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PRELIMINARY TESTS AT SUPZRSONIC SPEEDS
OF TRIANGUIAR AND SWEPT-BACK WINGS

By Mecon C. Ellis, Jr. and Lowell E. Hasel
SUMMARY

A series of thin, triangular plan-form wings has been tested
in the model supersonic tuanel at Langley. The series consisted of
eight triangular wings of vertex angles such that a renge of leading-
edge positions both inside and outside the Mech cone et the two test
Mach numbers of 1.43 and 1.71 was obtained. Three swept-back wings
having angles of sweep of h5°, 550, and 630 were also tested at a
Mach number of 1.43. These swept-back wings had circular-arc sections
with rounded leading edges and thicknesses of 13.3 percent of the
chord measured normal to the leading edge. For each angle of sweep,
wings having two values of aspect ratio were tested.

Lift results for the triangular wings indicated that Jones'
theory for the 1ift of slender pointed wings is applicable for thin

wings in the range of test Mach numbers up to values of A equal to

tan m
approximately 0.3, where € 1s the wing vertex half-angle end m is
the Mach angle. The center of pressure of the triangular wings was
coincident with the center of area for all the wings tested at both
Mach numbers. The lowest minimum drag coefficients were obtained
for the wings with smallest vertex engles relative to the Mech angle.
Also in this smallest vertex-angle region, the highest values of
maximum L/D of about seven for both Mach numbers were obteined.

It was thus indicated from the tests that wings having triangular
plan forms should be operated well within the Mach cone for maximum

efficiency.

-

Results of the swept-back-wing tests compared with triangular
wing results for a Mach number of 1.43 show the scme trends or 1lift
and drag as the sweep angle is changed. For corresponding sweep
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angles, the swept-wing lift-curve slopes were lower *’@n those for
triangular wings, dve probably to the increased thickness. It is
indicated from the tests that for a Mach number of l.h, the angle of
sweep must be increased to sbout 60° to obtain low dreg cosfficients
of the same magnitude as those due to skin {riction.

INTRODUCTION

Recent theories of low-aspect-ratio trienguler wings and swent
wings by Jones (references 1 and 2) have indicated the =dventages
to be gained thirousgh the uvge of pointed plan-form wings for high-
gpeed flight. Numerous tests both in this country and in Germany
heve shown that the drag rise with Mach ﬁunbor Just helow sonic
velocity usually associated with wings having their leading edges
normal to the flight direction maey be delay@d to hiigher speeds by
the use of sweepback. Some of these tests have been conducbod at
high subsonic and up to moderate supersonlc speeds; however, the
largest amount of experimental work appecrs to be in the low sub-
sonlc speed region end is mostly concerned with development of means
for making the stability and control characteristics of swept wings
satisfactory. In reference, 1, Jones has indicated by use of theories
assuming small disturbances that the 1ift dlubrLbUG]OH at smaell angles
of attack of a slender airfoil having a pointed or triangular plan
form is relatively wmaffected by the compressibility of the air below
or sbove the speed of sound. The required condition for smell changes
in scrodynemic characteristics with Mach nuwber at supersonic speeds
is that the triangular wing have its vertex angle so small that the
entire surface lies near the center of the Mach cone. With this
condition satigiied, it would be expected that chenges in lift-curve
slope witih Mach number would be small and that the position of the
center of pressure at the center of area would not change. It was
shown thet thc direction of the resultant force lies halfway between
the normal to the surface and the normal to the asir stream, sug-
gosting that hisher values of IL/D might be expectod f"om these

wings than for wings having ossontially two-dlimensional characteristicsy

that is,wings with the resultant force normal to the surfscec. An
isolated test of a slender triangular airfoil at a Mach number of 1.75
in reference 1 verified the theoretical values of 1ift and center of
pressure; however, the value of maximm L/D was not obtained. Thus
the present tests of a series of thin trisngular wings at supersonic
speeds were made to explore the possibilities of high values of
meximm L/D, +to find the limite of Jones' slender wing theory, and
to provide preliminary design information for such wings beyond this
limit,
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A geries of eight triengular wings of various vertex angles
were tested at Langley in the so-called model supersonic tunnel
which was the forerumner of the present Lengley 9-inch Ssupersonic
tunnel. The tests were brief and preliminary in nature, because at
the time they were started the date for starting modification of
this tunnel to the present closed-return tunnel was imminent. The
vertex angles of the wings were of such values that a range of
leading-edge positions both inside end outside of the Mach cone were
covered for the two test Mach mumbors of 1.43 and 1.71. Following
the trisngular wing tests, time permitted only very brief tests of
six sweptback wings at one Mach number of 1.43. Results of these
sweopback tests are included herein mainly for their qualitative
indications. All of the tests were made during July end August of
1945,

SYMBOLS
M Mach nunber
v stream velocity
p stream density
qQ dynemic pressure %pv‘)
R Reynolds number referred to c
a sngle of attack
g triengular wing vertex half-angle
mw Mach angle
A sweepback angle
b maximum spen of wing
c maximm chord
S wing area
A aspect ratio (b2/S)
1 disteance to center of area from vertex
5
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Cy, 1ift coefficient <.:f_)

asS
XU - -

Cp drag coefficient (——=

go
CMC 2 pitching-moment coefficient for triengular wings

e ( Moment about center of area
\ gSc

Subescripts:
Cohs center of area
mex maximmm
min minirmum
jul mean oY aversge

mSCRIPTION OF SUPERSONIC TUMHEL AND TEST MOIFLS

2.3

The so-called model supeisonic bummel in which the tests reported
herein were mode wae the direct-setion type, that is, stmospheric air
wag continuously inducted, compresced, and 2fter passing through the
nozzle and diffuser, exhausted back to the atmosphere. Thus this
tunmel was subject to condensation in the supersonic nozzls during
periods of high outside alr humidity; some of the ¢ffects of conden-
pation will be mentioned later. The supersonic nozzles and test
sections for the tunnel were formed by interchsngeable nozzle blocks

inserted betweon fixed gide walls ‘Z inches apart. The test sections

vere approximately squere. A threc-component balence z2nd shieldsd-
gting-support system provided mesns for medsuring 1ift, moment, and
drag forces on modeols. :

In order to expedite the btests in the limited time available,
the triangular wings were made simply from flat sheets of
55 -inch thick steel. The leading edses were beveled slightly and
rounded off, and the trailing edaes were beveled to a sharp edge 28
ghown in figure 1 which also gives dimensiong of the wings. For the
tests, the wings were mounted on a sting support which nassed through
a sharp-edged conical shield to the three-component bailence. The size
of the wings were limited by the forces the balance wag capable of

i
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meaguring; the reflected shock from the wing veitex was always
well back on the shield.

Details of the swept-back wing models are showm in fisure 2.
Circular-arc sections were selscted mainly for ease of construction
and duplication. The leading edges were rounded because it was
congidered that the wings would operate always behind the Mach esngle.

TEST RESULTS AND DISCUSSTION

Degcription of Tests

When air of sufficier 11*13' low temperature znd high humidity
flows through a super mi nozzle the Vat@l‘ vepor becones super-
cooled, finally condensing at & shock front somewhere along the
nozzle. This condensation resulis in en iIncrezase in stagnation
temperature and a decrease in totel pressure of the air. For given
initial stagnation conditions of the air before expension through
the nozzle, the effect of varying humidity is to vary the stream
conditions in the test section. Most of the tests reported hexein
were made during periode of low humidity, however, stream conditions
did vary to some extent. The two test Mach numbers of 1.43 and 1.71
are actually averagss for the scries of wings; the maximum variation
in Mech number for the results presented was cbovt plus cr minus 0.02
and the maximum veriation in strecam pressure in the region of the
model for any one test was zbout 4 percent. Variastions within these
values did not seriously affect the scatter of date, although they
made it necessary to obtein, in some cases, a lsrge numbsr of test
points in order to find differences in characteristics among the wings.
It will be noted that fewor test points were obteined for the trisngu-
lar wings at the lower Mach nuwber. This was duc to more consistent
test conditions which gave less scatter for the seme nurboer of points.

Tares for the trianguler and swept wings wore obtas incd “oy
medsuring the 1ift and drag forces on the support coneg alonc. The
drag tare was composSed of the small cone drag and a ”elauvoly large
pressure force acting on the spindle area. Tho pressure force was
due to atmoepheric:pressurc acting on one end of tle spindle and
stream pressure acting on the other end. The drag tares were of about
the same magnitude as the drag forces and the variations in the
rressure force thus leave the absolute values of drag more in doubt
than the 1ift results. Tares for the swept wings were obtalned
similarly, but it should be noted that the 1lift tare of the relatively
longer supports was larger than for the smell cones for the triengular

wings.

|
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Test Results for Triangular Wings

Lift results for the eight tri anguls«r winge at M = 1.43 are
gshown in figure 3. It appears that the 1lift varies linearly with
angle of attack up to about 5°, the limlt of the tesis, for all
wings. Variations in angle of zero lift for the wings are due to
varying stream inclination and to inadvertently differsnt asymmetries
in Lhe wings. The same comments apply to the 1lift resulis for
M = 1.71 shown in figure 4, excent that for wings 5, ¢, 7, and 3, the
an; rle range is about 70 and the 1lift varistion is still linear. It
should be m@ntlone that these four wings all have their leading edges
inside the Mach cone for M = Ll.7l. The 1lift curve slope values from
figures 3 and 4 arc collected and shown in figure © o8 the ratio of
nea,

.x

sured lift-curve glope to the theoretical two-dimensional 1ift

s . \ tan € S y
curve glope against the parameter { .  The theorctical two-
tan m
dimensional lift-curve slope valuss are taken from Ackeret's theory

dCL i 5 \\ Ll.

Theorstical considerations indicated

™
0]
{
g'
!
l

that 220
ten m
euthors by C. E. Brown of the Lengley Laborstory. The inverse of
same parameter hes later eppeared in a paper entitled "Supersonic
Wavc Drag of Thin Airfoils" siven by Allen E. Puckett at the
Fourteenth Annual Meeting of the Institute of Acronautical Sciences

is a fundamentsl parameter es poinved out te the

tan :
in Now York City, January 29, 1946. Tho quentity EWWL approxi-
ton m
€
mately equala ¢/m for the range of test Mach nuwbors. When IR
sl . ten € tan m
equalsg 1.0, it is identical to (-:/m. Thus values of ——— less \
ten m o

‘m n 1 correspond to cases where the leading edge is bshind the Mach
ngle and values greater than 1 correspond to cases where the leading

i iy o ;s . ten €

ledge is ahead of the Mach angle. It is seen that as T

zero, the test results for both Mach numbers show & single curve for

the slope ratio that asymptotes Jones' theory. The Limit of anpli-

cebility of Jones' theory for slender triengular wings in the range

of test Mach numbers thwus eppears as a value of }'_11_6__ approximately

ben m

equal 0.3. In reference 3, Jones has developed a theory for calculating

the pressure drag of,K thin oblique airfoils at supersonic speeds. It

was pointed out by C. E. Brown of the Lengley Leboratory, that the

equations in Jones‘ report could be used to calculate the 1ift of a

thin trianguler wing for cases where the wing leading edge is outside

the Mach cone. Calculations for wings outside the Mach cone at the

approaches

CONFIDENTTAL
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test Mach numbers showed the 1lift-curve slopes to be the same as the
two-dimensional. theoretical values for a straight wing. Thus it is

expected thet & suiteble theory for the lift of triengular flat

plates, bridging the gap between Jones' slender wing thieory and the

heory for wings outside the Mach cone, would result in a curve that
would follow the lower part of the experimental slope ratic curve but
beb g s 1.0,

tan m
The variations in slope ratio, shown by the tests as the wing leading
edge approaches and moves shead of the Mach cone, are believed to be
primarily due to the flow in the region of the rounded leading edge.
Incidentally, wing 1 was tested roversed, that is, with its leading |
edge normal to the sbream; and values of lift-curve slope very closely \
checking Ackeret's theory were measured. |

continue smoothly to 1.0 or the two-dimensional value at

The pitching-moment coefficicants in figures 6 and 7 show irme-
diately that the center of pressure is coincident with the center of
area for all the trisngular wings tested abt both Mach numbers. At

ten € 3 o " N
the low velues of o o this result is as predicted by the theory
. end verified by a singlec test in reforence l. The fact that the
center of pressure is coincident with the center of arce may also be
s : ten = 2 i
" reasoned simply for all values of 8 € from considerstions of the
tan n
conical flow. Any supersonic flow in which the pressure and velocity
are constant along lines radiating from a point is a conical flow

field. Supersonic flow about & point-foremost trisngvlar flat plate
is such a flow. Conical supersonic flows are discussed in detail
by Busemann in reference k.

Minimum drag-coefficient velues for the wings at zero 1ift are
collected from figures 3 and 4 and shown in figure 3 plotted agalnst

. an € .
the same perameter '%L-L as were the lift-curve slopes. It is
an m

immediately spparent that the tests show increasing minimm drag
coeificient as the wing leading edges moves away from the center of the
Mach cone. As an indication of the theoretical trends of the minimm i
drag cocfficient as the leading-edge angle end Mach number are varied,
estimates were made using the calculations in Puclkett's paper ;
(reforence previously nentioned). The calculations in Puckett's
paper were for the pressurc drag of a series of tain, sherp-edge,
double wedge-section triangular wings of various thiclmcss ratlos and
points of locetion of maximum thiclmess. It is rezlized that the

. assumption of geometrical similarity between the wings of Puckett's
paper and those of the prosent tests is rather crude, nevertheless,
calculations were madc asswning the vpresent wings to have an equivalent

3 thickness ratio equal to the meximum value for the everage chord.
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It was Turther assumed that the maximum thickness was located at the
midchord point and was constant from root to tip. Results of these

5 . . tan : s
calculations showed the same trend with E———S- as did the test results,
an m

that is, smoothly increasing values of the minimum drag coefficient
as the Mach angle approzched and passed over the leading edge.

: . bam €
The test points at the lowest value ci s cn each drag curve
an T

in figure 3 are for the same wing at the two test Mach numbers. For
this wing (wing 3), the calculations of drag give about the same
value of CD = 0.002 due to pressure forces for both values of the

Mach number. From the low value of pressure drag indicated by the
calculations for wing 8, it is expected that most of the drag shown

EhEban. €. : A ;
by the tests for low values of % ~ is duwe to &kin frictiom. Since
tan m

there is no reason to expect an apprecisble difference in skin-friction
drag for the two Mach numbers, the displacement of thie drag curves at

tan _a A
the lowest values of If“_ff is probebly spurious. It 1s likely
an 1

that there is a constant error in drag-tere measurements for the tests
+ either Mach nunber which is different for the two Mach numbers.
Thus an approximation of the true drag curves appears possible by
displacing the upper test curve downward and the lower test curve
vpward by equal amounts so that they both asymptote the same line

3

s L equal zero. This asymptotic value of minimum drag coefficient

tan m i
minus an allowsnce for pressure dreg of ACp = 0.002 is of the right
order of magnitude for skin friction. For corresponding wings at the
two Mach numbers, the displaced curves chow no difference in drag
values within the scatter of the test points about a smooth curve. It
thoerefore appears thet thie drag results show the correct trend with
EEE;S but ere not of sufficient accuracy to show the trends for a

an

giveﬁiwing with Mach number. The importent conclusion to be drawn is
that the pressure drag may be reduced to a small value by opecrating
triangular wings well within the Mach cone.

Although the absolute values of drag are in some doubt, it is
belicved that the indiceted rise with angle of attack is reliable
due to the systematic nature of the tests for each wing and because
a smooth curve can be drawn through the points with small scatter.
A check of the drag rise with angle of attack shows the resultant
jncremental force on all the wings for both Mach numbers to be normal
to the surface. Thig result may be obtained by first assuming the
resultant incremental force tc be normal to the surfacs, then
calculating ACp above CD for zero angle of attack as ACp = Cy, ten ..

CONFIDENTIAL
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These calculated values will fall on each drag curve within the
probable test accuracy.

The measured L/D values are shown in figures 3 and 4. The
maximm L/D results shown in figure 3 show increasing maximum L/D
a8 the wings become more sleander for each Mach number. The trend
of the curves at the maximun L/D of about seven obtained indicated
the possibility of still higher values for more slender wings. For
a comparison with two-dimensional values of maximum L/D, wing 1 was
tosted rveversed, that is, with its sharp, straight trailing edge
forward, normal to the stream. Approximate values of maximum /D
obtained were 4.0 for M = 1.43 and 3.8 for M = 1.71. The L/D
curves are seen to be approaching these values as the wing leeding
edges approach the normsl to the stream.

Test Results for Swept-baclk Wings

The 1lift vresults shown in figure 9 for the six swept-bacl: wings
indicate no significant change in slope with asnect ratio except for
the 45° sweep angle where the slope for the lower aspect ratio appears
higher. TFor the 450 sweep angle at the test Mach numbor of 1.43, the
Mach cone lies approximately along the wing lcading edge, and it might
be expected that the different flow arising from the strong initial
shock would lead to different characteristics than for the higher angles
of sweep for which cases the initial disturbance must be smaller.

The most significant result of the drag coefficients shown for the
wings in figure 9 is the high drag for the wing with 450 gweep. It 1s
also imporitant to note that for the Mach number of 1.43, drag coef-
ficients as low as subsonic values are not obtained until the sweep
angle is increased to approximetely 60°. Practical use of this high
degree of sweep cppears difficult in relation to present knowledge _
and cepability of handling the low-speed stability and control problems.
The upward trend of the L/D curves shown in figure 9 for the highest
sweep angle sucgests a high value of maximum L/D, inviting solution
to thess stebility and control problems.

The moment results of figure 9 show the center of pressure to be
moving forwerd as the sweep angle decreasec. At the highest sweep
angle, the center of pressure appears about on the center of aroca.
This result might be expected due to the fact that most of the wing
is in an epprovimetely conical field except in the regions neer the
tipe end alongz the treiling edge.

A comparison between the lift and drag test results for the
swept-back and trisnguler wings at a Mach number of 1.k3 is gl¥en in

CONFIDENTIAL
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figure 10. The lift-curve slopes for the swept-back wings are
appreciably lower than those for the triangular wings for corres-
ponding sweep angles. A part of this difference may be due to
thicker sections and some increages in 1lift might be affected by use
of thinner sections. Further tests beyond the present very sketchy
tests are necessary to explore this possibility. The drag compsrison
shows about the same minimum drag coefficient for the triangular and
swopt wings at the higher angles of sweep, however, for the lower
sweep angles, the swept wing values are higher. The higher drags

are probably due to the increased thickness ratio for the swept wings.
It appears that the drag test results are not sufficiently accurate
to show effects of aspect ratio. Variations in drag with aspect
ratio and sweep angle can be calculated by the theory presented in
reference 3.

The schlieren photographs of the lower aspect-ratio swept wings
shown in figure 11 werc made at a highor stream Mach number than that
for the forcoc tests, but serve to show somo significent points in
regard to the flow over the wings. Thc photographs were madc at a
stream Mach number of 1.55. For photograph (4), the leading edge of
the 45° wing is in a position slightly ahcad of the Mach angle. The
disturbance ahcad of thc wing is scen to be strong as indicated by
eppreciable curvature of thc shock. This strong shock leads to the
idea that high pressurcs arc acting along the wing loading edgo
resulting in high dreg. This relatively high drag has beoon shown by
the force tests. Comparison of photograph (3 ) with photographs (@)
and {c) for highor anglos of swecp indicates that the intensity of
the initial disturbance from the point of the wing decrcascs. This
ig in line with tho decroasing drags shown by the force tests. The
side view of the 63° swecp wing in photograph (b) shows the initial
disturbance still small, but shows a fairly strong shock originating
at the vertcx of the treailing edge. This indicateos an accelerating
region over the rcear portion of wing ncar the trailing-cdge voertex, .
resulting in relatively high velocitics. As regards the tip sections,
reasoning based on Jones' theory in rcference 3 suggests that the
tips should probably bec made parallel to the strecam for lower tip drag.

CONCLUSIONS

Supersonic wind-tunncl tests of a series of thin, triangular
plan-form wings at Mach numbers of 1.43 and 1.71, and teste of three
swept-back wingg of 13.3-percent thickness ratio at a Mach number
1.43 have indicated the following conclusions:

of
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1, The 1lift of thin, triangular plan—form wings may be
calculated by Jones® slender wing theory up to values of

tan
£ g equal approximately 0.3, where € is the wing vertex half-
an m
t
angle, For values of tan 5 above 1.0, the 1lift is essentially
an m

the same as that obtained theoretically for a two-dimensional wing.

2. The center of pressure of thin, triangular plan—-form wings
is coincident with the center of area.

3. For low drag coefficients approaching those due to skin
fricticn alone and for the highest values of maximum L/D, both
triangular and swept-back wings should be operated with their leading
edges well behind the Mach conse.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va.
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Fig. 6 NACA RM No. L6L17
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