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FORCE TESTS OF THREE THIN WINGS OF MODERATELY LOW ASPECT
RATIO AT HIGH SUBSONIC MACH NUMBERS

By Gareth H. Jordan
SUMMARY

An investigation was made in the Langley 24-inch high-speed tunnel
to determine the effect of leading-edge shape and section profile on the
aerodynamic characteristics of two thin wings of aspect ratio 4. Lift,
drag, and pitching-moment data are presented for a range of angle of
attack from -2° to 8° and a range of Mach number from 0.30 to spproxi-

metely 0.90. Reynolds numbers are from 4.6 X 102 to 10.6 x 10°. Test
results are also included for a third wing having an aspect ratioc of 3,
a taper ratio of 0.4, and a L.5-percent-thick modified-hexagonal sectiomn.

Lift and moment data showed no abrupt changes with Mach number for
either of the two wings in the Mach number and lift-coefficlient range

‘where leading-edge-flow attachment would be expected to occur. The maxi-

mum lift-drag ratio of the wing having an NACA 66-006 section was about
20 percent grester than the maximum lift-dreg ratlio of the wing having
a 6-percent-thick circular-arc section.

INTRODUCTION

Flow separation starting at the leading edge is found on the thin
eirfoils of current interest at moderate to high angles of atteck in low-
speed two-dimensional flow. As the Mach number increases, & high subsonic
speed is reached at which attachment of the flow at the leeding edge takes
place more or less sbruptly. Studies in two-dimensional flow (for
instance, refe. 1 and 2) reveasl that the principal force change accom-
panying this phenomenon is in the 1ift; in some cases an increase in 1ift
is noted. The extent to which this attachment phenomenon is modified on
finite wings is not well understood yet.

The purpose of the present tests is to determine in a preliminaxry
way whether any important changes in force characteristics occur as &
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result of leading-edge-flow attachment at high subsonlic speeds. An
untapered wing of aspect ratio 4 was chosen for the tests. Because of
the dependence of the leading-edge-flow phenomenon on leading-edge shape,
two typical 6-percent-thick sections were selected, one (circular-arc)
heving a sharp leading edge and one (NACA 66-006) having a rounded
leading edge. Test results are also included for a third wing which

had a sharp-edge nmodified-hexagonal section of 4.5-percent thickness,

an aspect ratio of 3, and a taper ratio of 0.k.

SYMBOLS
A aspect ratio
Cy- 1ift coefficient
Cp drag coefficient
Cmc/h . pitching-moment coefficient about quarter-chord point of mean
geometric chord :
CDo © minimum drag coefficient
ACp drag due to 1ift, Cp - Cpg
L Slife -
D "7 drag
M Mach number
c local chord
c mesn geometric chord

o) angle of attack

APPARATUS AND TESTS

The teste of the present investigation were made in the Langley
24-inch high-speed tunnel, which is a nomreturn inductlion-type tunnel
(ref. 3). The test section of the tummel described in reference 3 has
been modified by the installation of flats approximstely 16 inches wide
that reduce the width of the test section from 24 to 18 inches; thus,

i”
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the shape of the test sectlon is changed from circular to one approaching
a rectangle. End plates were mounted flush with the flat sides of the
test-section walls, The end plstes had holes cut 1n them the same shape
as the root section of the wing but with an 0.012-1nch gap to permit
forces to be transmitted without interference to the three-component
recording balance. Since the forces encountered in these tests were
small, a semispan model was mounted on each of the two side walls; thus,
the magnitude of the forces was doubled and the accuracy of the data

was lncreased.

The three wings investigated are shown in figure 1. Two of the
wings had & trapezoidal plan form, a thickness-to-chord ratio of 6 per-
cent, and an aspect ratio of 4. The parameter that was varied for these
two wings was the airfoil section; one wing had an NACA 66-006 section
and the other a 6-percent-thick circular-arc section. The trepezoidal- .
Plen-form wings were mounted with the leading edge unswept. The modified-
hexagonal-section wing had a thickness-to-chord ratio of Lk, 5 percent, a
taper ratio of 0.4, and an aspect ratio of 3. This wing was mounted with
its leading edge swapt back 22.3°.

The two wings having an aspect ratio of 4 were constructed for a
‘previous investigation and at that time the negatively raked tips were
believed to be desirable. Subsequent investigations have made this
tip shape obsolete and no significance 1s attached to it for this
investigation.

Lift, drag, and pitching moment were measured on the three wings
through a range of angle of attack from -2° to 8%, except for the
modified-hexagonal-section wing which was not tested at -2°. The Mach
number renge extended from 0.30 to approximately 0.90, corresponding to

Reynolds numbers from 4.6 x 10° to 10.6 x 105, based on the wing mean

geometric chord.

During this investigatlion fluctuations of tunnel speed and forces
acting on the model were encountered above a Mach number of about 0.70,
at angles of attack of 6° and 8° for the three wings, and also at 4° for
the 6-percent-thick circular-src wing. Lift, drsg, pitching moment, and
velocity were continuously and simultaneously recorded for a period of
ebout 10 seconds while the power input to the tunnel was held constant.
Records obtained show that short periods of steady flow occurred during
the fluctuations. The short-period steady-flow forces were used to
extend the curves beyond & Mach nmumber of sbout 0.70 for angles of attack
of 4°, 6°, and 8°. All test points computed in this manner are indicated
by flagged symbols and the curves faired.through these polnts are shown
dashed.
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PRECISION

The initial angle of attack could be determined to within 10.1°
and subsequent changes in angle of attack were subject to an error of
10.01°. The data obtalned were subject to errors that may be separeted
into two types. The first type of error arlses from small inaccuracles
in the calibration of the tunnel, calibration of the balance, and the
inaccuracies in the balance at maximum sensitivity. Errors in coeffi-
cients due to this type of error are estimated to be of the following
order: e .

L0 T T T 1 ¢ B 0 B K¢
CD e ¢ o 6 & 8 e e o @ & 8 e s+ & 6 8 ° & 8 e & &8 e & & e s o @ 10.002
cm(—:'/h- s e o o o -. e« & 6 o o & @ e 8 o e & 8 e & o s e & e e o '-"-'0.020

The second type of érror arises from tunnel-wall interference and leakage
et the model - tunnel-wall juncture. The data have been corrected for
tunnel-wall interference by the method of reference 4. For this inves-
tigatlion the end-gep effects were believed to have been small in that
repeat tests using 0.012- and 0.018-inch end gaps (25 percent and 38 per-
cent of that used i1n ref. 5) showed negligible changes in the measured
coefficients and, therefore, any corrections due to end gep have been
neglected. '

Calculations indicate that the 6-percent-thick wings (at an angle
of attack of 0°) should choke the tunnel at a Mach number of about 0.95.
This test Mach number of 0.95 was not obtained during the investigation,
gince the tunnel choked sbout 12 inches downstream of the test section
as a result of water-vapor condensation. Static pressure at the tunnel
wall along the test section and downstream of the model was observed for
a8 given model configuration and indlcated that this choking, which
limited the maximum test Mach number, did not affect the pressures in
the test section. The date presented are belleved, therefore, to be
relatively free of the usual tunnel effects attributed to the Mach number
range within 0.03 of ‘the choke Mach pumber.

RESULTS

The results of the investigation are presented in figures 2 to 8.
Figure 2 shows the variation of 1ift coefficient with Mach mumber for
constant angle of attack. Figure 3 presents the lift-curve slope of the
three wings at zero 1ift and at a 1ift coefficient of O.4. A comparison
of the unsteady-flow boundarles of these wings with the two-dimensionsl
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normel-force break (ref. 1) is shown in figure 4. The variation of the
quarter-chord pitching-moment coefficient with 1ift coefficlent at
various Mach numbers is shown by figure 5. TFigure € presents the effect
of Mach number on the minimum dreg coefficlent of the three wings. The
effect of Mach number on drag due to lift at a 1ift eoefficient of 0.k
is shown in figure 7. The variations of lift-drag ratio with Mach
number for the three wings are shown in figure 8.

DISCUSSION

Flow Separation and Reattackment

Two-dimensional-flow data of reference 1 for thin sirfoils with
sharp or moderately sharp leading edges at a constant angle of attack
showed that the reattachment of the flow at Mach numbers between 0.70
and 0.80 was accompanied by a moderate increase in 1ift coefflcient. A
small to imperceptible increase in the 1ift coefflcient occurred at Mach
numbers from 0.70 to 0.80 at angles of attack of sbout 6° and 8° in this
three-dimensional-flow investigation. (See fig. 2.) A reduction in the
megnitude of the effects of flow reattackment on a finite wing a8 com-
pared with an infinite wling might be a consequence of a reduction in
both the extensiveness of separation and in shock strength as & result
of tip flow (ref. 6). The results of other high-speed tests of thin
wings (for exsmple, ref. 7) are in accord with the present results as
regards the sbsence of any appreciable force changes assoclated with
leading-edge -flow attachment.

Porce Coefficients

Lift coefficlient.- For a constant angle of attack, the wing with
an NACA 66-006 profile produces an increase in 1ift coefficient with an
increase in Mach number for all angles of attack tested up _to =& Mach
number of gbout 0.87 (fig. 2(a))}. The increase in 1lift coefficient with
Mach number for the circular-arc-sectlon wing and the modified-hexagonal-
section wing 1s negligible for angles of attack from 0° to about 2°
(figs. 2(b) and 2(c}); however, for angles of attack from approximately
2° to 8°, there is an increase in 1ift coefficient with an increase in
Mach number. As a consequence, the lift-curve slope at zero 1ift
(fig. 3) for the NACA 66-006 section wing shows an increase with Mach
number, whereas the other two wings indicate minor increases in the lift-
curve slope &t zero 1lift throughout the Mach number range investigated.
At a 1lift coefficient of O.h, however, the lift-curve slopes of both
6-percent-thigk wings Indicate an increase in lift-curve slope with Mach
number up to a Mech number of 0.85, with a more rapid increase occurring
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at a Mach number of-gbout 0.8l for the circular-arc-sectlon wing. The
lift-curve slope of the modlfied-hexagonal-section wing at a 1lift coef-
ficlient of 0.4 remains relatively constant for a range of Mach number
from 0.30 to 0.75. As the Mach number was increased above 0.75, the
lift-curve slope increased moderately. o

Unsteady flows were encountered durlng this investigetion and
caused violent shaking of the model and fluctuations of tunnel speed.
Visual observation of the flow during a high-humidity run showed, by
water-vapor condensation, that the widih of the wake from the upper
surface was fluctuatling in the Mach number and lift-coefficlent range
where unsteady forces were encountered. The fluctuation in the width
of the wske is probably & result of a chordwise oscillation in the
separation point as discussed in reference 8. For low angles of attack,
unsteady flows were not encountered within the Mach number range inves-
tigated, and this resultis in accordance with the data of references 8

and 9.

The boundaries of the unsteady flows encountered on the three wings
are compared with the two-dimensional normal-force breaks of reference 1
in figure 4. The unsteady-flow boundaries occurred st a Mach number
spproximately 0.05 less than the two-dimenslonsl normsl-force bresk and
about 0.10 below the 1lift-break Mach number for these wings in three-
dimensional flow. The two-dimensional normal-force-break Mach number
(taken as the Mach mumber at which the inflection point occurs on the
curve of normal force against Mach number), plus & Mach number increment
of 0.06, has been suggested as one criterion for alrplane buffeting
(ref. 10). The significance of the unsteady-flow boundaries in the
present tests is, of course, open to some question in view of the inter-
action between the unsteady wing flow and the tunnel flow which was
evidenced by appreclable fluctuations in tunnel sirspeed; thus, the
significance of. the boundaries shown in figure 4 as regards the buffeting
of a similer wing in free alr is uncertain. .

Pitching-moment coefficient.- The variation of quarter-~chord
pitching-moment coefficient with 1ift coefficient for verious Mach
numbers 1s shown In figure 5. The moment-curve slope for the three wings
is positive at 1lift coefficients below 0.1 throughout the Mach number
range. The 1lift coefficilient at which the moment-curve slope for the
wing having the NACA 66-006 section becomes zero increases from a 1lift
coefficient of 0.1 at.a Mach number of 0.3 to a 1lift coefficient of
approximately 0.5 at Mach numbers of the order of 0.75 and 0.80. At
1ift coefficients in excess of the value where the slope is zero, the
sBlope becomes negative. This negative slope represents a rearward move-
ment of the center of pressure which becomes more rapid at the higher
Mach numbers. A similsr behavior of the moment-curve slope is noted
for the wing having the modified-hexagonal section (fig. 5(c)), with the
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rearvard movement of the center of pressure occuring at a 1lift coeffi-
cient between 0.3 and 0.5 for a range of Mach number from 0.70 to 0.85.
The rearward movement of the center of pressure for the modified-
hexagonal-sectlon wing is more pronounced than that observed for the
wing having the NACA 66-006 section. This rearward movement of the
center of pressure is similar to the results obtained on an aspect-
retio-4 wing having a modified-hexsgonsl section investigated at =a

Reynolds number of 1 X 106 and reported in reference 7. The more rapild
movement of the center of pressure on the hexagonal-section wing as
compared to that of the NACA 66-006 section wing might be attributed to
the small pressure gradients which mlight be expected to exist along the
central portion of the hexagonal section that would allow a more repid
chordwise shock movement or DPressure change to occuf. For the wing
having & circular-asrc section, the rearward movement of the center of
Pressure does not appear to be as pronounced as for the other two wings.
The less rapid rearward movement of the center of pressure for this wing
mey be attributed to the larger trailing-edge angle.

Drag coefficient.- The minimum drasg coefficlent in figure 6 is
approximately the same (sbout 0.0070) for the three wings through a
range of Mach number from 0.40 to 0.70. The Mach nmumber for drasg rise
at zero 1ift for each of the three wings is about 0.87.

The drag due to 1lift at a 1ift coefficient of 0.4 for the three
wings investigated is shown in figure 7. These experimentsl drags are
compared with theoretical values of drag due to 1lift with the resultant

force acting normal to the relative wind CL2 74 and with the resultant
force acting normal to the chord line Cj tan o. As would be expected,

the experimental wvalue falls between the two theoretical values and thus
gives an indication of the amount of leading-edge suction experienced by
each of the wings at a 1ift coefficient of 0.4. The experimental drag
due to 1lift for the two 6-percent-thick wings is in close agreement for
a range of Mach number from 0.30 to 0.50. For a range of Mach number
from 0.50 to 0.80, however, the wing having an NACA 66-006 section
produced less drag due to 1ift. For Mach numbers sbove 0.80, the drag
due to lift for the wing having the NACA 66-006 section increased to a
value greater than that of the aspect-ratio-L wing having a 6-percent-
thick circular-arc profile.

The 4.5-percent-thick wing is inferior to both the 6-percent-thick
wings in drag due to 1lift throughout the Mach number range investigated.
The reduction in aspect ratio or thickness restio could be partly respon-
sible, since both tend to increase the drag due to 1lift, particularly
at Mach numbers less than the drag-rise Mach number.

The maximum lift-drag ratio of the three wlngs occurs at a Mach
number of about 0.70 and at 1ift coefficients from 0.2 to 0.3 (fig. 8).



8 ] NACA RM L52108

The maximum 1ift-drag ratio of the wing having an NACA 66-006 section

is about 20 percent greater than the llft-drag ratio of the wing having
& 6-percent-thick circular-arc section and sbout 45 percent greater than
the meximum 1lift-drag retio of the 4.5-percent-thick modified-hexagonal-
section wing with the lower aspect ratio.

CONCLUDING REMAREKS

An investigation to determine the effect of leading-edge shape and
section profile on the aerodynamic characteristics of two thin wings
in a range of Mach number from 0.30 to zbout 0.90 indicated the following
results: '

1. Lift and moment data showed no abfupt changes with Mach number
for elther of the two wings 1n the Mach number and lift-coeffilcient
ranges where leading-edge-flow attachment would be expected to occur.

2. The maximum 1ift-drag ratio of the wing having an NACA 66-006
section was about 20 percerit greater than the maximum lift-drag ratio
of the wing having & 6-percent-thick circular-src section.

langley Aeronautical Laboratory, _
Netional Advisory Commitiee for Aeronsutics,
Langley Field, Va.
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Figure 1.- Semispan models of low aspect ratio tested in the Langley

24-inch high-speed tunnel.
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Figure 1.~ Concluded.



(a) NACA 66-006 section wing.
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Figure 2,~ Variation of 1ift coefficient with Mach number.
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Figure 2.- Continued.
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Figure 3.- Varistion of lift-curve slope with Mach number.
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thin wings of a moderately low aspect ratio.




4R

ACp

Drag due to 1lift,

NACA RM L52I08

21

.08 1 i 1 1 1
NACA 66-005 section wing: (A = L)
. C. tan @«
A} L
.0l X
Bt Sl ol SUN N 1 Experiment [
= 2
C nA
0 L/
-08 ] T 1 ] i ! 1
é-percent-thick circular-arc-section wing (A = L)
,<_ CL tan a
.OLF == N
~ -4~ _]_ f_mperment —
2
o A cy /md
.08 T T T T T T | 4 1 1
L.5-percent=thick modified~hexsgonal-section wing (A = 3)
! 1
/—-— CL tan a
OohF——¥—¥= —— ==
1Ebcperi.mexrl; Nt R
\_.JL_ cE /A '
o L . .
‘3 n’-l- .S c6 .7 -8 -9
Mach number, M '
 Figure 7.- Effect of Mach number on drag due to lift. Cp, = 0.k,




088 - £I-L1-01 - Lefhorl-VOVN

/D

Lift~dreg ratio,

1k

AV

NI

N

MR

N

MACA 66-006 peotion

(aepoct ratio = k)

0 2

L 3
Lift coefficient, Cp

/D

Iift=drug ratio,

18
X
0'30
\50 e
JO—— —
ﬂ 5 — -
.80 -——
B e e -
s
g}
N
12 r/’-. N
/ N \\
\ ¥
1 ,l' \\ ‘\\\\\
N\
\IANY
| N
oL NI
S-parcent-thick
[ circular-are section
(uspect ratio = |j)
L
2
0
0 2 h é 8

Lift coefficlent, Cp

/D

Lift~drag ratio,

10

\\‘\

Lift cosfficient, Gy

Figure 8.- Effect of Mach muber on lift-drag ratio of three thin wings

of moderately low aspect ratio,

b

6

o

QOTCT WM VOVN



SECURITY INF-'OR_‘MATION o

A ﬂ?luwuua E

176 01436 9467



