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SUMMARY 

The aerodynamic charatiteristics of three wing-body combinations 
employing wings pf aspect ratio 2, of re&tangular, swept-back, and 
triangular plan form are compared at subsonic and supersonic speeds. 
All three tings had 3-percent-thick airfoil sections. The rectangular 
and swept-back wings were investigated tith both biconvex and rounded- 

. nose airfoil sections, The latter were-obtained by replacing the portion 
of the biconvex sections forward of the midchord location with a aemi- 
ellipse of minor axfs equal to the airfoil maximum thickness. The 
triangular ting was composed of HACA 0~03-63 airfoil sections. 

The test Reynolds numbers were 1.8 million and 4.4 million for the 
rectangular wing, 1.9 million and 4.8 million for the swept-back WLng, 
and 3.0 million and 7.5 million for the triangular wing: Most of the 
data were-obtained in the range of Mach numbers from 0.61 to 0.93 and 
from 1.20 to 1.90. Data were not obtained for the complete Mach ntiber 
range for the trfaugular wfng and for the.other wings tit the higher 
Reynolds numbers. 

The variation from rectangular to swept-back to triangular plan 
form influenced the aerodynamic characteristics in the following manner: 

1: Reduced the lift-curve slope 

;: 
Reduced the center-of-pressure travel tith Mach number 
Reduced the minimum drag coefficient at supersonic speeds 

4. Increased the xnax5mum lift-drag ratfo at supersonic speedy 

The airfoil-section thiclmess distribution had a significant effect 
on the drag chsxacteristics of the rectangular and swept-back wings. 
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The minimum-drag coefficients of the wings with rounded-nose section8 
were lower than those of the tings with biconvex sections at all subeonic 
speeds and at supersonic speeds for tiich the Mach number is less then 
that for the attachment of the bow wave to the sharp leading edge of the 
biconvex section. 

- 

;i 

A research program is in progress at the &nes Aeronautical Laboratory 
to ascertain experimentslly tit subeonic and supersonic Mach numbers the 
aerodynamic characteristics of wings of interest in the design of high- 
speed airplanes. The effects of variations in plan form, twist, camber, 
and thickness are being investigated. The results of this program to 
date are presented in references 1 to l6. These results showed that 
plan form was one of the primary factors influencing the characteristics 
of wings in the high-subsonic and supersonic speed ranges. Thie report 
compares three wings of.sspect ratio 2 o.f.fectangular, swept-back, and 
triangular1 plan form. The effects of modifying biconvex airfoil sectfone 
to rounded-nose airfoil sections on the characteristics of the rectangular 
and swept-back wings are also presented. 

NOTATION 4 
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L/D 

(L/D),, 

M 

Q 

wing span 

mean aerodynamic chord, 
I,"!' c2dy 

lob/2 

local wing chord 

length of body including portion removed to accommodate sting 

lift-drag ratio _ - 

maximum lift-drag ratio 

Mach number 

free-streem dynamic pressure 

1 Data far the triangular wing were presented in reference 1. 



NACA RMA52LO2 3 

c 

R 

r 

=0 

S 

X 

Y 

a 

CD 

%in 

CL 

%l 

dCL 
xr 

Reynolds number based on the mean aerodynamic chord 

radius of body 

maximum body radius 

total wing area, including area formed by extending leadIng 
and trailing edges to plane of symmetry 

longitudinal distance from nose of body 

spanwise distance from the vertical plane of symmetry 

angle of attack of body axis, deg 

drag coefficfent, drag/@ . 

minimum drag coefficient . 

lift coefficient, lift/@ 

pitching-moment coefficient referred to quarter point of mean 
aerodynsmic chord, pitching moment/@ 

slope of the lift curve measured in the range of lift 
coefficients from -0.1 to +O.l 

APPARATUS 

Wind Tunnel and Equipment 

The expertiental inveatigation was conducted in the Ames 6- by 6-foot 
supersonic wind tunnel. Fn this wind tunnel, the Mach number can be 
varied continuously and the stagnation pressure can be regulated to main- 
tain a giver.test.ReynoJds number. The air is dried to prevent formation 
of condensation shocks. Further information on this wind tunnel is pre- 
sented in reference 17. 

The models were sttig mounted in the tunnel, the dfameter of the 
The pitch sting being about 93 percent of the diameter of the body base. 

plane of the model support was horizontal. The k-inch-diameter, four- 
component, strati-gage balance, described in reference 18, was enclosed 
within the bodies-of the models and was used to measure the aerodynsmic 
forces and moments. 
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Plan and front views of the models and certain model dimensions are 
given in figure 1. (The dim ensions of the triangular-wing model of 
ref. 1 are also given for convenience.) The biconvex profile and the 
rounded-nose modification of the rectangular and -slept-back wings are 
illustrated in figure 2. The triangular wing was constructed of solid 
steel. The basic rectangular and swept-back wings with biconvex sections 
were also of ateel, and were modified by adding bismuth-tin alloy forward 
of the midchord locations to obtain the rounded-&se sections. The pro- 
file of the rounded-nose section forward of thamfdchord location was 
elliptical; the tangent to the airfoil section at the midchord location 
was horizontal. The bodies used in the tests were constructed of steel 
and aluminum. The surfaces of the bodies and wings were polished smooth. 
Other geometric characteristics of the models are tabulated as follows: 

wing plan form Rectangular Swept back Triangular 

Aspect ratio 2 2 2 
Taper ratio 1 o-333 
Sweepback of leading edge, 0 45 6304 

deg 
Total area, S, sq ft z425 2.425 4.014 
Mean aerodynamic chord, 8, ft 1.102 

, 
1.195 1.889 , 

Dihedral, deg 0 0 0 
C!embS None None None 
Twist, deg 0 0 0 
Incidence, deg 0 0 0 
Distance, wing-chord plane 

to body axis, ft 0 0 
3$thick, 3s th:ck 

Airfoil section biconvex biconvex' NACA 
(streamwise) 3% thick, 3s thick, 0003-63 

rounded nose rounded nose 
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I Bodies 

wing plsn form Rectangular 

Fineness ratio (based upon 
length 'I, fig. 1) 12.5 

Cross-section shape Circular 
Maximum cross-sectional 

area, sq ft 0.123 
Ratio of m aximum cross- 

sectional area to wing area 0.0509 

TESTS AND PROCEDURE 

Range of Test Variables 

Suept back 1 Triangular 

x.5 
Circular 

0.123 

u-5 
Circular 

0.204 

The lift, drag, and pitching moment of the models were measured at 
angles of attack from approximately -k" to +lf. The results were 
obtained at Reynolds numbers of 1.8 million and 4.4 million for the 
rectangular wing, 1.9 million and 4.8 miU.ion for the swept-back wing, 
and 3.0 million and 7.5 million for the triangular wing. Data for the 
rectangular and swept-back wings at the lower Reynolds numbers were 
obtained at Mach numbers from 0.61 to 0.93 and from 1.20 to 1.90, The 
rest of the data did not cover the complete Mach number rsnge because of 
either electrical power limitations of the w%d tunnel or choking effects 
of the model on the air stresm in the test section. 

Reduction of Data 

The test data have been reduced to standard RACA coefficient form. 
Factors which could affect the accuracy of these results, together with 
the corrections applied, are discussed in the following paragraphs. 

Tunnel-wall interference.- Corrections to the subsonic results for 
the induced effects of the tunnel walls resulting from lift on the models 
were made according to the methods of reference lg. The numerical values 
of these corrections (which were added to the uncorrected data) were: 
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WzLngplanform Rectangular Swept back Triangular 

ha 0.55 CL 0.55 CL 0.93 CL 

*CD -0095 CL2 00095 CL? .ol6 CL2 
. 

No corrections were made to the pitching-moment coefficients. 

The effects of constriction of the flow at subsonic speeds by the 
tunnel walls were taken into account by the method of reference 20. .Thfs 
correction was calculated for conditions at zero angle of attack and was 
applied throughout.the angle-of-attack-range. At a Mach number of 0.91, 
the increase in the Mach number over that determined from a calibration of 
the wind tunnel without a model in place was 4 percent for the triangular 
wing model and 2 percent for the rectangular and swept-back-wing models. 

For the tests at supersonic speeds, the reflection from the tunnel 
walls of the Mach wave orfginating at the nose of the body did not cross 
the model. No corrections were requfred, therefore, for tunnel-wall 
effects. 

Stream variations.- Tests of the triangular ting of reference 1 in 
both the normal and inverted positions showed no stresm curvature or 
incltiation. Tests of the rectangular and swept-back wings in both the 
normal and inverted posltfone have indicated a maz&uum apparent &ream. 
inclination of approlrtmately -O.lO. The measured.values of the apparent 
stream inclination were not consistent snd, since unknown factors contri- 
buted to this effect, no corrections were made to the data of this report. 
The effects of stream curvature and stream inclination in the yaw plane 
of the models are not known, but are judged to be small according to the 
results of reference 21. 

A survey of the air stream at subsonic and supersonic speeds has 
shown that there is a static-pressure variation in the test section of 
sufficient magnitude to affect the drag results. Corrections were added 
to the measured drag coefficienta, therefore, to account for the longi- 
tudinal buoyancy caused by this static-pressure variation. These 
corrections varied from -0.OOC8 to +O.OOOg. 

Support interference.- At subsonic speeds, the effects of support 
interference on the aerodvnamic characteristics of the models are not 
kllOWJl. For the present tailless models, it is believed that such effects 
consisted prima;rily of a change in the pressure at the base of the model 
fuselage. In an effort to correct at least partially for this support 
interference, the base pressure of the model fuselage was measured and 

. 

I -- 

N 
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L the drag data were adjusted to correspond to a base pressure equal to 
the static pressure of the free stream. 

At supersonic speeds, the effects of support interference of a 
body-sting configuration similar to that of the present models are shown 
by reference 22 to be confined to a change in base pressure. The pre- 
viously mentioned adjustment of the drag for base pressure, therefore, 
was applied at supersonic speeds. 

RESULTS AND DISCUSSION 

The lift, drag, and pitching-moment coefficients (for varfous angles 
of attack) for the rectangular and swept-back wing models, as well as 
for the triengulsr wing model2 of reference 1, are presented in tables 
I to v. A summary of the aerodynamic characterfstics of the models at 
the higher Reynolds numbers is presented in figure 3. The effects of 
Reynolds number are shown in figures 4, 5, 6, and 7. Pitching-moment 
curves for some subsonic Mach numbers at the lower Reynolds numbers were 
irregular through zero lift and the center-of-pressure locatfons for these 
Mach numbers are not presented. 

. Effects of Wing Plan Form 

In the following discussion of the effects of wing plan form on 
various aerodynsmic parameters, wings tith similar thickness distributions 
are compared. The triangular wing having an NACA 0003-63 section is 
compared with the rectangular and swept-back wings having rounded-nose 
sections. 

Variations in plan form affected the lift-curve slopes at supersonic 
speeds more than at subsonic speed8 (fig. 3(a)). As the Mach number 
Fncreased in the supersonic speed range, the lift-curve slopes approached 
a constant value. For these three wings of the same aspect ratio, the 
lift-curve slope decreased as the leading-edge sweepback increased. At 
subsonic speeds, the lift curves for the rectangular and swept-back rrlngs 
were nonlinear for lift coefficients greater than 0.1. The lift-curve 
slopes for these w3ngs increased until a lift coefficient of approximately 

. 

%L!he subsonic results of reference 1 have been corrected for Mach number, 
dynamic pressure, and base drag according to the results of a survey 
of the air stream in the Ames 6- by 6-foot supersonic wind tunnel 
performed after the publication of reference 1. A buoyancy correction 
was also computed and added to the subsonic results. 
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0.7 was reached, then decreased at higher lift coefficients. The lift 
curves for the triangular wing were linear at all Mach numbers. 

The variation from rectangular to swept-back to triangular plan 
form reduced the variation of the center-of-pressure location (in percent 
of mean aerodynamic chord) with Mach number (fig. 3(b)). For these three 
wings, even though the length of the mean aerodynamic chord increased as 
the sweepback increased, the travel of the center of pressure in actual 
dimension was least for the wing of greatest sweepback. At subsonfc 
speeds, the pitching-moment curvesfor the rectangular and swept-back 
wings were nonlinear for lift coefficients greater than 0.1. The center- 
of-pressure location,for these wings moved rearward as the lift coeffi- 

i cient increased. The pitch--moment curves for the triangular wing were 
linear for aLi Mach numbers. 

- ___.-- 

The minimum drag coefficient-at supersonic speeds (fig. 3(c)) v&s 
reduced by-increasing the leading-edge sweepback. No general trends were 
concluded at subsonic-speeds since any variations with changes in plan 
form were probably lese th&n those caused by differences between the 
thickness distribution8 of the NACA 0003-63 section and the rounded-nose 
section and by differences in the smount of wing area enclosed within 
the fuselage. ..- -. 

- 
The decrease of minimum drag at supersonic speeds with increasing -- 

sweepback angle was reflected in higher maximum lift-drag ratios 
(fig. 3(d)). The d ecrease of minimum drag more than offset the effect I 
of the small decrease inlift-curve slope with increasing sweepback angle. 
At subsonic epeeds, the effect of plan form on the maximum lift-drag ratio 
was opposite to that at supersonic speeds. The decrease of lift which 
resulted from sn increase in the sweepback angle contributed the major 
effect and caused a decrease in the maximum lift-drag ratio. 

Effects of Airfoil-Section Thickness Distribution 

Replacing the biconvex sections of the rectangular and swept-back 
wings with rounded-nose sections cauged only elight differences in the 
lift-curve'slopes and center-of-pressure locations (figs. 3(a) and 3(b)). 

The minimum drag at subsonic speeds of both the rectangular and 
swept-back wings was lower with the rounded-nose sections than with the. 
biconvex sections (fig. 3(c)). The lower drag of the rounded-nose section 
resulted in higher maximum lift-drag ratios (fig. 3(d)). At sunersonic 
speeds, the drag of the winga- with r0unde.d leading edgee became higher at 
a Mach number of about 1.2 on the rectsngular ting and (using lower 
Reynolds number data of figs. 6(a) and (b)) at a Mach number of 1.7 on 
the swept-back wing. It is estimated that these Mach numbers correspond 

) i I- . -J 
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very nearly to the Mach numbers required for attachment of the bow shock 
wave on the sharp leading edges. ln general, at supersonic speeds, the 
drag of sharp-leading-edge wings with detached bow waves might be expected 
to be greater than that of rounded-leading-edge wings. 

Effects of Reynolds Number 

Small increases in the lift-curve slopes of-both the rectangular 
and swept-back wings were obtained in the subsonic speed range by increas- 
Fng the Reynolds number (fig. 4). Mo consistent viscous effect6 on lift- 
curve slope were evident at supersonic speeds. 

The effect of Reynolds number on the center-of-pressure locations 
of the models was greater at subsonic speeds than at supersonic speeds 
(fig. 51. The effects were slight, however, and no consistent variations 
with Mach number were evident. 

c 

The minimum drag coefficients of the models varied consistently with 
Reynolds number (fig. 6). For aILl models, an increase in Reynolds number 
caused an increase in drag. This'was attributed to the larger areas of 
turbulent boundary layer at the higher Reynolds numbers and the accom- 
psnying increased sldn-friction drag of the turbulent boundary layer. 

The lowe~~ininimum drag of the wings with ahsrp 1eadFng edges at the 
lower Reynolds numbers shown ti figure 6(a) was reflected in the higher . 
maximum lift-drag ratios shown in ffgure 7(a). The wings with rounded 
leading edges also showed lower minimum drag at the lower Reynolds num- 
bers (fig. 6(b)), but an examination of the data showed a higher drag 

' due to lift at the lower Reynolds numbers. This resulted in a slightly 
lower maximum lift-drag ratio at subsonic speeds for both tings with 
rounded leading edges at the, lower Reynolds numbers (fig. 7(b)). For 
these wings, the effects at supersonic speeds were slight, and not as 
consistent as those at subsonic speeds. 

From the preceding discussion of the effects of plan form on the 
aerodynamic characteristics of three wings of aspect ratLo 2 at subsonic 
and supersonic speeds, it is shown that variation in plan form from rec- 
tangular to swept back to triangular produces the following effects: 

1. Reduces the lift-curve slope 
2. Reduces the center-of-pressure travel with Mach number 
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3. Reduces the minimum drag coefficient at supersonic speeds 
4. Increases the maximum lift-drag ratio at supersonic speeds 

r 

The minimum drag-coefficients of wings at subsonic and supersonic _ .- 
speeds were found to be signif%cantly affected by airfoil-section thick- 
ness distribution. The rounded-nose airfoil sections had less drag than 
biconvex airfoil sections at all subsonic speeds and at supersonic speeds 
for which the Mach number was less than that for the attachment of the 
bow wave to the sharp leading edge of the biconvex section. 1 

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, California 

-- 
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TABLE I.- AERODYNAM.IC CEARA~ISTICS CF THE REXTANGULAR 
WING WITfl-3-FEXEENT-TEtICK BICONVXX SECTION 

13 
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TABLE II.- ~A.EBODYNAMIC CHARACT!Et~S-Tj:C;i@F--.m .REliC$ANGULAR . . . ._ 
WING W‘ITH 3-PEEiCEl@-m ROUBDED-IVOSF, SECTION 

v 

- - es . -.. 

1 

-. 
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TABLE III.- DISC CE@&WDRISTICS OFTHESWEPF-BACK 
WIN KPi2.E 3-PEXZWC-THICK BICONVEX SECTION 

. 
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mBLE v.- AERODYNAMICCHARAcTT!EFRTsTICSoFTBE~G~ 
WING OF REFESENCE 1 
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