prone to local-~flow breakdown. Spanwyise surveys
are usually made as part of the testing procedure in the
NACA two-dimensional tunnel. The results shown in figure
7 for the smooth condition are typical of the resnlts
usually obtained when no pronounced separation is present.
Spanwise surveys made on large-chord wing sections repre-
senting practical construction sometimes show moderately
large variations of drsg along the span even when the
sections are considered to be well within ther'conservative
range. Such variations are atitriduted to changes in skin
friction resulting from local accidentally distributed
surface roughhess and these variations tend to disappear
as the surfaces are improved. S :

The airfoil boundary layers near the tunnel walls
arg, of course, affscted by the presence of the walls with
the possibility of ' resuliting spanwise flows that might af-~
fect the resistance to separation of the flows near the
center of the airfoil as well as the drag measurements, -
Tests with different chord-length smooth models of air~ "
foiis within the conservative range have failed to show
ary significant spanwise drag variation or variation of
airfsil characteristics with chord that would be expected
if sush effects were present., It is planned to extend
sucw tests, however, %0 include rough as well as smooth
moders of airfoils in or near the critical range-because
of the possibility that such effects may be present under
these condltlons, .

i _Aupllcation of results.,~ The present results strongly
suggest that the use of airfoils which do not fall within
the corservative range should be avoided. Sections of
thlis type That have shown a tendency to break down loecally
in the presence of a leading-edge disturbance may also
break down in the presence of other distrubances, such as
those due to fuselage or nacelle interferences, construc-
tion irregularities, etc. The precise limits of the con~
servative range, however, are at present not definitely
established, In fact, the only quantitative data tending
to define the linits are those herein presented., Fortu-
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nately, the low-drag airfoils, with the excepbtion of a few
above 20-percent thickness, in use or under consideration
for practical applications may be judged to be conserva-
tive Dy comparison with the NACA 65,3-418 shown t0 De
satisfactory by the present data., Pending further inves-
tigations, sections that cannot be judged satisfactory by
such comparisons should be specially investigated by

tests such as the present ones in the two-dimensional
tunnel.

Difficulties have usuwally arisen through the use of
excessively thick sections. A suitable remedy is obvious:
Wnile keeping the same spar depth, the wing chord may be
increased to reduce the thickness ratio upntil the section
falls within the conservative range. During the tests of
a bomber model in the 8~foot high-speed tunnel a2 leading-
edge glove was used to reduce the section thickness ratio,
A better plan would have been to increase the chord of
the entire section in order %0 obtain the same reduction
in thickness ratio.

Finally, two other possible methcds that may eventu-
ally lead to obviation of the difficulties herein consid-
ered may be mentioned. With relatively large nose—-opening
air intakes it appears to be possible to employ thick sec-
tions without excessively low minimum pressures and the
attendant unconservative pressure recoveries. The use of
suitable lift-control flaps with slots or other forms of
boundary~layer control should be advantageous in obviat-
ing the separation difficulties.

CONCLUSIONS

Pending the further investigation of separation dif-
ficulties, airfoil sections falling definitely within the
conservative range should be used.

Langley Hemorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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ERRATA ON FIGURES

The values of sectlon 1lift coefficient (figs. 1 to 6)
should be corrected by the following equation

01 - = 0.96501 + 0,016
" (corrected)
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