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SCALE EFFECT ON CLARK Y AIRFOIL CHARACTERISTICS FROM N.A.CA. FULL-

SCALE WIND-TUNNEL TESTS

ByABEsmvmwTmN

SUMMARY

TWS were conduziedin the N.A.C.A. fwliAIx& wind

tunnd to ddermhu the aerodynamic charactaiatics of

the Clark Y airfoil overa large range of Reynolds Num-

bers. Thrtz ai.rfoik of a8pect raiw 6 and un”th~-, 6-,

and S-foot chordswe teded al velocities between2?6and

118 mile-sper hour, and tlw characteristti we obtaind

jor Reynolds Numbem (breed on the airfoil chord) in
tlw range between 1,000,000 and 9,000,000 at the low

anglea of attack, and between 1,000,000 and 6,000,000

id maximum lift. Wtih increasing .&ynolda Number the
airjoiJ characL5ri8ticsare a~ected ih the foUowing

mumwr: The drag al zero li~ decreawsj th maximum
lift increa8e3,the810peoj the lift curve Lwva4w3,thzangle

oj zero lift occurs ai s-nw%r nega$iw angles, and the
p“tching moment at zero li$ dax not change appreciably.

Tlw Clurk Y ainfoil churacterixtti obtainedfrom the
teds in th jhcule tunnel are comparedwiih thosefrom

tlw vuriubledewiiy and the propell.er-re.searchtunn.e.k,

and with the theoreticalwa.hw. An arudyti of the com-

paraiwe experinwnlal data indica&x thai tha air stream
of tlu fuU-8cuLetunnel hm a relatively low hAwL9nce.

TM8 inference is 8ub8tatied ~ the cJo8eagreement
obtainedbetweenthe chura.cieridimof airpiiuw meaaured
in thaful.1-cca.ktunnel and thosejrm$igld teds, and by

8phere drag ZWW&UX&?TW71t8that 8hOW the tunnel h41#a

turbw?.enasimikr to free m-r. It h tlwrefore belimed

thai tlu efects of turbulence on tlw chmwcteridicaof an
ainfoilteded in tlwfulikale tunnel are small, and may be

neglectedin applying the data to o?wign.

INTRODUCTION

Tho aerodynamic characteristics of airfoils ascer-
tained from diilerent wind-tunnel investigations are
frequently not in agreement. The reasons for these
discrepancies are generally nndorstood, having been
revealed partly by theory and partly through experi-
ment. The complete force equation, which includes
the terms exprcming dynamic similitude, shows theo-
retically that comparable wind-tunnel results should

be obtained when airfoils having similar surfaces are
tested at the same Reynolds Number in wind tunnels

with like turbulences. Experimental research has

indicated, however, that it is unusual to obtain the
same results from several tunnels, even when these
fundamental similitude requirements are satisfied.
Some of the more importfmt sources of experimental

discrepancies are wind-tunnel boundary interference,
airfoil-support interference, and air-stream irregulti-

ties and asymmetries.
As a result of the failure of wind-tunnel testing to

fulfill the exacting requirements of similarity in both
the flow and the test procedure, disagreements occur

in published results purporting to give the experi-
mentally obtained chmacteristica of airfoils of the same
section. These conflicting reaultafrom tests in numer-
DUS wind tunnels confront the designerwith an arduous
task. The variety of data must not only be analyzed
md interpreted for application to the particular design

problem, but it must also be extrapolated to flight
Reynolds Number. This extetion of the data has
usually been nmessary because experimental informa-
tion has not been available above a Reynolds Number
of obout 3,000,000, whereasthe @bt range liesbetween
2,000,000 and 25,000,000. There is no exact and ra-
tional method for making a transformation from the
best wind-tunnel information to the desired flight
characteristic, although experience serves as a useful
guide.

WMI the idea of helping the designer to span this gap “
between small-tunnel information and flight conditions
the study of airfoil characteristics has been continued
in the N.A.C.A. full-scale wind tunnel. Here unique
equipment is available for test@ large size airfoils at
Reynolds Numbers comparable with those of @ht.
The full-scale tunnel haa a further advantage -over
smaller tunnels in that the full-scale-tunnel data on air-
planea may be directly compared with those,obtained
in flight tests, thus disclosing any disturbing tunnel
effects and checking the wind-tunnel testing conditions
and technic.

Tests were therefore made in the tunnel to determine
the aerodynamic characteristics of the Clark Y airfoil
over a large range of Reynolds Numbers; By tests of
airfoils with the same aspect ratio and chords of 4, 6,
and 8 feet at velocities from 25 to 118 miles per hour,
the characteristics were investigated over a Reynolds
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Number range from about 1,000,000 to 9,000,000,
although data were not secured above a Reynolds
Number of about 6,000,000 at maximum lift. A por-
tion of these results was used in an experimental veri-
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FmmE I.-The 6 by 33alrfdf mounted fn the fulI+calo tunnel.

fication of the theoretical jet-boundary correction for
the elliptical-jet wind tunnel which has been reported
in reference 1.

COmfITrEE FOR AERONAUTICS

EQUIPMENT AND AIRFOILS

The N.A.C.A. full-scnle wind tunnel and equipment
are described in reference 2. Since the general equip-

ment and apparatus used in these tests were essentially
the same as reported in the aforementioned reference, n
furthm description will not be given.

During the tests the airfoils were mounted in the jet,
as show-nin figure 1, on supports that attach to the &
foils at the one-quarter-chord point, and transmit tho
forces to the balance below. The small diagonal

streamline arms connected to the rear of the airfoil
serve to change the angle of attack by pivoting it
about the main support pins. The Iowor ends of theao
diogonrd m=msare attached to screw mechanisms by

means of which the angle is adjusted to within + 0.06°.
The fairings over the airfoil supports rtre not connected
to the balance but are independently supported at tho
bahmee-house roof. The short exposed upper por-
tions of the main supports have Navy no. 1 strut sec-

tions, and taper tc n cross section of about 1 by 3
inches where they connect to the airfoil.

Three metal Clark Y airfoils with 4-, 6-, (ml 8-foot
chords and of aspect ratio 6 were used. The airfoil
covering of J&inch Aminum sheet wns attached to o
rigid internal structure by means of flush countersunk
screws. The spars were steelbeams and the profile was
formed by aluminum ribs spaced at M-inch intervals.
Aceesa to the airfoil support pins was provided by
removable phdes which were screwed flush with the
surface during the tests. T~pped openings for fitted

eyebolts were spaced over the airfoil for rhtachmonts
when taking tare measurements. Flush screw plugs
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were imwted in these openings during the re=gularforce
tests. The smooth aluminum surfaces of the airfoil

were covered with a protective coat of varnish. The
airfoils wore .manufactuxed under camful.inspection so
M to maintain the specified ordinates, and were accu-
rately measui%djust before testing. ‘The spechied and
measured ordinates m-egiven in table I. No appreci-

able twists, deformations, or local irregularitieschanged
the oirfoil accuracy during the pcxiod of the tests.

TESTS

The lift, d.mg, and pitching moments were measured
at six speeds between 25 and 118 miles per hour over a
rongo of anghwof attack from —8° to 24°. These teats

wem made with the airfoils in an upright position in
the tunnel, rmd then repeated through an angle range
of –t3° to 5° with the airfoils inverted.

Tare forces on the supports were measured with the
rtirfoilsin the test position but supported independently
of the regular supports and rigidly held in place by
auxiliary cables (fig. 2). The tare-force measurements

therefore include the interference of the airfoils upon
the supports. Tare forces were measured for all the
airfoils at five angles of attack and at all test speeds.

The interference of the supports upon the 8 by 48
airfoil was ascertfid by adding duplicate support-
ing struts to the normal fit~ation (@. 3). As these

dummy struts were not connected to the airfoil or
balance, any changes in the measured characteristics
with the struts in place could be attributed to their

hterference. A similar method was employed for the
tests of the 4 by 24 airfoil using, however, only a single
dummy support and dollbling the interference effect

when rLpplyingthe results to the airfoiL Interference

drag for the 6 by 36 airfoil w-asinterpolated from data
on the other two airfoils.
- Static and dypamic presswe surveys were made
several ‘chord lengths ahead of the 4 by 24 and 8 by .

48 Mods to determine the blockihg effect of the air-
foils upon the tunnel stream. These surveys were

made at a number of angle-sof attack between zero
and maximum lift. For the 6 by 36 airfoil the block-

ing effect was irrterpolatedfrom dab on the other two
airfoils.

CORREC’ITON OF DATA

The uncorrected lift and drag forces on the airfoils
were measured on recording scales, and the pitching

moment was computed by multiplying the lift and
drag forces by the proper lever arms. The observed
wind-tunnel data were then corrected in the following
manner:

(a) The fit procws in correcting the data was to

adjust the measured dynamic pressures. The dy-
namic pressure of the wind-tunnel jet is measured with

a manometer, which indicates the pressure difference
between the return passage and the test chamber

(reference 2). The dynamic pressure in the jet is
obtained by a calibration. Previous study has shown

that this indicated velocity head, obtained from a
calibration with no body in the jet, is in error owing

to the blocking action of the body in the air stream.
The blocking increases with the angle of attack; the
Reynolds Numbem of the tests me therefore slightly

different at the low- and high anglea of attack. A
full discussion of the correction as applied to the air-
foil data is given in reference 1. The magnitude of

FKIUEE3.—Dummy sup- added to tbe 8 by 48 airfdl set-up for Interference &l&
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the blocking effect of the three airfoils is shown in
figure 4.

(b) Tare force and moment coefficients were then
computed and deducti from the gross force coeffi-
cients to obtain net values. The tare drag is about

2 percent of the minimum drag for the 8 by 48 airfoil

Angle of otfock,degrees

FmcmE 4.—Blc&lng mnwtfens for the three airfoils testd in the MLscnle tnnnel.

and 10 percent of the minimum drag for the 4 by 24

airfoil. The tare lifts and moments are negligible.
(c) interference effects of the struts on the airfoils

were then included. Figge 5 illustrates the inter-
ference caused by two struts on the lower surfrtco of
the 8 by 48 airfoil. The efiect on the drag is quite
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mom S.-The tiedof tit Interfmenco on the @hemch+stfm of tbe 8 by 48
Olerk Y ekfODwhen test-?du@@k =ynol~ Nnmbar, N2X1W.

large in the region of zero lift, but decreases and be-
comes negligible at higher lift ccefficienta The inter-
ferenw effect on the lift is negligible and within the
experimental error.

The support interference on the 4 by 24 airfoil had
an effect similar to changing the camber of the airfoil.
The angle of zero lift was changed by the interference
when the airfoil was tested both in the upright and
inverted positions. A comparison of the measured

CO~II FOFt AERONAUHCS

drag valuea at zero lift, -ivithand without the dummy
support struts, showed that the supports exerted a
large unfavorable interference in the upright tests,
and a slightly favorable one when the airfoil was
inverted. In all casea for the upright tests the effeots
became very small on both drag and lift above a lift
coefficient of 0.3.

(G?)Upright and inverted tests on the airfoils indi-
cated that the air stream had an initial downflow
angle; it was necessary to correct the characteristics
for this effect. In order to determine the magnitude
of the +&Area angle, plots were made of the D/L
against CL for the upright and inverted airfoil tests

(fig. 6). The D/L ordinate between tho two curves
is equal to 2 sin p, where /3 is tbe air-stream angle.
A check on the air-stream rmgle is possible by noting
the separation of the upright and inverted lift curves.
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13GmtE 6.—Methed of obtalnfng eirdrwn u@= from upright ond tnvertal tcsls
ReyneI& Numkw,’ fJ.12Xl@ 8 by 48idlfOfl.

I

Since the sep~ation of the upright and inverted lift
curves, when plotted as ~alues of Cb against a, is due
to the air-stream angle, the value of the air-stream
deflection is equal to oqe-hdf the angle behveen the
two curves. H the inteiferonce effects are not prop-
erly accounted for, the v@es of the air-stream angle,
from the two methods, ~will not agree. The angles
determined by three t~o methods generally agreed
within about O.1O. Thd average value was taken aa

the true air-strem angk$ although no mtionrd excuse
can be offered for this p~ctice, except that the prob-
able percentage of error Mreduced.

(e) The limited boun&ries of the wind-tunnel jet
are a source of error in ascertaining the characteristics
of any body tested th@in. A correction for this
boundaxy interference ~as therefore applied to the

airfoil angle of attack
%

d the drag coefficient. I?or
these teats the corre .on factor was determined
experimentally by an e~apolation of the airfoil data
to free air values. A ~omplete description of this.
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method with the values of the experimental
theoretical corrections.1is given in reference 1.

FROM

and

Aspect rat;o,btfl

FIavaE 7,-COrImttOiI f13Ct@Sfor tramfmming rw@galor Edrfoflsfrom ftnftn to

fnflnlta OqHt ratio.

@ The corrected charrwteristicafor the airfoils with
nspect ratio 6 were then transformed into iniinite-
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sspect-rdio characteristics by the following formulas:

~=a_Q(1+71 573
TR

where

aOis the angle of attack in degrees at which an
sirfoil with iniinite span would give the same

lift coefficient as the airfoil tested in the
tunnel.

CDO,the prof.le-drsg coefficient.

R, the aspect ratio.
~, a factor cmrecting the induced angle of attack,

to allow for the change from elliptical span
loading to one resulting horn the use of an

airfoil with rectanguhx plan form.
u, a factor correcting the induced drag, to allow

for the change from dlipticd span loading to
one resulting from the use of an si.rfoil with
rectangular plan form.

and where a, oh, and CD,are the corrected chrtracter-
istics for finite aspect ratio. The angle of attack, a, .

is in degrees. Values of ~ and u are taken from figure 7,
and me based on the saunptions of a theoretical
rectangdsx loading, and a value of 0.101 for the slope
of the infinite-aspec~ratio lift curve. Eqmrimentslly
the rectanguk airfoils did not ham-ea loading identical
to the theoretical, owing to jet-boundsry effects and
velocity asymmetries. This variation would require
the use of values for u and ~ slightly linger than those
in figure 7. Since rewlts were not mailable to indicate
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Lificoefficient,CL

FIGWEE&-Olmrac taristfcsof the 8 by 48Ofark Y afrfoff at a Reynokia Nmnbr of about 6@XqXs3,
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the pressure distribution over the airfoils in the tunnel,
this effect, which is small in magaitnde, is not included.

RESULTS

The corrected results are tabulated giving values of
C& a, C., L/D, and c.p. for the Clark Y airfoil with
aspect ratio 6, and valuea of m, C~O,and C= for the

airfoil with inilnite aspect ratio. These data for the
three airfoils at all Reynolds Numbem tested are
presented in tables 11 to =, inclusive. Values of
c.p. are given in percent chord. A typical plot of the

data from table XVIII is given in figure 8.
The curves summarizing variations of the principal

airfoil characteristics with Reynolds Number are of

2- 1 I Iwl

Repolds Number

~GUB!S 9.—v@di0n tith -YIIOhiS h’~k Ofmexfmnm-lfft mdlkients fc+ the

Cfark Y afrfoa. rromaer~ -tunnel valm fmm reference3. Veriable4an-

afty-trmnel data from raferenm4.

particular interest. Figure 9 shows the variation of
the maximum lift coefficient for the Clark Y airfoil
over a Reynolds Number range from 1,000,000 to
6,000,000. In this figure the results of Clark Y. tests

y -6 .8 I I I I I I.= I I
O 4 by 24 “--r- v I I

>. I O 6by36

I I
L I I I I I I I I -l-_L.&al ! I I
L
o Pro+ l~r-rese’mcb /unne( .
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Re~olds Number

FIGURE10.—VarbWfonwfth Reynolds Nnmt@ of the Olark Y angle of attack at
rem m Pr0F8ner+wmmh-tnnnel valna from rafemnce 3. VarfabI&hnsfty-

tunnel vrdne from roferenca4. Thmratfmf tine horn reference5.

in the N.A.C.A. variabledensity wind tunnel over a
range from 1,000,000 to 3,000,000 are also given. A
single point gives tho mtium lift obtained on the
Clark Y airfoil in the propeller-research tunnel at a
Reynolds Number of about 2,000,000. Figure 10

coven the change in the angle of attack for zero lift
with Reynolds Number. Results from the vmimble-

density and propeller-research tunnels, as well as n
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FImrm 11.—Verfationwith Reynolds Nnmimr of tha dom of the llft We for tho
OferkYnfrfoff (slow fccan afrfofl ofedpwtmt!o IZa Indagrem). Pro@for—rmmJoh

tmmaf vafna fmm reference3. Varfabledamfty-tnnnef wdna from reforonm 6.
Thematfml vfdnafmmreference&

theoretical value from reference 6, me also included on
this figge. Ii a similar manner, figure 11 presents
the change in slope of the lift curve with scale, The

ReynoldsNumber

?IGUBE12.-Variatlon wftb Reymdds NumiwI of the Olnrk Y proflfc-dreg cwill-

efent at z3ro Mt. Pro@@msEwO b-tannol vnlue from raforonm 3. Vorlabl&

dandty-tnnnel valuefrom referanm6.

airfoil profiledrag coefficient at zero lift is shown on
figure 12 over a Reynolds Number range from 1,000,000
to 9,000,000, and vrdum from the variabledensity and
~
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?IGuris13.—Comxn of tha Clark Y prdfe-drag mellfcfont at rc$oIULwith the
skfn-frfctiondmg cmillofent fora fit Plab Imvingammplotely turbulentboundary
War. C/for afrfolb bread on actuaf mrfme area.

the propeller-research tunnels are again included. In
figure 13 the profile-drag coefficient at zero lift for tlm
airfoil is compared with the sti-friction drag coeffi-
cient for a flat plate with turbulent boundary layer.
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Curves in figure 14 represent the proiile-drag coeE-
cient at U“ values of 0.1 and 0.2 plotted against

Reynolds Number. The variation of pitching-moment
coefficient at zero lift and the maximum value of L/D

me plotted rtgrtirtstthe Reynolds Number in figures
15 and 16, respectively.

u
ReynoldsNumber

~OuEE 14.–Var&tlon with the Regnofda Nunhr of the Olark Y proflklrag

caernofentat Hft melllcfents of 0.1and 02.

FIGUBE16.—Varhdlonwith Reynolds Nnmber of tke Olark Y PMdng-moment

czwfRoJentat mm W. PropeffeMwwOII -trmnefvalne fmm refamnm3. VariabIe-
deoslty-tamnelvalne from n%renm 0. ‘1’hwretfml voha frum referenraS.

ReynoldsNmber

FIOUFtE 16,—VarMfon with Reynolds Nnmber of the mnxfmum vafne of L/D for
the Olark Y OhfOfl.

PRECISION

The number of variables involved makea the preci-
sion of all wind-tunnel rcmdts exceedingly diilicult b
estimate. The reference for gaging the precision of
wind-tunnel airfoil results should be the characteristics
which the specifid airfoil WWUMhu.aein jlight at the
particular Reynolds Number. Wmd-t~el rm~~
would then include accidental errors of measurement,
errors in the application of wind-tunnel interferences,
and variations of the characteristics due to differences
in airfoil accuracy and turbulence. If the turbulence
is considered as rLparameter with which characteristics

vary rather than as a source of error in precision, the

N. A. CA. FULL-SCALE WIND+UNNliI L TESTS 515

reference base may be changed to the hypothetical

characterhtb which the airfoil would haxe in free air

at tf~ same Reynolds Number and turbu.khe. This

attitude has been adopted in considering the accuracy

of the results found in this investigation.
The exactness with which the final precision may be

predicted depends upon the thoroughness with which
tha following factors are lmown:

(a) Re.@u-i@ and rtccuracy in mermuing air-
stream velocity and angularity.

(b) Rigidity of airfoil supports and accuracy of
setting the angle of attack.

(c) Accuracy of balance readings.
(d) Accuracy of the airfoils.

(e) Accuracy of measured support interferences.
(j) Accuracy of the applied jet-boundary correction.
Repeat runs indicated that the accidental errors,

such as are to a laqge extent included in (a), (b), and

(c) of the foregoing, were small, and with~ the follow-
ing limits:

a= + 0.050

C.m= + 0.01

dC’
~= + 0.001 per degree

CDO=+ 0.0002 (CL= o)

CD05 + 0.0010 (CL= 1)

C&= * 0.001

A deflection of the airfoil supports introduces an

error into the pitching-moment coefficients. In these
tests, however, the strong tripod type of construction

used in the airfoil supports and the relatively short
cantilever section reduced deflections to negligible
amounts. Errom horn this source may therefore be
disregsxded.

It was found impossible to evaluate the loss in

precision due to differences between the specified and
measured airfoil ordinates. Variabledensity-tunnel
teats have shown that small errors in the nose proiile
of model airfoils are quite critical, while diflmences
farther back along the chord are not of great impor-
tance. From an examination of table I, it may be
seen that the airfoils were not constructed exactly in
accordance with the speci.iiedordinates, and that there
were small ditlerences between measured and specfied
ordinates at the airfoil nose; the surfaces, however,
were fair in all casw. The lack of any serious system-
atic disagreement in the results from the several
airfoils indicatm that errors from this source were not
large enough to be significant.

The experimentally derived values of wind-tunnel
and support interference were subject to the same
accidental and inherent errors as the tests proper,

but these errom would have only a secondary effect on
the final results. From a consideration of dl the
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contributing errors the estimated tial precision is
as follows:

a= +O.1°

c~= + 0.03

dCL
—- + 0.0015 per degree
da

C.o= * 0.0004 (C.=o)

Cl)o= + 0.0015 (CL= 1.0)

c ~q4= * 0.003

DISCUSSION

Lift,-The maximum lift coficient, the angle of
zero lift, and the aIope of the lift curve for the Clark
Y airfoil vary with the Reynolds Number (iigs. 9, 10,
and 11). Perhaps of greatest interest because of
their aigniiicance in regard to the question of turbu-
lence are the maximum lift coefficients, particularly
in comparison with those from the variable-density
tunnel (reference 4) and the value horn the propeller-
re.wmrchtunnel (reference 3) shown in figure 9. There

is an excellent agreemant between the value of we
maximum lift coefficient horn the propeller-research
tumel and the fukcale tunnel at a Reynolds Number
of about 2,000,000; however, the variable-density-
tunnel results me from 10 to 13 percent higher than
those horn the full-scale tunnel at the same Reynolds
Numbers. This difhrence between variabledensity
and full-scale-hmnel maximum lift coefficients is
believed to be largely due to the unlike turbulences

\ in the two tunnels; the agreement with the propeller-
ramarch tunnel suggests that it has the same turbu-
lence as the full-scale tunnel.

Several experimenters have shown that one of the
effects of turbulence on medium+ambered medium-
thick airfoils, such as the Clark Y, is to increase the
maximum lift coefficient. This beneficial effect of
turbulence is attributed to the mixing and eddying

flow in the turbulent boundary layer around the air-
foil, which provides for a larger transfer of momentum
from the general flow to the boundary layer than is

possible in a laminar stieam. When changing horn
1aminar to turbulent flow, the augmented momentum
in the boundary layer serves to move the separation
point of the flow rearward along the upper surface of
the airfoil. This rearward motion allows the airfoil
to attain a higher angle of attack and lift coefficient
before the separation point moves forward again, with
increasing angle, to the point at which the general
flow. breaka down. A complete discussion of this
phenomenon is given in reference 7, and the results
of tests included in this reference show that it is
possible to increase the lift coefficient of an N.A.0.A.
2412 airfoil as much as 30 percent by the introduction
of turbulence. Earlier tests in the variable-density
tunnel (reference 4) on the effects of turbulence on a

Mrk Y airfoil gave similar results. It m~y theroforo
]e stated that the comparatively low valuea of maxi-
num lift coefficients in the full-scale tunnel signify o

mall turbulence. Results of other tests indicate tho
mistenceof a turbulent condition in this tunnel similar
o that in free air. The critical Reynolds Number for
Lsphere investigated in the full-scale tunnel (fig. 17)

I I I I I I I I I I I I I

i CL Z f/i&htI
-51 I I I 1 I +

6 !444 densiM-U-J-,.

‘.smmu
L , , I 1 ! , I 1 1 I 1 1 1

01.2345 6XJO
Reynolds Number

‘IGUEB 17.-SPhem drag amflidents obtained fmm tllgbt and wtnd-tunnel tits,
Critksl EaynoldaNmnkr occnraat UDMInalS03. Fllgbt resultsfrom mfemnm8.
Variable-%mlty-tmmal rtunltsfrom refemnm 4.

grew closely &th the critical value obtained in
light (reference 8). Based on the method of Dryden
reference 9), the turbulence in the full-scale tunnel is
bout 0.36 percent, which value is ahnost identical
rith the value obtained by measurements in free air.
~hecritical Reynolds Number in the variable-density
unnel (reference 4) indicates a turbulence of about
.5 percent.2
The good agreement between full-scale tnmml and

ight characteristics on airplanes presents further
violence of the small effects of turbulence on the wind-
unnel measurements. The following tabnlatod data
lustrate the comparison between wind tunnel and

ight results.

!OMPARISON OF FULL-SCALE WIND TUNNEL AND
FLIGHT REWJLTS ON SEVERAL AIRPLANES

$ dii

Do...------- &ocQcol ... .do . . . . . . . . . . . . . . .

0------------- & SMl,ooo Flight- .............

Do________ 7,00t401XI ----do . . . . . . . . . . . . . . . . . . . . . . . . . .W

lThemLsing valneswere notmmsnred.

n all cases the checks are within the experimental
tits of accuracy. An appreciable change of mini-
m.m drag coefficient with Reynolds Number is to be
bserved in the case of the XBM-1, where the

sSllght mdldcatiom have km made to tha variabklendty tunnel slncnthcso
ubnlencemwsumments were Umd&
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Reynolds Number reaehed in flight is considerably
higher than those of the tunnel.

The experimental evidence suggeata that the tur-
bulence of the full-scale tunnel is small and exerts

1.0

a -Up+ surfoce.<--

13 If’
J

C==o

-2.0

~O~E 18,—Thoorotlml prcssmodf&htMOn on a Ohrk Y 8h’foll 8t the U@ of
mm Mt. Reprwinmd from roforoncaS.

only a negligible effect on the characteristics of bodies
tested.

The change in the angle of zero lift with Reynolds

Number (fig. 10) is, to a large extent, a phenomenon
similar to the variation of maximum lift. The angle
of zero lift occurs at smaller negative angles with in;
creasing Reynolds Number. This phenomenon can

be explained by reference ta the pressure distribution
over the airfoil for the zero-lift condition (@. 18).
Owing ta the large adverse gradient of pressure at the
forward portion of the lower surface of the airfoil (a
condition similar to that on the upper surface at maxi-
mum lift) the stabili~ of the flow is critical; at low
Reynolds Numbem there is an early breakdown of this
flow. This laxge adverse pressure gradient not only
causea an early breakdown of the flow-,but also rcmh.s
in an earlier separation of the flow-,which reduces the
slope of the lift curve in the range of zero lift, and re-
quires that the airfoil be turned to a larger negative
angle to reach zero lift. With large Reynolds Num-

bers and considerable initial turbulence the break-
down of flow is delayed so that zero lift is reached at
smaller negative angles. The smaller negative anglea
of zero lift from the more turbulent variable density
tunnel kats shown in figure 10 agree well with this
conception. The experimental value for the angle of
zero lift horn the full-scale wind tunnel agrees with
the theoretical value (reference 3) at a Reynolds Num-
ber of 3,600,000.

The slope of the lift curve (fig. 11) shows a constant
increase with Reynolds Number. The experimental
slope variea from about 85 to 90 percent of the slope
theoretically predicted in reference 5. The slope of the
lift curve, obtained from the variable density tunnel
teats on an airfoil of this thiclmess (reference 6), at a
Reynolds Number of 3,000,000 is slightly greater than
the value found in the present tests, whereas the pro-
peller research tunnel value is slightly less. Increased
turbulence for the Clark Y may have the same effect

lpon the lift+curve slope as increased Reynolds Num-
mr, which might explain the slightly higher variable

iensi~ tunnel result.
llrag.-Figure 12 indicatea that the profle-drag cc-

Micient at zero lift for the Clark Y airfoil decreases
:apidly between the Reynolds Numbers of 1,000,000

md 3,000,000, and then decreases at a constant but
much lower rate over the range betwean 3,000,000 and

2,000,000.’ The considerable scattering of the experi-
mental points at the lower Reynolds Numbers may

possibly be accounted for either by the decreased pre-
tion in measuring the extremely small forces or by

Lheuncertain nature of the .flo-ivover the lower sur-
face of the Woil at this angle of attack. The latter

factor was discussed when considering the angle of at-
tack for zero lift. Since the greater proportion of the
proiile drag at zero lift is fiction drag, the decrease
with Reynolds Number is to be expected. The man-
ner in which the fiction drag of flat plates changes
with the Reynolds Number has been subjected to the
most complete theoretical and experimental study, and
a comprehensive review of the subject is given in refer-
ence 10. Figure 13 presents the drag curve of the flat
plate with completely turbulent boundmy layer from
this reference. The proiile-drag coefficients at zero
lift horn the pre9ent airfoil twti are also shown on
this curve. These coefiicienta have been reduced to
the same form as those for the flat plate by using the
true surface area of the airfoil in the drag equation.
The values for the &oils lie above those for the flat
plate with completely turbulent boundary layer, and

the shape of the curve suggests that it might lie on
one of the intermediate transition curves between those
for the laminar and turbulent flow if the pressure
drsg were deducted.

The proiiledrag coefficients calculated from the .
results of airfoil tests in the propeller-research and
variabledensity tunnels are presented in figure 12,

and their values are in fair agreement. The propeller-
research-tunnel value is within the experimental
scattering of the points from the full-scale tunnel; the
vaxiabl-density-tunnel value is only slightly higher.
The variabledensi~-tunnel value for an airfoil with
the corresponding thickness and camber taken from
the results of tests on related airfoil (reference 6) has
been given rather than the results from an earlier
test on a Clark Y airfoil, because the more recent
teats are believed to be more accurate.

A characteristic of great interest to the designer is
the profiledrag coe.flicient at the lift coefficient for
maximum speed. These high~peed lift coefficients
usually lie in a range from about CL=O.l to 0.2, and
the values of the profile-drag coefficient for these two
lift coefficients are plotted against Reynolds Number
in figure 14. These curves have the same general
characteristics m the drag at zero lift.

The pitching-moment coefficient at zero lift (fig. 15)
does not change with increase in scale, which indicatea
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that the pressure distribution along the chord does not
vary greatly with the Reynolds Number. The maxi-
mum L/D values (@. 16) show a considerable scatter-
ing of results. J?orthe three Clark Y airfoilsno deiinite
change in maximum L/D ratio with Reynolds Number
was observed.

CONCLUDING REMARKS

The appreciable variations of Clark Y characteristics
with Reynolds Number have their greatest significance
in reemphasis the importance of a more complete
and thorough knowledge of the scale effect on all air-
foil sections. Results of tests t%at have already been
conducted in the variabledensity tunnel indicate that
thin, medium, and thick airfoils with different cam-
bem respond differently to changes in scale.

The appreciable efl’ectaof turbulence are shown, by
comparison of data from the full-scale and vmiable-
density tunnels, to be equally as importsnt as Reynolds
Number effect and, for this reason, make the forma-
tion of rulw or formulas for transforming small-tunnel
data to the equivalent full-scale results questionable
until further large- and small-scale information is
available on the effects of turbulence on a number of
airfoiI sections. A progrwn for continuing the study
of the effects of scale and turbulence upon the char-
acteristics of air-foils hm been planned for both the
variabledensity and fulkmle tunnels and has already
been started in the variabledensity tunnel.

In general, it may be stated that a complete quanti-
tative evaluation of the factors that are the sources of
experimental discrepancy must be made for each wind

tunnel before correlation and standardization of wind-
tunnel data to a flight basis can be effected.

LANGLEY MEMORIAL hRONA~CAL LABORATORY,

NATIONAL ADVISORY COWITTnE FOR ABRONAUTIOS,

LANGLEY J?IELD, VA., June 14,1934.
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TABLE II

4 BY 24 CLARK Y AIRFOIL CHARACTERISTIC%

R. N.: ZERO LWI’=1.12X I&, MAX. LIFT= l.07x I@
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4 BY 24 CLARK Y AIRFOIL CHARACI’ERISTICS
ILN.: ZERO LIFT= 2.81X10E, MAX. LIFT= 2.62X1OS
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TABLE III TABLE VI

4 BY 24 CLARK Y AIRFOIL CHARACTERISTICS
R.N.: ZERO LIFT= l.65xl@, MAX. LIFT= l.48X 10°
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TABLE IV

BY 24 CLARK Y AIRFOIL CHARACTERISTICS
N.: ZERO LIFT =3.59x lW, MAX. LIFT= 3.60x 10°

4 BY 24 CLARK Y AIRFOIL CHARACTERISTICS
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CL

-0 .2
—. 1
0
.1

:;
.4
.6
.6
.7
.8

i;
L1
L2
L3
L4
L42t
L4
L3
L!l
L1
LO

cL\=lcD L/D ~P.

‘r

c“,,,

-l& 1 –_: 07:
-4% 7
------- –, 074

99.8 –. 074
6L7 –. 073
49.0 -.072
425 –. 070
39.0 –. 070
36.5 –. m
347 –, (J?S
S.4 –. m
323 –. w
3L 5 -.0$5

@.

1
‘%

-& 1
-7.0
-6.0
-h o
-3.9
-29
–1. 8
—.

.:

k:
3.6
46
h’a

a

— .

I
-0.: ~$~ 11~6
—.
o –do .01W2
.1 -4.6 .WW
.2 –3. 2 .0118
.3 –L 8 .0161
.4 -.4 .0197
.5
.6 k: :%

%8 .0404
j ho :~

:; .0749
::: 9.8 .Wol

-t4
–7. o
–66
-4.2
–Z 8
-L4

o
1.4
28
41

k:

1;:
lL6
13.1
147
I&2
lhu
13.6
19.4
‘33.8
23.2

low -?.7
:~ -6.6

-E. 6
.m 4.6
.0W3 –X 6
.0100 –26
.0110 –L 4
.Olzl –. 4
.0123
.m53 ii
.0174
.0191 ::
. a213 48
.W6
.0n8 H
. mls 8.6
. ml
. MM 1:;
.0485 la 5
.1481 130
. lSW lu.1
.Zm9 18.9
.27W 19.6

-17.2
-la 5

Ii 1
1.29
Ill.9
m.3
19.6
18.5
17.3
16.8
147
1?.4
122

-1& b
-10.6

Ii 6
17.1
20.0
ml
19.2
17.8
16.7
15.1
141
13.0
11.9
lLl
10.3
9..9
9.3
3.9
5.3
44
3.7
to

-13.0
-49.7
—-----

w. 7
6L 6
49.0
428
3J.O
3&3
%6
2s.2
32’3
3L 4
20.7
30.2
29.6
29.3
m. 5
29.8
S26
340
36.2
28.2

.—------------

.

501-3%34



-.

ADVISORY520 REPOEI’ NATIONAL

TABLE VIII
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TABLE XI

co?@5TTEE

6 BY 36 CLARK Y AIRFOIJJ CHARACTERISTI~
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36 CLARK Y AIRFOIL CHARACTERISTICS
ZERO LIFT= 4.77x 10$,MAX. LIF”I’=4.20X 10°

–o. 2
-. 1
0
.1
.2
.3
.4
.6
.6
.7
.8

i!
L1
L2
L3
L 371
L3
L2
LI

I Not mmsurd.

6 BY 36 CLARK Y AIRFOIL CHARACTERISTICS
R. N.: ZERO LIFT= 3.04x 106,MAX. LIFT= 2.76X 10° 6 BY

R. N.:

C.*, CDO
. —

:g am
.03?8

–. 074 .m
–. m .m
–. 007 .W
–. m .Oml
–. Q34 .0103
-. m .0110
–. (ml .0114
-. m .Olm
–. @m .0130
–. OM .0146
–. 0s3 .0163
–. m .Olm
–. 049 .0239
–. 6s2 .m22
–. 0s6 .0543
–. m .1039
–. 10I .2164
–. 117 .2?2s

CL UD

–lo. 4
0

10.8
17.8
20.7
2L 2
m.9
19.4
la 1
16.8
16.4
143
12.o
121
lL O
la 2
8.8
49
3.9
3.0

~P.

-EL 7
..-----
9fL7
69.2
47.3
4L 2
37.8
3s3
337
~:

3&6
23.8
29.2
2S..8

%:
322
342
2a2

~P. c.,,,

-la o -o. w
-646 :. ~
. . . . . .
g: -.073

~.
47.4
41.3 -. M5
87.8 -. w
36.6 -. am
32.7 -. Ml
326 -. 6s4
31.7 –. OM
31.0 -. m
30.3 -. 65s
29.7 –. MO
29.1 -. m
%7 -. a52
29.3 -. @32
29.8 -. m
2a3 -. W
23.1 –. m
343 –. 163

a+LID

-l& 4
–9. 9

1[ 7

E:
2L 6
2L 4
2ao
la o
10.8
I&8
148
13.8
129
lL 9
10.8
9.8
9.2
7.2
&s
3.2

a

–i 2
-0.8
–6. 6
-4.1
-L 7
–L 4
-.
L;

;:
~:

&o

1::
124
148
lh 6
lh 8
lt o
19.6
=S

-%9
–S. 6
-42
-Z 8
–L 4

0

k:

-86
–&6
-46
–3, 6
–26
–L4
—.

.:

H
3.8
47
0.1

2;
9.6

10.1
146
l@.8
la4

-$1

.1

.2

.3

.4

.5

.6

.7

.8

.9
LO
L1

i:
L331
L8
L2
L1
LO

MIC.& -{b
-L 4

.M@l -6.6
,W.7 -4.6
.W2 -3.4
.0303 -2 b
.W97 -L b
.rm6 -,4
.0100 .6
,Ol(u
.0119 ;:
.Olm 3.6
.0119 44
.0124 6.6
.0133
.0164 H

:% It:
. (MO la 8
.Cr37a 1L4
.L5@3 16.3
.2729 la o

-y
—.
o

.1

.2

.3

.4

.6

.6

.7

.8

i!
L1
L2
L3
L4
L44S
~.

L2
L1

41
&6
7.0

1::
1L5
13.3
142
147

E:
220

TABLE X

6 BY 36 CLARK Y AIRFOIL CHARACTERISTICS

RN.: ZERO LIFT= 3.64X 10°, MAX LIFT= 3.22X10E

6 BY 36 CLARK Y AIRFOIL CHARACTERISTI~
R. N.: ZERO LIIT=5.86x106

1
w. C.d,

——

-S7.6 -Q@3
--—— –. m
103.8 –. 078

–. 075
H –. 071
420 -. w
3.3.0 –. w
2S.6 –. Cb22
33.7 –. m
225 –. m
3L 7 –. m
3L O –. m
20.5 –. W1
ZJlo –. m
29.3 ~.

%! –. Ml
234 -.102
X2 -. U6

CDCL a

&9
–6.b
-42
–27

.—L3
.1

H
42
&7
7.0
8.4
9.9

lL 4
13.0
147
MO
19.2
2L6

6.a19346
.Omo –6. ‘5
.a@a -46
.Wo –3. 4
.IxrJs –24
.MQs –L 3
.0107 –. 8
. Om .7
.0123
.0124 k:
.0140
.0147 H
.0114
.0176 ::
. W2 a4
.C@s3 9.8
.@ma la 4
.1743 149
.2359 17.7

–9. 9
0

lQ 6
17.9
2117
23.6
20.3
19.2
17.7
I&3
l&4
14.1
12.8
us
lL3
9.8
&4
47
3.6

–: 1

.1

::
.4
.5
.6
.7
.8

i:

:;
L3
L20
L3
L2
L1

CL CD %

-Ifs
-k 6
-4,6
-3.3
-2.2
-1. ;
-.

k!
to

a

–“c9
–&5
-4.4
–26
–L 2

.2

;;
4.3
h8

10.3

1:.6
17.9
23.4
~;

li 6
17.4
la 2

–&l 6
... -----

~;

47.7
4L8
ao
35.6
~:

--- &!

-.072
-.070
-. 65%
–. 067
–. w
-.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM4
-. 0?3
-. cm

–: 1

.1

.2

.3

.4

.6

.6

.7

.8
I I I

.
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TABLE XIV

8 BY 4S CLARK Y AIRFOIL CHARACTERISTICS
ILN.: ZERO LIFT= 2.2OX1O$,MAX. LIFT= l.84Xl@

TABLE XVII

8 BY 48 CLARK Y AIRFOIL CHARACI’ERISTICS
R. N.: ZERO LIJ?T=5.58x IV, MAX. LIFTu4.43x 106

CL c.,~

-aaal

–. 077
–. 076

–. 076
–. 076

–. 074
–. 074
–. ma

–. 071
–. 070
–. 033
–. Cbs7

–. w
-. Cbs6

–. 0s7
–. 037
–. owl

–. 06s
–. m
-. ml
–. 126

CL CD L/D

–1& 3

-9.3

1:1

%:
229
2L7
19.7
la 1
lt 0
16.3
13.9
126
lL6
10.6
B.5
7.9

:!
*1

‘=P.

-1& 6
-62.5

c.@

–a cm
.–.07P
–. 076
–. 072

–. 071
–. 076

a %

-“?. 4

-7.0
–6. e
-4.2

-z 8

–; 4

H

4.1
E.5

::
la 2
IL 9
13.7
14.7
lh 8
17.7
19.6
2L 9

–i 7
–6. 6
–&6
-46

–3. 6

–26
–L 4
—.

.2
L6

HI
&o

;:

1;:
lL 2
13.4
lh 6
le. 3

-a 1
21

.1

.2

::
.6
.6

.7

::
L o

1.1
1.2

U26
L 3

i?
1.0

–; 4
-& 4
-h 4
-4.4
-a 3

-23
-L 3
—.

.:

ii

;~

U

1::
lL 9
la 1
17.8

-0.2
—.

.:

.1

.2

.3

.4

.4s

.6

.7

::
LO
L1
L2
L3
L4
L 46
L4

U

o.0U6 –la 8 –la . 1
.OW –1: 2 –6L 7
.Uw .-. .— -
. ml IL O lm. 6
.0100
. 0L37 2: 42:
. Olm 2L 9 425
.0a4 2L 4 W. 6
.am 19.8
.Om l&3 E:
.0406 17.2, 2s.6
.am 16.6
.C&M M,a R:
.C@31 aL o
. lm E; 3U.6
.1182 30.2
. 13E23 :! w.o
.1600 9.1 29.7
.1769 7.9 m.o
.21W &9 aL e
.3210 %7 2&2

-. on
–. WI
–. WI

–. Wa
–. WI
–. cm
–. 0!.5

–. W3
–. M2
–. 022
–. W9

–. 078
–. w
–. 112
–. 126

TABLE XVIII

8 BY 48 CLARK Y AIRFOIL CHARACTERISTICS
FLN.: ZERO LLE”I’=6.12X 1(Y, MAX. L131”J!=6.38x10~

8 BY 48 CLARK Y AIRFOIL CHARACTERISTICS
R. N.: ZERO LIFT= 3.1ox 10’, MAX. LIFT= 2.59X KP

CD,C.,fi

-o. a34
–. m
–. 075
–. 073
–. 070
–. WI

–. 0s7
-. M7
–. 037

c~

CLola9
.W6
.ml
.W7
.W
.ml
.@lJl T

LID LP.

–16. 1 –l&o
–ma –64 o

0 ––.–
la!3 ml
la 9

2;
2! 43.0
2L4 3U5
19.7

E:
E: 340
lh5 g;
14.4
112 aL 3

%8 E:
10.1 30.0
9.1
7.a 2:
&l =6

-3.8 %9

cL ~D

–1& 4
-9.9

0
10.8
la 9
229
222
2L 4
19.7
la o
M 6
ma
13.8
127
11.6
1;:

7;3

::
3.1

cL CD

a 0124

:Ml
.0m9
.0100
.Ol$a
.0181
.0n4

:%
.0470
. ml

:E
.OW
.1170
. lWI
. lcOo
. U310
. 26iu
.alrn

C.d,

-o. rm
–. m
–. 076
–. 076
–. 078
–. 072
-.072
-. on
-. on
-. on
–. on
-.070
–. 070
–. m
–. 070
-. 07u
–. 070
–. 070
-. W9
–. 110
-. US

a C.p.

-17.0
-646
.-----

9.3.7
80.1

2;
28.4
3&2
34.5
23.4
324
3L 7
3L 2
2$.0
2J.12
m. 9
31.9

2:
26.6

%

-f. 6
–o. 6

-h 6
-46
–2. 4

-2.4
-L a
—.

.:

:;
3.8
&o

H

1::
11.8
141
10..9
19.3

a

–“a 3
-7.0
-h 6
-4.1
–z 7
–L 3

.1

;:
4.2

;:

1:!
1L8
13.6
I&2
Ill 4
la 4
M16
228

–“a1
–&7
–h a
–3. 9
–26
–L 2

.2

;:
4.2
6.6

::

1?:
129
14.7
1.27
17.a
19.2
220

–; 4
–c a
–h 3
-4a
-3. a
-23
-L a
-.

.;

:;

::
h9

1;

1?:
123
14.6
17.7

-a ;
-.
0
.1
.2
.3
.4
.6

:;

:;
LO

;: i
La
L 26
1.3
1.1
1.1
LO

–. m

.6412

.C@]

.1531

.2137

.3697

8 BY 48 CLARK Y AIRFOIL CHARACTERX3TICX
R N.: ZERO LIFT= 7.53x 106

? 11
cL U cD LID C.p. c=,,, C% .0

–_: ; _.8a CL0M3 –m 9 –l& 1 –_a g cL&y ;:;
.CK)97 –I; a –6L 7

.0 –La .w.6 -------- –. 076
–L8 .~

.m –&3
la 9 VL6 –. 074

:: –23 .0U2
.CW9 -4.2

17.9 6L 6 –. 073 .Owxl –3.0
.a –L O .0147 20.4 4a7 –. on .m –21

.01E3 21.8 426 –. 070 .U594 –L2
:: i; . mo MI.8
.6

–. 070 .0101 -.2
.W 19.7 %? –. 070 .OIOI .8

:; .EM ~:; –. 070
:; &6

.0112
.0404 . 2: –. on . OIIM ;;

8 BY 48 CLARK Y AIRFOIL CHARACTERISTICS
R.N.: ZERO LIIY17=4.13x 10d,MAX. J IFT=3.78X 10s

%

–: 6
-6.6
–6, 6
-46
–3. 6
–2 s
–1. 4
—.

.:

H
3.6
46
6.7

k:

1%;
124
144
17.3
—

7
a CD

–%2 0.0L20
-&9 .0100
–.5,6 .6693
-41 .KQ5
-28 .0106
-L4 .0137

0 .0176
.02a

;: .0206
4.0 .C1317
ha .ala

.0573
;; ;=

1?1 .Wr3
128 . llm
147 . lWJ
lh 9 . lWI
17.4 .2059
19.0 .2492
21.6 .2332

L/DCL

-0.2
-. 1
0
.1
.2
.a

::
.6
.7
.8

1::

2;
La
1.4
1.445
1.4

;::

C.P.

-17.1
-536
.. . . . .

23.7

E:
426
36.0
34.6
348
2X6
326
3L 8
3L 1
20.6
aao

2:
=4

2:

-16.9
-10.0

0

-o. w
–. 076
–. 076
–. 073
–. 071
–. 070
–. 070
–. 070
–. me
–. Ix@
–. Ma
–. w
–. w
–. m
–. m
–. w
–. 065
–. 076
–. 075
–. ma
–. ml

la n

E;
n9
21.9
m.3
l&6
17.2
lh 7
14.6
13,a
120
11.0
10.0
9.3
0.8

1~

TABLE XX

8 BY 48 CLARK Y AIRFOIL CHARACTERISTICS
R. N.: ZERO LIFT= 8.77x 10’

LID ~P.

–65 7

=-k---lCL %/4

-am
–. 076
–. 074
–. m
–. 072
-.670
–. on
-.072

CDO

am
.Cm7

:%%
.m
.ml

:%2

%

–E?8
–6. 4
-4.1
–a o
–21
–L ~
—.

.6

–7. 2 0.Cu96
–6. 4 ;g
–3. 7
-23 . Olcm
–1. o .0169

.2 . Olm
.0z22

i: .0m6

-0.1
.0
.1
.2
.a
.4
.6
.6

–l& 6
0

IL O
I&6
2L 6
222
2L 8
2L6

------
99.6

E:
428
39.2

37.0

I 1 I I


