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By J AMES J. GALLAGHE R and J AMES N . M UELLER 

SUMMARY 

An exploratory investi gation was carried out in the Langley 
9-inch supersonic tunnel to determine the maximum li ft oj 
wings operating at supersonic peeds. A variety oj wing 
plan j orms oj random thickness distributions were tested at 
Mach numbers oj 1.55, 1.90, and 2.32 and at Reynolds num­
bers varying between 0.74 X 106 and 0 .27 X 106 at angles oj 
attack ranging jrom zero up through the angle at which maxi­
mum lift occurred. In general, at these Mach numbers the 
value oj maximum lift coefficient was approximately 1.05 + 
0.05; it appeared to be independent oj plan jorm and decreased 
. lightly with increasing Mach number. No discontinuities in 
lift occurred jrom zero angle oj attack through maximum lift, 
which was attained at an angle oj attack oj approximately 40°. 
In the Mach number range tested, the lift curves remained 
linear jor angle oj attack as hi gh as 20° to 30°. Lift-drag 
ratios at maximum lift were oj the order oj 1.0. 

Subsequent pressure-distribution tests on wings oj triangular 
and rectangular plan jorms were made at a Mach number oj 
2.40. The results oj these tests substantiated the values oj 
maximum lift obtained during the jorce tests and jurther showed 
no appreciable center-oj-pressure shift over the entire angle-oj­
attack range . 

INTRO DUCTION 

The designer of supersonic aircraft- particularly the 
guided-missile designer-is interested in the maximum loads 
that can be withstood on wings operating at supersonic 
speeds. The need for such maximum-load information is 
obvious in determining the maximum accelerations that can 
be withstood by supersonic aircraft and in the structural 
design of aircraft components. In order to provide maxi­
mum-lift and drag information, force tests of 11 wings were 
made in the Langley 9-inch supersonic tunnel up to high 
angles of attack. Only available models were used; hence, 
no comprehensive study of plan form or wing section was 
made. Subsequent tests were made on two pressure-distri­
bution models of rectangular and triangular plan forms . 

SYMBOLS 

A aspect ratio, b2/S 
b maximum wing span, ft 
OD drag coefficient, Drag/qS 
OL lift coefficient, Lift/qS 
Gm pitching-moment coefficient, Pitching moment/qSc 

I Supersedes recently deelas ified N ACA RM L7J 10, 1-947. 

c 

M 
p 

P 
PL 

q 

R 
S 
t 
tic 
V 
y 

ex 

8 
A 
p. 

p 

maximum wing chord measured in streamwise direc­
tion, ft 

stream Mach number 

pressure coefficient, PL - P 
q 

stream static pressure, lb/sq ft 
local static pressure, lb/sq ft 

stream dynamic pressure, ~ p V2, lb/sq ft 

Reynolds number referred to c, p Vc/ p. 

wing area, sq ft 
maximum th ickne s of wing, ft 
thickness ratio of wing in stream direction 
stream velocity, ft/sec 
spanwise coordinate measured from wing center 

line, ft 
angle of attack, deg 
triangular-wing semivertex angle, deg 
wing-tip angle measured from stream direction, deg 
sweep angle of leading edge, deg 
stream viscosity, lb- ec/ft2 
stream density, slugs/cu ft 

APPARATUS AND TEST METHODS 

DES(:RIPTION OF TUNNEL 

The Langley 9-inch supersonic tunnel is a closed-return 
wind tunnel in which the humidity and temperature of the 
air can be controlled with suitable drying and cooling equip­
ment. The test Mach number is varied by the use of 
interchangeable nozzle blocks which form test sections 
approximately 9 inches square. Models are mounted in the 
tunnel on shielded stings, and the forces are measured on a 
three-component balance system. The range of the ex­
ternally controllable angle-of -attack mechanism is ± 5 0 . 

DESCRIPTION OF MODELS AND SUPPORTS 

The force-test models are shown in figure 1, and pertinent 
dimensions are given in table 1. The two trapezoidal wings 
(8=30° and 8=40°) were made by obliquely cutting off the 
tips of rectangular wings which had symmetrical circular-arc 
airfoil sections. The trapezoidal wings were tested with 
bo th blunt and beveled tips. The rectangular wings had 
symmetrical circular-arc airfoil sections. The 63° and 45° 
swept wings had modified symmetrical circular-arc airfoil 
sections perpendicular to the leading edges. The modifica-

1 
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tions en tailed rounding the leading edges and beveling the 
tips. The 36° swept wing had the same airfoil section and 
tip bevel as the other swept wings, but its tips were cut off 
parallel to the stream direction. The triangular wings were 
flat plates with the leading edges beveled slightly and rounded 
off and the trailing edges beveled to a sharp edge. A more 
c.omplete description of the 63° and 45° swept and triangular 
wings is given in refer nce 1. 

Various stings (fig. 2) were u ed to support the models for 
the force tests. Most of the tests were made with stings 
shielded by the short windshield shown in figure 3; however, 
som tests were made with the long windshield shown in 
figure 4. The combinations of the various wings and their 
upports are summarized in table II. 

Photographs of the pressure-distribution models are shown 
as figure 5, and pertinent dimensions are given in table I . 
:Measurements of the pressure distribution over the wing 
were made by means of orifices located in one surface of the 
semispan of the wings at the positions shown in figure 6. A 
complete set of orifices was placed in only one surface in 
order to simplify the design and construction of the models. 

These pressure-distribution models were supported from 
the ide walls of the tunnel by means of struts. The struts 
were hinged from the side wall of the tunnel to provide a 
means for changing the angle of attack and served as conduits 
for t he pressure tube . 

TEST METHODS 

Because of the limi ted range of the tunnel angle-of-attack 
mechani m (±5°) , some means which would allow higher 
angle t.o be reached had to be devised for the force tests . 
The angle-of-attack range was covered by bending the 
sting (fig. 2) successively in 10° increments and filling in 
smaller incremen tal angles wi th the angle-of-attack mech­
anism. 

The first set of data taken at M=2.32 by using ting A 
showed displacements of uccessive groups of test points in 
the lift results as shown in figure 7. These displacements in 
the lift results suggested that the forces on the sting migh t 
be larger than had originally been expected. The maximum 
di placemen t of the te t-poin t groups in the region of maxi­
mum lift occurred for th e wing of smallest area (fig. 7 (b» 
and was of the order of 6 percent. In general, only small 
displacements are to be noted in the drag curv es. 

Becau e of the displacements in the test-point groups 
indicated in the results at M = 2.32 when sting A was used, 
ting B (fig. 2) was u ed in the next series of tests at M= 1.55 

(fig . 8) in an attempt to reduce the forces on the model 
support. The maximum displacement of the test-point 
groups in the region of maximum lift occurred, as in the 
tests at M=2.32, for a wing of small area but was about 5 
percent (fig. 8 (b» . The displacements for mo t of the 
configurations, however, were considerably less. The dis­
placements in the drag test-point groups were again small as 
c.ompared with those in the lift results. 

Although the shorter sting reduced the magnitude of the 
discontinuities in th lift curves, the absolute values of the 
forces on the model supports were still not known. In an 
attemp t to evaluate these forces, eigh t pairs of static orifices 

were installed on sting B and tests werE:~ made at M= 1.55 
for the configurations indicated in table II. The corrected 
lift data are shown in figures 8 (a), 8 (b), 8 (f), and 8 (g). 
The long windshield was also used in tests in an attempt to ' 
minimize the forces on the model support as much as possible ( 
and to provide an additional comparative value of lift close ill 
to maximum lift. • 

The tests at M = 1.55 showed good agreement between the 
values of maximum lift obtained by correcting for the sting ( 
pressmes and by using the long windshield; therefore, in 
the next series of tests, the long windshield was used to obtain 
check data. For the tests at M = 1. 90, sting B was again \ 
employed and, because of the reduction in the magnitude of j 
the li.ft-curve displacements in going from sting A to sting ~ 
B, a still shorter model support, sting C, was also employed. ); 
The tests at M= 1.90 were made at angles of attack in the I 
region of maximum lift only. (ee fig. 9.) I 

During the pressme-distribution tests, data were obtained 
on the models by varying the angle of attack of the con­
figurations through the desired range. Becaus the wing 
was equipped with pressure orifices on only one smface of 
the semispan, it was necessary, in order thai complete 
pressure distributions might be obtained, to mil. e tests at 
both positive and negative angles of attack. Subsequently, 
the data at negative and positive angles of a t tack were 
combined to form complete pressure diagrams such as those 
shown in figure 10. 

PRECISION OF DATA 

It hould be rel\!Jzed that the primary pmpose of the tests 
was to obtain values of maximum lift. Data obtained at the 
lower angles were not expected to be so accmate as those 
obtained at the higher angles because the test technique 
employed was one of convenience. Fmthermore, no reason­
able values of pitching moment for the force test were ob­
tained because the lack of sufficient instrumenta,tion made 
it imp~ssible to evaluate the magnitude and location of the 
resultal1t force on the sting. 

The ~otal forces on the models and supports were measured 
on sel~-balancing beam scales. The maximum probable 
errors in the scale measurements are of the order of a small 
fraction of 1 percent of the forces at maximum lift and thus 
appear to be negligible in comparison with the other errors 
involved in evaluating the forces on the model supports. 
The differences in values obtained by the vari us model­
support schemes thus remain the only means of j dging the 
accuracy of the maximum-lift results. 

From the considerations of the various factors entering 
into the pressure measurements made on the wings, the 
final values of pre sme coefficient P are estimated to repre­
sent conditions existing in the tests to within ± 0.005. 
Because of uncertainties involved in fairing and integrating 
the pressme-distribution diagrams, the integrated force 
coefficients are less accmate than the pressure measure­
ments themselves, although quantitative limits are difficult 
to define. 

MAXIMUM LIFT 

The lack of any previous information on maxi.mum lift 
at supersonic Mach numbers made the check te ts in this 
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investigation necessary . Most of the information regarding 
accmacy was obtained at M = 1.55; however, some addi­
tional checks were made at M = 1.90. At maximum lift 
the data, corrected on th e basis of a few pressure measure­
ment.s on the sting (shown in figs. 8 (a) , 8 (b), 8 (f) , and 8 (g)) , 
checked the un corrected lift values to within 5 percent, ex­
cept for the trapezoidal wing for which there was an 8-percent 
discrepancy. The pressme forces could have been evaluated 
precisely by taking sllfficien t pressure readings along the 
sting bu t the process would have been prohibitively tedious. 
Thus, because of the unknown precision of evaluating the 
lift componen t of the sting pressure forces, an evaluation 
of the precision of the uncorrected results is not directly 
possible. The fact that the pressure corrections have taken 
most of the 100-increment displacements ou t of all the lift 
curves (with the exception of fig. 8 (b )) does, however, lend 
credence to the validi ty of the pressure corrections. 

It appears from the data that the difference between the 
un corrected and corrected values of maximum lift is indi­
cated as a reduction in the corrected value of about 5 percent. 
The data ob tained with the long windshield covering the 
stings fell between the uncorrected data and the data cor­
rected by use of the sting pressures. The long-windshield 
data differed by 2 to 4 percent from the uncorrected data 
with the exception of the trapezoidal wing which still dis­
agreed by abou t 8 percen t. Further check tests at M = 1.90 
(fig. 9) with the long wind hield checked the uncorrected 
lift da ta obtained with sting B within approximately 7 
percent or less, and sting C, within 3 to 4 percent. Since, 
in general , the various methods show a scat ter in the order 
of 0.05 for maximum lift coefficient, it is felt that the resul ts 
are probably significan t to 0.05. 

DRAG AT MAXIMUM LIFT 

An insufficient number of pressure tubes were installed 
on the stings to allow a reasonable value of sting drag to be 
obtained from integration of these pressm es. The only 
method thus available of evaluating the accuracy of the 
sting drag is by comparing data ob tained wi th the long and 
the short spindle windshields. Figmes 8 (a), 8 (b), 8 (f), and 
8 (g) show that the uncorrected drag obtained wi th the short 
spindle windshield is about 4 to 8 percent higher than the 
data ob tained with the long windshield. T ests made at 
.LV = 1. 90 show approximately the same error (fig. 9) . 

LIFT AT LOW 'ANGLES 

The magnitude of the sting forces at the lower angles of 
attack could not be very easily evaluated ; thus, data in 
reference 1 for identical wings with short stings are used for 
a check. The only wings in reference 1 for which a reason­
able angle-of-attack range was tested were the t riangular 
wings (E = 26° and E= 45°) at M = 1.43 and M = 1.71. Com­
parisons of low-angle data (a = 0° to 4°) show that the values 
of the lift and lift-curve slopes herein presented at M = 1.55 
with sting B are about 9 to 11 percent lower than those in 
reference 1, for which a direct interpolation for Mach num­
ber was made. Although the two configurations do not 
afford conclusive evidence as to the accmacy of the data, 
the other data will probably compare equally as well in 
precision. Furthermore, the checks were made with the 

wings of smaller area for which the sting forces r epresent a 
greater percentage of the total force; thus, the data for the 
wings of larger area are probably more accurate. 

DRAG AT LOW ANGLES 

Drag checks at the lower angles of attack similar to the 
lift checks were made by using the data presented in reference 
1. The values of drag coefficient (M = 1.55) with sting B 
were compared with those of reference 1. The drag­
coefficient values obtained from reference 1 were corrected as 
indicated therein. 

Values of minimum drag coefficien t presented in this 
report are approximately 0.01 higher than those of reference 
1. This higher drag is probably due to differences between 
the sting configurations. The stings in the present tests 
were much longer than those in reference 1; in addition, at 
zero lift, the sting for the wings in reference 1 was at an 
angle of attack of 0°, whereas, for the presen t data at ~ero 
lift, the rear portions of the stings were at an angle of attack 
of _ 5°. Values of minimum drag coefficient taken from 
the curves in this report will probably be too high and of 
doubtful value. 

STREAM S URVEYS 

tream sUTveys have indicated slight variations in stream 
M ach number and tatic pressure in the test section . The 
maximum variations measUTed for the test sections of the 
nozzles used in these tests are as follows: 

Maximu.m vari- Maximum vari-
Mach num· a tion in Mach ation in stream 

ber number, per- pressure, per-
cent cent 

I. 55 ±O.6 ±1.3 
1. 90 ±0. 5 ± 1.5 
2. 32 ± 0. 4 ± 1. 5 
2.40 ±0. 5 ± 1.5 

It is felt that the e varia tions do not affect the data to a 
ufficien t extent to warrant discussion relative to the pre ent. 

test. 
RESUL TS AND DISCUSSION 

Force and pressure-distribu tion results for the various 
wings te ted are presented in figUTes 8, 9, 7, and 11 for 
M ach numbers of 1.55, 1.90, 2.32, and 2.40, respectively. 
The Reynolds number per inch of chord for the test models 
varied between 0.37 X 10 fi at M = 1.55 and 0.26 X 106 at 
M = 2.40. The maximum Reynold number at tained in these 
te ts was 0.74 X 106 for the 63° sweptback wing 'at a Mach 
number of 1.55 . 

LIFT RESULTS 

Maximum-lift region.- The value of the maximum lift 
coefficient for all force-test configurations was practically 
constant for each Mach number regardless of the plan form. 
The maximum lift coefficient did vary slightly with Mach 
number and tended to decrease as the Mach number became 
greater. At a Mach number of 1.55, an average value of 
maximum lift coefficient for all configurations of approxi­
mately 1.10 was obtained; this value decreased to 1.05 at 
M = 1.90 and decreased fmther to 1.00 at M=2. 32. Table 
III summarizes the values of maximum lift coefficient for 
the various configurations at each Mach number. The 
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angle of attack at which maximum lift coefficient occurred 
was approximately 40° for all Mach numbers and con­
figurat ions, and the lift curves remained continuous through­
ou t the angle-of-attack range . 

In figure 11 the lift results obtained for wings of rectangular 
and triangular plan forms by means of pressure-distribution 
measurements are shown. The maximum lift coefficients 
obtained for th e pressure-distribution wings corroborates th e 
force data . 

Low-angle region .- The experimental lift curves, when 
faired through the intermediate values of each test-point 
group , are linear up to angles of attack as high as 20° for the 
63 ° sweptback wing at .Lid = 1.55 and to 30° for the triangular 
(f= 26°) and 63 ° sweptback wings at M = 2.32. In general , 
t he t rend of the lift curves for all the wings was to remain 
linear to higher angles of attack as the i[ach number in­
(Teased . Comparisons of theoretical and experimental lift­
curve slopes show the theoretical slopes to have deviations 
from a maximum of 50 percent greater (for the trapezoidal 
wing, 8= 40°, and tips beveled ) to 6 percent less (for the 
t rapezoidal wing, 8= 30°, and tips not beveled) than the 
experimental slopes. 

The experimental lift-curve slopes herein presented for the 
t riangular wings (f= 26° and E= 45°) at M = 1.55 show 
deviations of 10 to 20 percent, respectively, less than the 
linear theory, a compared with corresponding deviations of 
approximately 18 percent greater and 10 percent Ie for 
identical triangular wings of referen ce 1 at M = 1.43. 

J 0 general consistency is observed between the experi­
m ental and theoretical lift curves among the various plan 
forms or for given plan forms at the different Mach numbers. 

DRAG RESULTS 

The drag tare forces appear to be much more influenced 
by sting length than the lift forces in the maximum-lift 
r egion, and an insufficient number of check points were 
obtained to give any reasonable value of drag coefficient for 
which a comparison could be made. 

The value of the drag coefficient obtained at maximum lift 
is approximately 1.0; however, no significant indication of the 
variation of drag for any configuration with Mach number 
can be deduced because of the different sting lengths used at, 
the various t est i[ach numbers. 

Lift-drag ratios of the order of 1.0 were obtained at max-
imum lift. 0 significant differences in the value of this ratio 
are noted with change in plan form and Mach number. 

CENTER-OF-PRESSUR E R ESULTS 

The variation of the center of pressure over the angle-of­
a t tack range is shown in figures 11 ( a) and 11 (b) for the 
rectangular and triangular wings, respectively, used for the 
pressure-distribution tests. The results indicate an almost 
negligible change in location of the center of pressure over 
the entire angle-of-attack range for the rectangular wing and 
show an overall rearward travel of about 6 percent c for the 
triangular wing. 

SCHLIER EN PHOTOGRAPHS 

Schlieren photographs of plan and side views of two of the 
configurations at M = 1.55 are shown in figure 12 with both 
vertical and horizontal knife edges. The pictures mainly 
show by the strong shock ahead of the wing that, as would be 
expected , the wings constitute a very large dist rbance to 
the flow. It appears that not a great deal can be learned from 
these schlieren photographs because the flow abou t the wing 
is three-dimensional. 

CONCLUSIONS 

Supersonic-tunnel force tests to determine the maximum 
lift of 11 wings of variou plan forms and thickness distribu ­
tions at Mach numbers of 1.55, 1.90, and 2. 2 and at 
R eynolds numbers varying between 0.74 X I06 and 0.27X106 

have indicated the followin g conclusions: 
1. The average value of maximum lift coefficient was ap­

proximately 1.05 ± 0.05 and appeared to have no significant 
variation with plan form; however, the value decreased 
slightly with increasing Mach number. 

2. The lift curve remained linear for angles of attack as 
high as 20° to 30°, and no discontinuities in lift occurred 
from zero up to and slightly above maximum lift. 

3. MaA'imum lift was not obtained until an angle of attack 
of approximately 40° was reached. 

4. Lift-drag ratios of approximately 1.0 were obtained at· 
maximum lift. 

Pressure-distribution t ests conduded a t a Mach number 
of 2.40 and R eynolds number of about 0.6 X 106 to determine 
the maximum iift of a rectangular and a triangular wing have 
indicated the following conclusions: 

1. The pressure-distribution results corroborate closel~- tue 
maximum lift values obtained in the force tests . 

2. Center-of-pressure travel over the entire angle-of-attack 
range up to and including maximum lift was smal l. 

LANGLEY AERONAUTI CAL L ABORATORY, 

NATIONAL ADVISORY COMMITTEE FOR AERO TAUTI CS, 

L AN GLEY FIELD, V A., October 17, 1947. 
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TABLE I.- MODEL SHAPE PARAMETERS 

Maximum 
Asnect Wing chord in Thickness 

"V in g ratio, area, stream ratio, 
A sq in . d irection , tic 

in . 

T ri ngular, E=25° _____ _ 1. 96 I. 7i2 1. 890 0.02 
T riangula r, , = 45° _____ _ 4.06 I. 295 I. l30 . 03 
Swept, A=36° _________ _ 1. 76 3.600 1. l35 .Il 
Swept, A= 45° _________ . 3.2'1 3.340 1. 330 .09 
SwePt, A =63° __ _______ . I. 37 3. 340 2. 070 . 06 
Trapezoidal, 0=40° ____ 3.36 I. 095 I. 069 .06 
Traoe1.Oidal, 0=300 _. __ . 2. 78 I. 440 1. 008 . 09 
R ectangula r _. _________ _ I. 74 I. 972 I. 069 . 06 
R ectangular . _______ ___ . I. 99 2.019 1. 008 . 09 
R ecta ngular • _________ . 2. 29 6.90 I. 74 5 . 09 
Triangular B ___________ 2. 45 . 5.552 3. 0ll . 10 

• Pressure-distri bution model. 

{ 
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1 
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TABLE H .- TEST CONFIGURATIONS 

Spind le Mach 
Wing Sting windsbield number, 

M 

B- Short I. 5" 
A Long I. 55 

Triangu lar, E = 26° B Short 1.90 
C Sbort 1.90 
A Long 1.90 
A Sbort 2.32 

Ba Short I. 55 
T riangular, E=45° A Long I. 55 

A Sbort 2.32 

B Short I. 55 
Swept, A=36° B Short 1.90 

C Short 1.90 
A Long 1.90 

Swept, A =45° B ~hor t I. 55 
A Short 2.32 

Swept, A =63° B Short 1. 55 
A Short 2.32 

Ba Short l. 55 
A Long I. 55 

Trapezoidal, 0=40°, tips beveled B Sbort 1.90 
C Short 1.90 
A Long 1. 90 

Trapezoidal, 0=40°, tips not beveled B Sbort 1. 55 

Trapezoidal, 0= 30°, t ips beveled B Sbort 1.90 
C Short 1.90 

Trapezoidal, 0=30° , tips not beveled C Sbort 1.90 
A Short 2.32 

Ba Sbort I. 55 
A Long 1. 55 

R ectangu lar, A=1.74 B Short 1.90 
(' Short 1.90 
A Long 1.90 

Rectangular, A = 1.99 A Short 2.32 

Rectangular," A=2.29 ---- .-.----- 2.40 

Triangular," .1 = 2.45 ---- .------- 2. 40 

, Sting JUt evaluated by sting pressures in region of maximum lift. 
" Pressure·d istri bution model. 

TABLE IlL- MAXIMUM LI FT-COEFFICIENT VALUES 

Angle of Maximum CL 
attack , a, 

deg 

o to 52 
45 

Wing 
I I 

M=1.55 I M=I.90 I M=2.32 
1-----------------------1------

40 to 52 Triangular, .=26° • ••••••••••••••• _....... 1. 05 1. 05 1.00 
40 to 52 

45 
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Top view L-85297 Top view L-8529' 

(a) Triangular wing. (b) R ectangular wing. 
FIG U RE 5.- Photographs of pressure-djs tribu tion model. 
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(a) Rectangular wing ; A= 2.29 ; tje= 0.09; Reynolds number, 0.45 X 106; em determined about 0.5e point. 
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FIGURE 11.-The var iation of lif t and pi tching-moment coeffi cients and center-of-pressure locations with angle of attack as obtained from integration 
of pressure measurements. M= 2.40. 
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AN INVESTIGATION OF THE MAXIMUM LIFT OF WIN GS AT SUPERSONIC SPEEDS 
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(b) Triangular wing; . =31.50
; t/c=O.lO ; Reynolds number, 0.78 X 106 ; em determined about 0.66c point. 

FIGURE 11.-Concluded . 
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(a) Tri angular wing ; . = 45°. (b) Rectangular wing ; A = 1.74; t/c= O.06. 

FIGURE 12.- chlieren photographs of wings operating in t he region of maximum lif t . M = 1.55 . 
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