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NACA RM No. A8120 CONFIDENTTAL
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

AERODYNAMIC CHARACTERISTICS AT SUBSONIC AND SUPERSONIC MACH
NUMBERS OF A THIN TRIANGULAR WING OF ASFECT RATIO 2.

IT — MAXTMUM THICKNESS AT MIDCHORD

By Harold J. Walker and Robert E. Berggren

SUMMARY

The 1ift, drag, and pitching—moment characteristics of a trian—
gular wing, having an aspect ratio of 2 and a symmetrical double—wedge
profile of 5—percent—chord maximum thickness at midchord, have been
evaluated from wind—tunnel tests at Mach numbers from 0.50 to 0.975
and from 1.09 to 1.49 and at Reynolds numbers ranging from 0.67 to
0.85 million.

The 1ift, drag, and pitching—moment coefficients of the trian—
gular wing with a leading-edge sweepback of approximately 63o did not
exhibit the irregular variations with Mach number at high subsonic
and low supersonic Mach numbers that are characteristic of unswept
wings. The lift—curve slope increased steadily with Mach number
below unity and declined slowly beyond the Mach number of I.13. A
substantial rise in the minimum drag coefficient occurred between
Mach numbers of 0.95 and 1.20 with an associated reduction in the
maximum lift—drag ratio. The aerodynamic center shifted rearward
toward the centroid of area of the wing with increasing Mach number
below 0.975; whereas above 1.09 it coincided with the centroid.

To show the effect of a change in location of meximum thickness,
a comparison is made between the characteristics of the above wing
with those of a wing of identical plan form having the maximum
thickness located at 20 percent of the chord. Moving the point of
maximum thickness from 20 to 50 percent of the chord gave rise to
little or no measurable change in the 1lift, drag, and pitching—
moment characteristics at subsonic Mach numbers. However, at the
lower supersonic Mach numbers, lower 1lift—curve slopes, larger
minimim drag coefficients, and smaller maximum lift—drag ratios
were exhibited by the wing with maximum thickness at the midchord
location, although the differences in each case were small.
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INTRODUCTION

The wing of triangular plan form has been considered from both
theoretical and applied standpoints as a practical 1ifting surface
for transonic and supersonic alrcraft. The aerodynamic characteristics
of this wing can be predicted for moderately high subsonic and for
supersonic Mach numbers by the methods of references 1, 2, and 3;
however, at present no relisble methods for calculating these charac—
teristics in the Mach number range near unity are available. Some
indication of the extent to which the experimental and calculated
characteristics diverge near unity has been shown in reference 4,
wherein the 1ift, drag, and pitching-moment characteristics of a
low—aspect—ratio triangular wing with the maximum—-thickness point
at 20 percent of the chord were determined experimentally. In the
present investigation these characteristics have been measured at
high subsonic and low supersonic Mach numbers for a triangular wing
differing from that of reference 4 only in the location of the
maximum—thickness point which for these tests was at the 50—percent—
chord point. It is predicted in reference 2 that an increase in
pressure drag at the lower supersonic Mach numbers accompanies a
rearward shift of the maximum thickness from 20 to 50 percent of
the chord, but possible effects on the other serodynamic character—
istics are not indicated by the existing linear theories.

SYMBOLS
b span of wing, feet
€ local wing chord, feet b/2
e [ " “e2ay
c mean aerodynamic chord }§7Z;—;; , feet
o}
dra,
d fficient (=E28

Cp rag coefficien 5

CDmin minimum drag coefficient

ACp change in drag coefficient from value of minimum drag
coefficient (Cp — Cp_, )

£Lh drag-rise factor
ACT®
Cr, 1ift coefficient <;%§%>
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AC, change in lift coefficient from the value at minimum drag
coefficient (Cr ~ Crp_p.. )

ac
ki lift—curve slope at zero lift coefficient, per degree
do
Cm pitching—moment coefficient
/moment about centroid of area of win%)
gsSc
/11
& lift—drag ratio | llf;)
D \dra
<L> maximum lift—drag ratio
D/max
M free—stream Mach number
q free—stream dynamic pressure (%pvg), pounds per square foot
R free—stream Reynolds number referred to the mean aerodynamic
chord
S wing area, square feet
v free—stream velocity, feet per second
y spanwise distance from the wing root—chord line, feet
(07 angle of attack, degrees
o) free—stream mass density, slugs per cubic foot

APPARATUS AND TESTS

The experimental investigation was carried out in the Ames 1—~ by
3—1/2—foot high-speed wind tunnel, a single—-return closed—throat type
vented to atmospheric air. The tunnel was equipped with a flexible—
throat assembly (fig. 1) to permit a variation in Mach number above
unity.

The model (fig. 2) was constructed of steel according to the
dimensions of figure 3. The radii of the leading and trailing edges
of the wing were less than 0.002 inch, and the wing surfaces were
ground but not polished.
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The wing was mounted in a horizontal plane in a slender body of
revolution (fig. 2) having the minimum size consistent with its func—
tion as an adequate support. A series of identical bodies (£ig. =33
sting supported at different angles of attack, was employed inter—
changeably to vary the wing angle of attack.

A three—component electrical strain—gage balance was used to
measure the lift, drag, and pitching moment of the model. Measure—
ments of the pressure acting on the base of the body were made
simultaneously with the force measurements.

The aerodynamic characteristics of the model were determined at
angles of attack between —3° and 9° over a range of Mach numbers from
0.50 to 1.49. Between Mach numbers of 0.975 and 1.09 choked—flow
conditions prevailed in the tunnel test section, precluding the deter—
mination of the aerodynamic characteristics within this range. Reynolds
numbers, based on the mean aerodynamlc chord of the model, varied
from approximately 0.67 X 10° at a Mach number of 0.50 to 0.83 X 10
at 1.49.

REDUCTION OF DATA

The wing area used in computing the force and moment coefficients
includes the portion enclosed within the body. The pitching—moment
coefficients are based upon the mean aerodynamic chord and were
referred to the centroid of area of the wing.

Allowance was made for several interference effects peculiar to
the wind tunnel. The drag and angle—of-attack measurements in the
subsonic Mach number range have been corrected for tunnel—-wall inter—
ference by the method outlined in reference 5. These corrections,
shown in reference 6 to be independent of Mach number, were

La

0.424 cy,

ACp = 0.0075 C12

All of the drag data have been corrected for buoyant pressure
gradients existing in the test section of the wind tunnel. This
correction was less than 2 percent of the minimum drag at all Mach
numbers. No corrections to the measured characteristics have been
attempted for the effects of air—stream inclination. The corrections
for the effects of tunnel blockage were of negligible magnitude.

Further correction of the drag data was required as a result of an
interfering pressure field at the base of the support body arising from
the proximity of the end of the balance housing to the body. On the
basis of reference 7 the effect of this pressure field is believed to
be confined to the base of the body at all supersonic Mach numbers.
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At subsonic Mach numbers it was concluded from theoretical consider—
ations that aside from changes in the base pressure this interference
did not extend sufficiently far beyond the base to influence the results.
The effects of the interference at each Mach number were compensated

by subtracting from the measured drag the force resulting from the
difference between the free—stream static pressure and the test pressure
exerted on the base area. Although this correction is not exact, since
the true pressure differences at the base were not known, all drag
forces are referred to a common basis for comparison.

RESULTS AND DISCUSSION

The results of the tests are presented in figure 4 which shows,
for each test Mach number, 1ift coefficient as a function of angle
of attack, and pitching-moment coefficient, drag coefficient, and
lift—drag ratio as functions of 1ift coefficlent. The variations
with Mach number of these characteristics are shown in figures 5 to
11, inclusive. Schlieren photographs of the flow field about the
model and support, taken during force measurements, are presented
in figure 12, Defects of the optical system are shown in figure
12(a). The defects appear 1n all the schlieren photographs and
ghould not be confused with the flow field. To show the effect on
the aerodynamic characteristics of a changs in the location of maxi-—
mum thickness of the wing, the results of reference 4 for the 20—
percent—chord location of maximum thickness are also included in
geveral figures. The calculated characteristics shown were deter—
mined by the methods glven in references 1, 2, and 3, and pertain
to the wing alone., Experimental results from reference 7 for an
identical wing and body at a Mach number of 1.53 and a Reynolds num~—
ber of 1 X 107, and similar results from unpublished data on file at
the Ames Aeronautical Laboratory for a wing alone at a Mach number
of 0.13 and a Reynolds number of 15.4 X 10® are also included. In
comparing the latter results with those of the present investigation,
consideration should be given to the large differences in Reynolds
number and in the method of model support (three—strut support in
the latter case).

The interference occurring between the wing and the support body
could not be readily evaluated; consequently, the force coefficients
are presented for the wing and body in combination rather than for
the wing alone. It 1s indicated in reference 7 for a Mach number of
1.53 that the contribution of the body to the total 1ift and pitching
moment is small, and on this basis it is believed that the results
presented here for the combination may be considered sensibly repre—
gentative of the wing at all Mach numbers. In view of the applied
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base—drag correction described previously, however, the drag coeffi—
clents are not strictly representative of either the combination or
the wing alone.

Lift Characteristics

With reference to figure 4, 1t 1s observed that the curve of
the 1ift coefficient against angle of attack is not linear, the
glope belng greater at the higher angles of attack. Although this
condition 1s not predicted by the first—order theories of references
1l and 2, it is generally characteristic of wings of very low aspect
ratio.

In figure 5, the steady Increase of lift—curve slope at zero
angle of attack with Mach number below 0.975 1s seen to be in accord
with the trends of the calculated values for subsonic Mach numbers
(reference 1) for a 1lifting vortex line. At supersonic Mach numbers
the gradual decrease of the lift—curve slope above a Mach number of
1.12 conforms with the trend of the calculated slopes for a flat lift—
ing plate (reference 2). It is evident that at supersonic Mach num—
bers, slightly lower values of lift-curve slope result from a change
in the position of maximum thickness from 20 to 50 percent of the
chord; whereas at subsonic Mach numbers the respective magnitudes are
nearly equal. This difference in the values of lift—curve slope at
supersonic Mach numbers is not accounted for by the theory of refer—
ence 2, which ignores the effect of profile shape, and thus can prob—
ably be attributed to a second—order effect of thickness dlstribution.
The results from reference 5 and the unpublished data for a Reymnolds
number of 15.4 x lds, also plotted in the figures, are 1n falr agree—
ment with the results of the present Investigation.

In figure 6,1t 1s to be noted that the sharp irregularities and
gsudden losses in 1lift that are characteristic of unswept wings of
higher aspect ratio at transonic Mach numbers are absent for the wing
investigated. With regard to the reglon between Mach numbers 0.975
and 1.09 in figures 5 and 6, it 1s expected, on the basis of wing—
flow tests of similar configurations in this range, that curves of
subsonic and supersonic characteristics could be faired smoothly.

Drag Characteristics
The drag characteristics of the wing under investigation can best
be discussed by treating separately the respective variations of drag

coefficient with 1ift coefficient and Mach number.
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The effect of 1ift coefficient on the drag coefficient is shown
by the polars of figure 4, where for supersonic Mach numbers, the
calculated values are also plotted for comparison with the experi-—
mental results. In the calculations the drag resulting from skin
friction of the wing alone was determined through the application of
the results of reference 8. Because attempts to determine the actual
distribution of laminar and turbulent boundary—layer flow on the model
wing by means of the liquid—f1lm technique discussed in reference T
were unsuccessful, the calculations were made for completely laminar
and for completely turbulent flow, those belng the respective minimum
and maximum values of skin—friction drag for the wing. The remaining
portion of the drag was calculated by the methods of reference 2 under
the assumption that there was no leading-edge suction, The principal
conclusion to be drawn from inspection of the polars in figure L is
the fact that, with the exception of the curves for Mach numbers 1.09
and 1.12, the experimental polars are generally in falr agreement with
thoge from theory. When notation 1s made of the dlscrepancies between
the test results and the theoretical characteristics at these two Mach
numbers, it is evident that in the region of high 1ift coefficients
the drag coefficients are lower than would be expected from examina—
tion of the drag polars for the other Mach numbers. Possible explana—
tions for the discrepancies are offered in the discussion of the vari-—
ation of drag coefficlent with Mach number to follow.

The results of the investigation pertaining to drag coefficient
as a function of Mach number are summarized in figure 7. Inspection
of this figure reveals two noteworthy features in the curves for the
higher 1ift coefficients: (1) The slopes of the curves are negative
for subsonic and positive for supersonic Mach numbers (due to the
variation of the drag due to 1ift, as will be shown later), and (2)
the values of drag coefficient in the regilon of Mach numbers from 1.09
to approximately 1.17 appear unexpectedly low in relation to the rest
of the curve. Although a great deal of effort was expended to ascer—
tain the cause of these low drag coefficients, no adequate explana—
tion was found. It was concluded, however, that for the following
reasons these low values are probably a result of wind—tunnel—inter—
ference effects rather than genuine values which could be expected in
free alr:

e The tunnel alr stream at low supersonic Mach numbers is
known to contain extraneous and random shock waves, examples of which
are indicated by arrows in figures 12(d) and (e).

22 The reflections from the tunnel walls of the shock waves

originating at the nose of the model body, and at the Juncture of the
leading edge of the wing with the body, impinged on the model at Mach
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numbers from 1,09 to 1.17. The effect of these reflected waves on
the drag data could not be readily assessed, but it is believed to
have caused a reduction in the drag forces.

3. As is evident in the schlieren photographs of figure 12,
at the lowest supersonic test Mach number, a strong normael shock
wave stood immediately aft of the wing trailing edge and its effect
could have been communicated to the wing through the wing wake as a
buoyant force in a direction tending to reduce the drag.

To further the analysis of the test results and to facilitate
comparison of those results with the characteristics predicted by
theoretical methods, the drag of the model has been separated into
two parts, the drag due to 1lift and the minimum drag of the model.

The parameter used to indicate the amount of drag due to 1ift, valid
because the experimental polars are parabolic, is the drag-rise factor,
which is defined as follows:

Xp  Cplpyy
Ar* wor2

The drag-rise factor is presented in figure 8, where a comparison is
made with the reciprocal of the ®xperimental lift—curve slope for the
wing under investigation,

It can be shown algebraically that the drag-rise factor of a flat

plate realizing no leading-edge suctionl and inclined to the air stream
at small angles of attack 18 equal to the reciprocal of the lift—curve

slope. The general agreement between the values thus calculated and
the observed values indicates that the drag characteristics of this
wing closely resemble those of the corresponding flat plate and that
very little leading—edge suction is obtained. With reference again to
figure 7, it is concluded that the respective negative and positive
slopes at subsonic and supersonic Mach numbers of the curves of drag
coefficient as a function of Mach number at the higher 1lift coeffi-—
cients are due to the variation in the drag-rise factor with Mach
number,

The effect of Mach number upon the minimum drag coefficient,
shown in figure 9, 18 negligible in the subsonic range, a result
which is supported by the calculated variation with Mach number of
the drag coefficient associated with skin friction. The actual

1Discussed in Aerodynamic Theory, vol. IV, pp. 2729, Durand, and in
reference 5. -

CONFIDENTTAL




NACA RM No. A8I20 CONFIDENTTAL 9

distribution of laminar and turbulent flow in the boundary layer not
being known for the test model, curves representing the maximum and
minimum skin frictlon are shown in the figure. Between Mach numbers
of 0.95 and 1.2 a continuous rise in the minimum drag of the wing is
noted. The experimental results for virtually the entire range of
Supersonic Mach numbers fall within the respective limits of the
drag coefficient which have been calculated as the sum of the pres—
sure drag and the skin-friction drag for the laminar and the turbu—
lent boundary-layer flow. The discontinuities in these calculated
limits at a Mach number of 1.41 correspond to a coincidence of the
Mach cone emanating from the apex of the ridge line of the wing and
the ridge line itself. The test points were not spaced closely
enough to determine experimentally the existence of such a
discontinuity.

The minimum drag coefficients observed between Mach numbers of
1.09 and 1.3 are lower for the wing having the maximum thickness at
20 percent of the chord than those for the wing of the present inves—
tigation, these relative magnitudes being in accord with the predic—
tlons of reference 2 with regard to the effect of maximum—thickness
location, The reversal in the relative magnitudes of the drag coeffi-—
clents for the two wings above 1.3 Mach number can probably be attri-
buted to changes in the drag resulting from skin friction, since the
theoretical pressure drags for the two wings do not vary sufficiently
within the experimental range of supersonic Mach numbers to account
for the observed differences. With increasing Mach number above 1.4l,
i1t is possible that increasingly greater surface areas become exposed
to falling pressure gradients for the wing with maximum thickness at
midchord, such that greater areas of laminar boundary-layer flow and
therefore lesser skin friction result for this wing. ZEvidence support—
ing this conclusion is to be found in reference 7 for a Mach number
ORI 3

If consideration again be given to the differences in the Reynolds
numbers of the respective tests, the minimum drag coefficients taken
from reference 7 and from unpubliahed data on file at the Ames Aero—
nautical Laboratory for a Reynolds number of 15.4 x 10° are in satis—
factory agreement with the results of the present investigation shown

in figure 9.

Figure 10 summarizes the results of the investigation pertaining
to maximm lift—drag ratio. Values of the maximum lift—drag ratio
obtained from other sources (noted on the figure) are in fair agree—
ment if differences in the method of support are taken iInto account.
The apparently high lift-drag ratlios at the lower supersonic Mach
numbers can most probably be attributed to the unexpectedly low drag
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values observed in the region of Mach numbers from 1.09 to approxi-—
mately 1.2.

The values of maximum 1lift—drag ratio at supersonic Mach numbers
for the wing with maximum thickness at 20 percent of the chord ars
somewhat greater than those for the wing of the present investigation
?y virtue og the more favorable drag characteristics of the former

GhE bl e

Pitching-Moment Characteristics

The curves of pitching-moment coefficient as a function of 1lift
coefficient in figure 4 were used to determine the location at zero
1ift coefficient of the aerodynamic center in persent of the mean
aerodynamic chord. The variation with Mach number of the position of
the aerodynamic center is shown in figure 11. It is noted from this
figure that the aerodynamic center shifts rearward from 42 percent
of the mean aerodynamic chord toward the centroid of area of the wing
(located at 50 percent of the mean aerodynamic chord) as the Mach num—
ber of unity 1s approached, and that above 1.09 it coincides with the
centrold. It 1s predicted in reference 2 that the centroid and the
aerodynamic center of a flat triangular plate will coincide at super—
sonic Mach numbers., The fact that the location of maximum thickness
of the wing does not significantly affect the pitching-moment charac—
teristics at supersonic Math numbers 1is also indicated in figure 11,
At subsonic Mach numbers a more rearward position of the aerodynamic
center is indicated when the maximum—thickness location 1s changed
from 20 to 50 percent of the chord.

CONCLUSIONS

The results of wind—tunnel tests of a thin triangular wing of
aspect ratio 2 and symmetrical double-wedge profile with maximum
thickness at midchord in the Mach number ranges from 0.50 to 0.975
and 1.09 to 1.49, and comparison of these results with those for a
gimilar wing with maximum thickness at 20 percent of the chord indi-—
cated the following:

e The 1ift coefficient at a constant angle of attack for
either maximum-thickness location varied continuously and regularly
with Mach number below 0.975 and above 1,09,

2., The lift—curve slope increased with Mach number below 0.97
and decreased at Mach numbers greater than 1.13. A decrease in the
lift—curve slope at supersonic Mach numbers accompanied a change in
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the location of maximum thickness from 20 to 50 percent of the chord.

3o The drag coefficient at a constant 1ift coefficient decreased
continuously with increasing Mach number below 0.9 and increased con—
tinuously above 1.09 at 1ift coefficlents greater than 0.,1. Somewhat
higher drag coefflcients for the most part resulted for the profile
with maximum thickness at 50 rather than 20 percent of the chord.

4. A rise with Mach nmuber in the minimum drag coefficient
occurred between Mach numbers of 0.95 and 1.2. At Mach numbers

greater than 1.2 the minimum drag of the wing with maximum thickness
at mldchord decreased, becoming less than that of the wing with maxi—

mum thickness at 20 percent of the chord at Mach numbers greater than
1030

Sl The maximum lift—drag ratios remained virtually constant in
both the subsonic and supersonic Mach number ranges, and were approxi—
mately 25 percent lower at supersonic Mach numbers. The maximum 1lift—
drag ratios were slightly lower at supersonic Mach numbers for the
wing with the maximum thickmess located at 50 rather than 20 percent
of the chord.

6. The aerodynsmic center of the wing with maximum thickness
at 50 percent of the chord in the subsonic Mach number range moved
aft from 42 to 51 percent of the mean aerodynamic chord. Throughout
the supersonic range it coincided with the centroid of area of the
wing. Similar changes in position of the aerodynamic center were
observed for the wing with the maximum thickness at 20 percent of
the chord.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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Figure 4.- Continued.
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Figure 9.— The variation of minimum drag coefficient with Mach number.
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B

OSIgQY "ON WY VOVN

AVILN3AIINOD

43



AVILN3AIINOD

Locat/on of aerodynamic center, percent ¢

100 R I T T I T T T I
All data ‘shown are from faired curves
R=.8xI10", wing and body (I-by 3$-Fft wind tunnel)
e .8:/0’, wing and body (ref. 4)
80 o R=1x10° wing and body (ref 7)
0 R=15.4x/0% wing alone (unpublished data)
60}
//""”/
40 g
@
20
0 P4 4 .6 8 [0 12 14 16

Mach r)umber, M
Figure [l.— The variation of aerodynamic center with Mach number.
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(a) Air gtream off. (b) M = 0.95, side view.

A-12840
(¢) M= 1.09, side view. (d) M = 1.09, plan view.

Figure 12.— Typical schlieren photographs of the side and plan views of the
model at geveral Mach numbers.
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A-12839
(g) M=1.29, side view. (h) M = 1.29, plan view.

Figure 12,~ Continued.
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A-12841
(1) M = 1.49, side view. (3) M =1.49, plan view.

Figure 12.,—~ Concluded.
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