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TECHNICAL NOTE NO. 521

FULL-SCALE FORCE AND PRESSURE-DISTRIBUTION TESTS
ON A TAPER®ED U.S.A. 45 AIRFOIL

By John ¥, Parsons

SUMMARY

This report presents the results of force and pres—
sure-distribution tests on a 2:1 tapered U.S.A. 45 air-
foil as determined in the full—scale wind tunnel. The
airfoil has a constant-chord center section and rounded
tlps and is tapered in thickness from 18 percent at the
root to 9 percent at the tip. Force tests were made
throughout a Reynolds Number range of approximately
2,000,000 to 8,000,000 providing data on the scale effect

in addition to the conventional characteristics. Pressure-

distritution data were obtained from tests at a Reynolds
Nunber of approximately 4,000,000. The aerodynamic char-
acteristics given by the usual dimensionless coefficlents
are prosentcd graphically.

INTRODUCTION

For a portion of an extensive wing~fuselage interfer-
ence program being carried out in the N.A.C.A. full=-scale
wind tunnel, 1%t was necessary to obtain pressure~distri-
butlon and force tests upon a tapered U.S.A., 45 airfoil.
This particular airfoil section is a feature of the air-
plane used in the mein investigation; otherwise a more
commonly used section would have been choson. The paucity
of full—=scale information on the acrodynamic characteris-
tics of tapored airfoils warrants the prosontation of
these data as a roport separate from the results of tho
wing~fueelage interferoncse investigation,
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APPARATUS

Alrfoll.~ The airfoil, constructed primarily to con-~
form with the requirernents of a wing-fuselage interfer-
ence investigation is of standard wood and fabric aircraft
construction, Frise-type alilsrons, sach comprising 5.1
poercent of the total area, were incorporated in the alr-
fo ilo

The airfoil (fig. 1) has a span of 45.75 feet, an as-
pect ratio of 6,20, and a mean chord of 7.38 fecet; the
arca is 337.5 sguare feet. A constant~chord centor scc—~
tion oxtonds 10.7 percent of tho sonispan from the contor
line of the alrfoils The plan form, from the conter sec—
tion outboard, ig dotormined by a basic trapezoid taporod
2:13 tho roundecd tips aro formed wilthin the trapozoid.

An odditional trapezoid, in a plane including the quartor—
chord Hoints and pervondicular to the basic plan~form _
trepozoid, determinee the thickness taper outboard of the
center section. A geomeitric similarity is maintalned be~
tween the mean lines of the root and tip section profiles
of the basic trapezoid and the moan line of the root sec—
tion profile of a UsS.As 45 airfoll. The désired profile
thickness is obtained by varyiang tho thicknoess of tho orig-
inal profile about its mean line, The thlckness taper in
percentage of the chord is from 18 percent at the root to
9 percent at the tip of the basic trapezoid. Tho ordi-
nates of the root section of the airfoil are glven 1ln te-
ble I. Sections betweon the root and station 234.5 were
formed Dy using straight-line elomente betweon correspond-
ing pointg on the root and tip sections of the basic trap—
czold, - All-25-porcent-chord points on tho Tpgor surfaco
of the airfoil bétwoon stations 284.5 lic on a straight
line perpendicular to the plane of symmetry. TFrom sta-
tions 234.5 outhoard, the thickness at the 25-percent-
chord points departs equally, top and bottom, from tae
basic~thickness trapezoid and the thickness ratios are
identical with those of the corresponding sections of the
basic trapezolds.

The airfoil was designod with the clhords of all the
sections parallel, 4 slight washout was, however, inad~
vertently buil% into the struétura, accounting for a max-
imum doviation of section angle of less than 0.,3% from the
average angle of attaclk of the airfoil. 4 tolerance of
¥1/16 inch in scction profile was specificd and errors in
construction were found to be within these limits.
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‘For the purpose of pressure—distribution testlng, 68
pairs of standard ¥.A.C.A., pressure orifices wers In- ~—
stalled, in special pressure~orifice ribs, at eight posi-
tions along the semispan. One orifice of each pair opened
on the upper surface of the alrfoil, the other, on the
lower .surface. These pairs of orifices were arranged
along the chord in such a manner as %o facilitate fairing
of tho pressure diagrams. The lateral, or spanw1so, 1o~
cation of the pressure orifice rows ig' shown in flguro 1.

lispometers.~ A pair of multip 1 't‘bu recording manom-
eters of the liquid type (fig. 2) were used to measure] si~-
maltaneously the pressures at the orifices. ZFach manome~
ter was conmposed of a circular bank of 100 glass %ubes.'
One 6nd of each tube was immersed in a 'closed reservoir
containing carbon tetrach;orlde- the other end was cohs~
nected to the pressure orifice through aluminum and rudbber
tubiag. An initial vressure Was imposed upon the carbon
tetrachloride in the reservoir to raise the statie level
of the liquid to a height sufficient to cnable the rccord-
ing of both tho positive and negative pressures of the or—
der of magnitude encounterocd. Photostat papor was adtom
matically drawn around the outer circumference of the bank
of tubos and the exposuro nade by flashing a vertical neon
lamp located at the center of the bank, -It was thus pos—
sible with the two manometers to record simultaneously the
pressure hoads’ produced by the aserodynamic pressures’ at
all the orifices. Tho aluminum -tubing from ocach of tho
pressurc orificos was collectoed inside the air*011 and was
led, in tho férm of a strut, through the lower surfaco_qf
the airfoil at tho planc of symmotry to the two manomctors
located in the balance housoc hclow.

Tunnel.~ The tests were conducted in the W.A.C.A.
full-Scale wind tunnel., A description’ of the tunnel;
balances, and auxiliary apparatus is given in refe:ence ls
FPigure 3 shows the airfoil mounted on the Dalance for the

force testse

TESTS

The pressure—distriout*on tests were run at a Reynolds

~)

¥umber of approximately 4,000,000 based upon the mean chord °

of the airfoil. {7.38 feet} as. a characteristic length,
Four exposures, 1l.06., four distinet series of pressuro
measurements, werc made at each of nine angles throughout
an.anglo~of-attack range of —=4° to 24°., Ax average of

k1
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these four readings,.for . each orifice, was uwsocd in plot-
ting the pressure diagrams.. :

Lift, drag, and pitching-moment measurements com~
prised the force tests on the atrfoill during which data
were obtained throughout.an angle~of-attack range of =8°
to 269 at Reynolds Numbers ,varying from approximately
2,000,000 to 5,000,000,, In addition, tesis to determine
the scale effect upon minimum drag, the angle of zero
1ift, slope of the 1lift curve, and the value of the pltch-
Ang-moment coefflcioent at zero 1lift were made over a short
renge of angle of attack (-8,0° to 0.89) in the neighbor-
hood, of nminimum drasg, 2% Reynolds Numbers up to 8,000,000,
All tests were made with the airfoil at 0° yaw and roll
and with the ailerons locked at 0° relative to the air-
foll, The test procedure is detalled in reference 2.

RESULTS

The results of the tests, in the usual form of dimen-—
sionless coefficients} are preseontod graphicelly in fig~
ures 4 .to 9. All test rosultes have becon cocrroctod for tho
influonce of the jet boundary, support intorfoeronce, and
for the effoct of blocking as dotaileod in roforoncos 2
and 3. Avorage air~strogm anglo and dynamic~pressurc cor-
rections were applicd to the force~tost rosults; local
air~stream anglo and dynamic preossurcs at each orifice rid
wore coumsidorod in computing the prossure~distribution
datas : .

———— e e A L

plotted against angle of attack for a Reynolds Number of
approximately 5,000,000. The plitching~moment coefflicients
&are referred to the axis .about which the coefficlent,
based on the mean chord, is constant over a considerable
range of angle of attack.e The intersection of this axis
with the plane of symmetry of the alrfoil is tormed the
"aorodynamic center", giving rise to the designation of
the pltching-moment coefficient as Gmac. The location of

this axis is given, with reference %0 the root chord, in
 figure 4o t

The variation of the airfoil characteristiés,over a
large range of Reynolds Numbers is shown in figure 5.

Scale effect upon the effective profile-drag coeffi~
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clent cDe is shown in figure 6. The coefficient defined
by GDe = Cp = CL2/6.20ﬁ was chosen to facilitate a com~

parison with other airfoils., This arbitrary coefficient

is based upon an elliptical wing loading and can bs used
correctly only on airfoils of aspect ratio 6.20, A com-
parison with airfoils of different aspect ratio may be ef—"
fected with little error at low values of Ot

Pressure distribution.~ The normal-force and pitching-
moment coefficients and the lomngitudinal and lateral loca-
tions of the center of pressure for the entire wing are
plotted against the angle of attaclk to present the results
of the pressure~distridbution tests. In addition to the
preceding oplots, span-load dlagrams arc given.

The values of normal-~force coefficient Oy and of
longitudinal center-~of~pressure location were determined
for each section from the pressureé diagrams, orifice pres—
sure against section chord, as follows:

A

o - —_——
vaT -

N q C

M
Longitudinal c.p. from quarter—chord point = zé

where A is the integrated area of the nressure diagram.

My, integrated moment ofIArea of the pressurec dla-
gram about the quarter point of the section
chord.

c, section chord.
gs Gynanrnic prossure.

The relativo normal loadings X, exprosscd in non-
dimonsional form, at the various scctions are plotted
against the semlispan in figure 7, When the chord varies
along the semispan, the coefficient GN does not repre-—

sent the span loads; and it becomecs nocessary to use a _
coefficiont X defined by

T = ¢ section chord
semispan
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Values of the normal-force coefficient OCy, the
pitching-moment coefficlent: about the gquarter-chord point,
the longiltudinal conter—of—pressure location in percont of
the root chord from the loading odge.of .the root chord, and
the latoral centér—of—prossuro location.in percont of tho .
ponmispan from the planc of symmotry for.the whale wing, as
dsrived from the pressure plots, ars presented 1n figure
8 and were determined as follows:

. o . o i My
t
O = —&g- : -fLatgral_c.p. =fi%T;X %

' AN . N T | Cmc 4 5

Cmc/4 =g Loungitudinal .c.pe = e O X ’Y
1 35 c
where A' . is the: integrated area of the semispan load
' diagram.--~ :

Mpt, integrated monment of ares of the semispan
load diagram ebout the plane of symmebry.

A", integrated area of the semispan moment dia=
' gram; the s&c¢tion pitching moments about the

quarter-chord point were computed from sec-
tion Oy and c.p. positions and plotted

against the semispan.
'§, total airfoil area.
b, airfoil span.

C, mean chord of airfoll,

c'ia

c!'y 7root chord of airfoil.

It 'ie to be noted that the longitudinal center-of-
pressure locations and the pitching-moment coefflclents
about the guarter~chord points have been determined con-
sidering only the normal forces; ie.9., the chord forces
on the airfoll have been neglected. The preccding data
have been corrected for local air-stream angle and dynam-—
ic pressure as well as for wing washont and may be consid-
erod a8 applying to an unwarped airfoil in a steady rocti-
linecar flow,.
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o g p' UL

aa A comparlson between force and preseure~distribut10n
tests at the same Rerynolds Fumber ig afforded in figure 9,
For this .comparison thée results .of ‘the pressure-distribu~-
~t1lon test have been corrocted to the conditions of the
force test; i.ce, the various soctions have beon consid-
orcd as working under the same conditions as in the force
test, with washout and at verying angles of attack. Again,
as in the previous data, the values of longitudinal center-
of-~pressure location and pitching-moment coefficzents are
based solely upon the normal forcese. - :

DISCUSSION

An 1nspect10n of flgure 4 1ndlcatos no ehtromc varia~
tion from tlhe nornal-trend 6f aerodynamic charactoristies.
It will bo noticed that the. 1ift curve devidites only slight-
ly from o linecar function of the angle of attack until a
sharp break occurs at the stall, whilch, at a Reynolds Hume
ber of ‘approximately 5,000,000, occurs at . o -= 16.,2° and
a value of = 1, 385.‘ The Dltchiig—moment coefficient

CLpax
Cmac remains constant at a value of —-0.041 from slightly

below the angle. of zero 1ift (+3.9°) to the angle of stali.
A -normal center-of-pressure travel and a value of (L/;D)_max

of 21.5 furtner characterizes %this airfoil.

Scale effect upon the tapered U.S.A. 45 airfoil (fig.
5) exhibits the same tendencies as it does on the rectan~_
gular Clark ¥ airfoil of reference 2. A large varlation
in Cp ., » 'Cq s and Og with scale, at low Reynolds
- min nax

Lmax -

¥umbers is evident and a Rflattening out," or asymptotic
tendency, occurs at hlgh Reynolds Hunbers. The effect up-

on L/D,  On sy ag, = 0, and dOp/da 1is small with these

guantities reachling asynptotic values within the rarge of

Reynolds Humbers investigated. The scale effect on _

cDe' . 1s sinilar to that on Cyp anin® @ value of 0.0085
min

being atteined at a Reynolds Fumber of approxlmately
5,000,000 (fig. 6). - .
The relative 1oading along the senispan for the un-
twisted airfoil in a uniform velocity fiel& at a Reynolds
Number of approximately 4,000,000 (fig. 7) for angles be-
low the stall is light at the tips and approaches a lin—
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ear function of the span over the tapered portlon-of the
alrf01l. A sharp break in loading at the center sectlon
‘is evident and is, no doubt, due to the -interrupted plan-
form gcontour., This bdreak might be obviated and an im-
proveoment in load obtained through an increase in the an~
glo of attack of the centar soction roelativo to the remain—
rder of the airfoil.“ :

) The normal-force coefficient for the entirse alrfoil
Oy ~ exliibits the same tendency (fig. 8) as does the 1if%

coefficient. The stall is at o = 15.7° and at a value
of Oy = 1.333. The longitudinal center of pressure based

on Oy alone has a normal travel and reaches a maximum

forward position of 2646 percent of the root chord. The
pitching~moment coefficient about the guarter~chord point
of the root chord Cp /4’ based on Cx and the mean chord,

increases from -0.042 at a = 0° +to -0,025 and then de-
creasos abruptly at the stall to a constant value of
~0.075 beyond the stall. The lateral center-of-pressure
location is practically constant at approximately 43 per-
cent of the semigpan from the plane of symmetry, through-
out the flight range, moving toward the tip Jjust beyond
tho stall and then roceding slowly.

The comparison of force and pressurc—distribution
tests, at a Reynolds Humber of approximately 4,000,000 as
given in figuro 9, shows the two mothods to be in excel-
lent agreement, providing justification for the depend-
ence upon full-scale pressure-distribution data.

Application of these date to flight conditions with-
out correction is belleved justiflable in view of the
small degree of turbulence in the wind tummel (roference
2)s TFor the GL and gy, characteristics, which

max

have not roached an asymptotic value in the range of

Reynolds Numbers investigated, the rahge will probablv be
sufficient for most flight conditions, For any wvalue of
C;, Dbelow the stall, the scale offect upon the pitching-

moment coofficliont, about the root gumartor-chord peoint,

is s8light above a Reynolds Nunmber of 4,000,000, It is
then roasonable to expect that tho distribtutlion of load

at each section remains essentlially constant of any onc
value of O3, for Reynolds Numbors groator than 4,000 000-_

From the foregoing, the application of the pressure-dils-
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tribution data obtained at a Reynolds Number of approxi-
nately 4,000,000 to a larger Reynolds Number secems per-
missible when the airfoil is in an unstallesed attitude.

Langley Memorial Aesronauvtical Laboratory,
National Advisory Committes for Aeronautics,
Langley Field, Vae.s; February 20, 1935.
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TABLE I
TAPERED U.S.A. 45 AIRFOIL

Specified Soction Ordinateg, Roobt Section

l Root -~ Station 29.5
Chord = 116 inches
Thickness = 18 percent
Station Upper : Lower
0 le 63 1.63 |
1.25 4-71 ""004
2.50 6.?6 "‘067 R
5.00 __B8.63 ~1e.52
7«80 10.45 ~2.05
10.00 | 11470 —-2 50
15.00 13,22 ~3420 |*
2000 1l4.11 ~3,51
25400 14.38 ~3e62
40-00 13.13 "'3. 61
50 .00 11.08 -3.40
60 -OO 9. 60 —-3-00
70 .OO 7. 47 "2.44
80.00 S.11 -1.73
90.00 2«58 - 92
100,00 8] } 0
]

Section ordinatos in porcont chord

Stations in percont chord from L.E.
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Figure 4.~ Qharacteziptios of the tapered U.S.A.45 alrloll as determined by £ozcz tests.,
Yelooity: 113.3 ft./sec. Av. Reynolds Fusbar:5,030,000. Sige: 7.38'(mean chord} by
45.75' . Results oorrected for tunnel effects. TF.8.X.T.
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Figure 5.~ Scale effeot on tapered U.8.A.45 sirfoil, Bisze: 7.38'(mean ohord) by

45.75'. Results corrected for tunnel effects.
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