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' " An investigation of the characteristics of a wing
with an aspect ratic of 9.0 and an NACA 65-210 airfoil .
section has been.msde at Mach numbers up to 0,925. ' The.
wing tested has a taper ratio of 2.5:1.0, no twist,
dihedral, or' sweepback,‘and' 20-percent-chord 37.5-percent-
semispan plain ailerons. The results -showed that serious
changes in the normal-force characteristics occurred when
the “Mach number. was increased_ébdve-o.gh at angles of .
attack between L°: and 10° and .above 0.80 at 0° angle of
attack. Becauseiof. small outboard shifts in the lateral
center of load, the bending moment at the root for condi-
tions corresponding to a 3g pull-out at an altitude of
55,000 feet increased by approximately 5 percent when the
Mach number was increased from 0.77 to 0.90. VWhen the .
Mach number was increased beyond 0.83 the negative pitching
moments for the high anglés of attack increased, whereas
those for the low angles of attack decreased with a
resulting large increase- in the negative slope of the
pltching-moment curves. A large increase. occurred in the
values of the drag coefficients for the range of 1lift
coefficients needsd for level flight at an altitude of-
35,000 feet when the Mach number was increased beyond a .
value of 0.80. The wakes at a station 2.82 root chords
behind the wing, quarter-chord line extended approximately
a chord above' the wing chord line for the angles of attack
required to recover from high-speed dives at high Mach-
numbers,

INTRODUCTION

The recent development of turbine-jet units of

relatively high thrust ﬁ%%%%§-has made possible the
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consideration of Jet-propelled airplanes with meximum
speeds greater than 500 miles per hour. TUntil the present
time, however, very little informatlion has been aveilable
on the aerodynamic characteristics of the component parts
of an alrplene designed to operate at these high speeds.
In order to design such a high-speed airplane properly,
more information about these characteristics at high and
low speeds was neesded. The NACA has undertaken a broad
research program to supply this additional information.

In conJunction with this program a series of tests have

been made on a high-aspect-ratioc wing in the Langley 8-foot

high-speed tunnel in order toc determine the effects of
compresslibility on the characteristics of such a wing at
Mach numbers approaching unity. Included in the seriles
of tests were investigations of the basic wing character-
istics, ‘alleron characteristics, effects of dive brakes
end a dive~recovery flap, and.downwash fluctuations, The
results of the flrst investigation are presented herein.
The results of the other investlgatlons are presented in
references 1, 2, and %, respectively. --

The results presented hereln include the normal-forecs,

span-loading, pltching-moment, drag, and wake-width data

for the wing alone with undeflected stralght-sided allerons.

Data for Mach numbers up to 0.925 are presented.

an

ol

SYMBOLS

Symbols ére.defined as followsg

speed of sound in undisturbed stream, feet per second
slépe of;norméléforce curve (de/da),. pe# degree
span pf model, fest (5;15).

N

effective area of tunnel cross seotion, square feset

(L9 .5)
1ift coefflcient

section chord of model, feet

average model cﬁord,ifeet'(0.35)
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ct

AH

mean aserodynamic chord (M.A.C.), feet (0.37)
loss of total pressure in wake

1ift on model, pounds

Mach number (V/a)

pitching moment about 25-percent-chord line

static pressure in undisturbed stream, pounds per
square foot

p local static pressure at a point on airfoil sec-
tion, pounds per square foot
p—p\
P pressure coefficlent -9
T/
q dynamic pressure, pounds per square foot (:%pv%)
3 . aresa of model, square feet (1.10)
v veloclty in undisturbed stream, feet per second
b 4 distance along chord from leading edge of section,
feet
¥ distance along semispan from wing center line,
Teet
¥! distance from root section to center of 1lift, feet
angle of attack, degrees
Y ratio of specific heats
p mass denslty in undisturbed stream, slugs per
cubic foot
Subscripts:
cr . critical
L lower surface of alrfoil section
U upper surface of airfoil section
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The coefficlents are defined as follows:

Cn

Cn

Cmc/)_l_

2y'/b

section normal-ferce coefficlent

‘e
Cn = -2-? [O (PL - PU) ax
b .

gsection pitching-moment coeffliclent about
25-percent-chord station

cm=-}-§ (PU-PL)(-—>

w0

wing normal-force coefficlent

1b/2
Cy = < ] cen Gy
Jo

o
!

wing pilteching-moment coeffloient gbout 25-percent-
chord station

1b/2
2. c2ey, 4
G/h Qc' m &Y
Jo -
bending-moment coefficient for root section
/2

Cp cpcy 4dy

Sb
0

lateral positlon of center of 1oad

2y'. CB

a——— T gp——

b CxN
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CBgo . bending-moment coefficient for 60-percent-
semlspan station

O.5b
CBéo = = cep(y - 0.3b) dy
10 .3b
Cng/CN design index for bending moments at 60-percent
semispan station
CDy wing profile-drag coefficient
Cpy wing induced-drag coefficient

Cp; = 0.036C12

Cp wing total-drag coefficient

Cp = Cpg + Cpy
APPARATUS

The Langley 8-foot high-speed tunnel, in which the
tests were conducted, is of the single-return, closed-
throat type. The Mach number at the throat is continuously
controllable., The air-stream turbulence In the tunnel
is small but slightly higher than in free air.

The wing tested has an NACA 65-210 airfoil section,
an aspect ratio of 9.0, & taper ratio of 2.5:1.0, no
sweepback, twist, or dihedral, a tip having ordinates
glven 1n table I, and a 20-percent-chord, 37.5-percent-
semispan plain aileron that extends from the 60-percent-
semispan station to the end of the straight vpart of the
trailing edge. The wing, as tested, is shown in figure 1.
The effective span of the model is 37.8 inches, the root
chord is 6 inches, and the tip chord is 2.l inches. Other
dimensions are given in figure 2. The ordinates of the
NACA 65-210 airfoil used for the inboard sections are

resented in table II. PFor the sections outboard of the
O-percent-span station, the ordinates ashead of the
80-percent-chord station are the same as those given in
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table IT but from 80-percent chord to the trailing edge.
the contours of these sections are straight lines. The

wing was machined from medium hard brass. The allerons

were machined from steel and are attached to the wing by
small hinges. :

Twenty static-pressure orifices were placed at each
of eight stations along the wing span. The approximate
chordwise locations of these orifices at each station are
shown in figures presenting pressure-distribution data.

The spanwise locations of the stations sare 11, 20, 30,
L3, 56, 6l, 80, and 95 percent of the semispan. The four
inboard statlons were placed on the left half of the wing
and the four outboard stations were placed on the right
half,

The model was supported in the tunnel by means of a
vertical steel plate as shown in figure 1(b). The plate
was designed to have zero veloclty gradients In the dlrec-
tion of the stream and to produce minimum variations in
veloclty along the span near the tést region at the Mach
numbers scheduled. The profile of the plate is a modified
ellipse, the ordinates for which are presented in table IIT
and the dlmensions and construction detalls of the plate
are shown in figure 3. The angle of attack of the model
was changed during the test by the mechanlsm shown in
figure 3., The steel pressure tubes in the model were
connected to tubes that passed through the hollow part
of the plate and were connected to multiple-tube manometers.
Wake surveys were made by a rake, which has L2 total-
pressure tubes and 7 static- -pressure tubes, placed behind
the model as shown in figures 1l(c) and 3. The vertical
spacing of the total-pressure tubes varies from 0.1 inch
at the center of the rake to 2 inches at the tips of the
rake. The rake is supported in the tunnel by means of a
horizontal strut, the leading edge of which is approxi-
mately 5 inches behind the trailing edge of the vertical
support plate.

METHODS AND PROCEDURES

Support System

The use of a vertical steel plate as the support of
the modsl was chosen for the following reasons:

N DEN
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(1) The large, unknown interference effects produced
at high Mach numbers by struts of the usual type were
completely eliminated.

(2) Inasmuch as the plate effectively produced a new
test section, the frontal area of the model was thse only
factor contributing to choking of the air stream. The
highest possible choking Mach number that could be obtained
in an 8-foot circular tunnel with a model of the size
tested was therefore realized.

(3) The necessity of having a portion of the model
enveloped by a relatively thick boundsry layer, as would
be the case if a semispan model had been supported at the
tunnel wall, was avoided. '

(L) The symmetrical installation eliminated the
possibility of unsymmetrical choking or of cross flows,
such as would be expected if a semispan model, mounted
from the tunnel wall or from a reflection plate near the
wall, were employed.

Calibration Tests

A series of calibratlion tests of the tunnel alr stream
were made with the support plate lnstalled bothh with and
without the wake-survey-rake support strut installed.
Static pressures were determined at 30 points on the platse
and at 36 points on the tunnel wall at Mach numbers up
to 0.95 with and wlthout the model in place. The calibra-
tion tests with the model weres made for angles of attack
of 0°, L, and 9° and a series of tests were also made to
cdetermine the statlic pressures and the angles of flow at
the model position. A combination of a calibrated static
head and a yaw head mounted on the wake-survey-rake
support strut was used for these tests.

A comparison of the static pressures measured on the
surfaces of the plate and walls and by the static-pressurs
tube indicates that the Mach number and dynamic-pressure
variations in the alr stream in the region of the model
are small. The variations in these values at the surfaces
of the plate in the directlon of the alr stream are less
than 0.2 percent through distances of 1 foot from the model
position at all Mach numbers up to 0.90. The vertical
variations are less than 0.2 percent through distances
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of 2 feet from the model position. The spanwise varia-
tions are -less than 1.0 percent through & distance of -

20 inchoes from the plate and 2.5 percent from the plate
to the wall at Mach numbers up to 0.,90. The dynamic
pressures used to obtain the coefflcients were determined
from averages of the pressures measured near the model
position.

The angularity of the stream flow in a horizontal , '
plane has been found to be less thap 0.1°, this value -
being the limit of the accuracy of the calibrating ' '
instrument.

Limliting Test Mach KNumbers s —

The tunnel choked at the support plate at a Mach
number of 1.0 without the model in -place. The tunnel
choked at the model at an uncorrected Mach number of Q.95
with the support plate and model in place. Numerous tests
have indicated that the data obtained in a wind tunnel
when choking occurs at the model are not applicable to S -
the prediction of wing charscteristics for free air _ _
(reference l}). The data obtained &% the chdking Mach ' i
number of 0.95, therefore, have not been presented. - o

Static~-pressure measurements made on the tunnel wall
and model support plate at an uncorrected Mach number
of 0.925 indicate that there 1s a perceptible tendency
toward choking at the plane of the model at this Mach
number. The results obtained at thls Mach number, even
1f completely corrected for the usunal effects of ftunnel-"
wall interference, may not, therefore, indicate the flight
chearsacteristics. - The general trends, however, are believed
to be illustrated by the results obtained at this Mach
number., - S

With the support strut for the wake-survey rake in
place the tunnel choked at this strut when the uncorrected
Mach number at the plane of the model was 0,882. As
previously mentioned, a calibration test was made with
the wake~survey strut in place. The results of this test
show that no invalidating choking effects cccur at the
plane of the model when the tunnel chokes at the survey
strut. Chokling at the survey strut simply imposes e 3
limitation on the maximum test Mach number instead of
affecting the applicability of the results. The data on

RIS
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the model .with the wgké-survey strut in place ‘can thus
be assumsd o be- ‘correct up to the ‘choking Mach number
of the: wake- Survey strut and data up to this Mech number
have been presented.

" ‘Tests

All normal-force and pitching-moment data were
obtained from . pressure-distribution measuréments and ‘all
drag data.were.-ebbtained from wake surveys. Thé pressure
and wake'measurements were mads during separate test runs.
Pressure-distribution measurements were made at the
following uncorrected Mach numbers and angles of attadk:
for Mach numbers of 0..,00, 0.600, O. 760 0.800, 0. 825,
and 0.850 at angles of attack of.-2 s 00 20 hp
and 10°; for Mach nuwbers of. O 900 and- 0. 925, at angles
of attack of 0°, 29;'Hp,'and 7°s -‘The pressures at the
160 orifices in the wing were recorded simulbtaneously by
photographing the multiple-tubs manometers.

Wake-survey measurements were made at six spanwlse
stations 1..;0 root chords behind the 25-percent-chord
line of the wing. These stations were 20, 40, 60, 80,
95, and 102 percent of: the wing semispan’ from the wing
support plate. These measurements were made for uncor-
rected Mach numbers of 0.400, 0.600, O. 72g 0. 760 0.800
0.850, and 0.8€3 at apgles-of-attack of -0 L6 ana 79,
In order to obtailn Wake width measurements at a typical
tail location, wake ‘surveys were made at a station
2.82 root chords behind the 25-percent-chord line of the
wing and 0.265 semispan from ‘the plate.,

Corrections for Tunnel-Wall Interference
Calculations using .the methods-of references 5 to 8
have been made to estimate the-magnitude of the effect of
tunnel-wall intérference on the Mach number, the dynamic
pressure, and the normal force, pltching moment, and drag,
Three types of interference have besn considered:
(1) Model constriction
(2)'Wake'con3triction

(3) Lift vortex interference
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The basic formulas employed to determine the effects of
solid blockage and 1ift vortex interference are taken
from reference 5. The formulas for wake constriction
have been developed from reference 6. Most of the cor-
rections for effects of compressibility are from ref-
erence 7, and further corrections for these effects camse
from reference 8. The following expressions were useds
For the effects of model and weks cdnstriction,

s __owss [P, aiolw
= 2 c= dy + =73 CpS
Vo 63/2(1 - u2) v/2 o - @)

and

Aq’ A

. .49 T.v.

(2 - u2)

For 'the "effetts of 11¥t vortex interference, . .

Y SRR -
ACL TR e e L . .
' . ..h8 q05/2(1 - M2) ' v ot

A . 2 \ L§.“
mc/h © 192 q05/2(1 _ M2)

0.598ﬁ(L€ + “Mc/u)
qC?/2 Vi- w2

i

AQ

The magnitudes of the corrections obtained by the
use of these expressions-have been found to be very small
even at test Mach numbers np to and including 0,90. ‘At
this Mach number, the corrections to the Mach number vary
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from 0.l percent at an angle of attack of 0° to 1 percent
at 10°, The corrections to the coefficlents for the 1lift
vortex interference are even smaller, The corrections,
the greater part of which arise from wake constriction,
have been applied to all data obtained at test Mach numbers
up to and including 0.90. The results obtained by the use
of the aforementioned expressiocn for the wake-constriction
corrections have been compared with wake-constriction
corrections determined by use of static pressures measured
«t the tunnel wall and the results of the two methods have
been found to be substantially in agreement at test Mach
numbers up to and ineluding 0,90, It may be assumed,
therefore, that no significant errors exlst 1n the results
for these Mach numbers as a consequence of tunnel-wall
interference.

Corrections obtained by the indicated expressions
for data obtained at a Mach number of 0.925 are much
larger than the corrections for the lower Mach numbers;
the corrections to the Mach numbers amount to as much as
2.5 percent, whereas those to the coefficients amount to
3.0 percent. Because c¢f the close proximity of this Mach
number to choke and to the speed of sound, these correc-
tions are possibly unreliable. No corrections have been
applied to the results obbtalned at this Mach number.

Corrections for Model Inaccuracies

During the construction of the model a washout of 0.3°
developed in the right half of the wing. 1In addition, the
wing was inadvertently tested with approximately a 0.3°
negatlive aileron angle. The effects of these 1lnaccuracies
were indlcated by the results of the tests made at an angle
of attack of -2°, which is very close to the zero-1ift
condition a2t low Mach numbers. The distributions for
this angle at low Mach numbers were not zero across the
span but showed a slightly negative normal force at the
tip. All the span load dlstributions have been corrected
for these inaccuracies by the use of c¢cross plots of sec-
tion normal-force coefficient agalinst angle of attack.

The moment coefficients have also been similarly cor-
rected,

Because of 1its relatively great torsional stiffness,
the twist of the model due to air loads was small at all
Mach numbers; calculations indicate that the twist was
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less than 0,05° for all conditions. ©No corrections have
been made for the effect of this twist.

RESULTS
Effects of Reynolds Number

The Reynolds numbers obtained during the tests varled
from 900,000 at a Mach number of 0.400 to 1,100,000 at a
Mach number of 0.907. These values are considerably lower
than those for an alrplane wing in flight. —An indication
of the effects of such a difference in Reyndlds number on
the characteristics of the NACA 652210 airfoill section
wlth and without allerons may be obtalned by referring
to the two-dimensional data obtained for this section at
various Reynolds numbers in the Langley two-dimensional
low-turbulence pressure tunnel (references 9 and 10).
The effects of Reynolds number variations at supercritical
Mach numbers have not been fully established; however, the
results of tests made on airfoils at supercritical Mach
numbers for various Reynolds numbers (reference 11) indi-
cate that at these Mach numbers thé effects of variations
in the Reynolds number are of secondary importance in
comparison with the predominating effects of compressi-
bility. - -

Pressure-Distribution Measurements

In order to illustrate the changes in the chordwise
pressure distributions caused by compressibllity effects,
representative pressure distributions for the 30-percent-
semispan station are presented in figure L and similar
data for the 95-percent-semispan station are shown 1in
figure 5. The chordwise pressure-distribution diagrems
for all the spanwise statlions have been integrated to
determine section normal-force coefficients and pltchlng-
moment coefficients., These coefficients have been used
to determine the spanwise variations in section lcoadings
and moments. The spanwlse varlations in séction loadings
are presented in figure 6. The spanwise-load distribu-
tions have been integrated to determine the total normal
forces and the moments of these forces about the roob
chord. The variations of the normal-force coefficient
with Mach number and angle of abtdck are presented in
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figures 7 and 8, respectively. Because the accuracy of
the results obtained at & Mach number of 0,925 is affected
to an unknown extent by choking tendencies and tunnel-wall
interference, all curves obtained by the use of these
results are shown as broken lines. (See fig. T.)

The slopes of the normal-force curves measured at
values of the normal-force coefficient corresponding to a
wing loading of 60 pounds per square foot at an altitude
of 35,000 feet are presented in figure 9 as a function of
Mach number. The lateral positions of the centers of the
load on the wing in terms of the semispan are presented
in figure 10. These values were obtained by dividing the
values of the bending-moment cgefficient by the corre-
sponding values of normal-force coefficient. The lateral
centers of load on the wing in terms of the semispan have
been detsrmined for an approximate 3g dive recovery and
were obtained for the various Mach numbers at the angles
of attack corresponding to a wing loading of 180 pounds
per square foot at an altitude of 35,000 feet.(3ee fig. 11.)
The critical stresses may not occur &t the root but at
some outboard station. To illustrate the changes in the
bending moments that occur at the outboard stations, the
bending-moment coefficients about the 60-percent-semispan
station were computed by obtalining moments of the areas
of the section-loading diagrams from the 60- to the
100-percent-semispan stations and dividing the moments
thus obtained by the total area of the wing. The results
were divided by the corresponding normal-force coeffi-
cients for the complete wing to obtain design indices for
the bending moments at the 60-percent-semlspan station.
vValues of these indices are nresented in filgure 12. "The
variation of section normal-force coefficients for the
20- and 95-percent-semispan stations with Mach number at
angles of attack of 0° and L° is presented in figure 13,

For all angles of attack and Mach numbers, the span-
wise variations in section moment factor are presented
in figure 1l;. The wing pitching-moment coefficients based
on the mean aerodynamic chord have also been determined.
The variations of these coefficients with Mach number for
various values of angle of attack are presented 1in
figure 15. The pitching-moment coefficient is plotted
ageinst normal-force coefficient for various values of
Mach number in figure 16.
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In all figures that include data for several angles
of attack at a given Mach number (figs. L, 5, 6, 8, 1,
16, 18, 20, and 21), the average values of the corrected
Mach numbers for the several angles of attack are listed.
The actual values of the corrected Mach numbers for the
various angles of attack vary by less than 0.003 from thils
average at a Mach number of 0.,907. - :

Weke-Survey Measurements

The total-pressure and static~-pressure measurements
made during the wake surveys at the six spanwise stations
have been reduced to, total wing profile-drag coefficlents
by use of the expressions presented in reference l1l2. The
results are presented in figures 17 and 18.

The profile-drag coefflclents at normal-force coef-
ficlents corresponding to wing loadings of 60 and
80 pounds per square foot at an altitude of 35,000 feet
for the various Mach numbers have been determined. The
Induced-drag coefficients for the same normal-force coef-~
ficients have been computed. The varlatlons of the total-
drag coefficients with Mach number for the two wing ¥
loadings are presented in figure 19. For a wing loading :
of 60 pounds per square foot the induced-drag coefficlent
is 0.008% at a Mach number of 0.600 and 00,0017 at a Mach
number of 0.890. For a wing loading of 80 pounds per
square foot the induced drag coefficilent is 0.0147 at a
Mach number of 0.600 and 0.0031 at a Mach number of 0.890.

The vertical variations of AH/q at a typical
horizontal-tail location, a station 2.82 root chords
behind the 25-percent-chord line and 0.265 semispan from
the plate are presented in figure 20. Part of the wake-
survey results obtained 1.0 root chords béhind the
25-percent-chord line of the lj0-percent-semispan station
are presented in figure 21 to show the rate of the
vertical spread of the wing wake with distance from the
wing trailing edge. All wake dimensions arfe given in
terms of the chords behlind which the measurements werse _
made . . . -
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DISCUSSION

Normal-PForce Characteristics

No erratic changes in the normal-force characteristics

are caused by compressibility effects at Mach numbsers

below the point of force break, which varies from a Mach
number of about 0.7l at angles of attack between Lj° and
and 10° to about 0.80 at 0° angle of attack. Beyond this
Mach number, the normal force for a given angle of attack
decresases rapidly (fig. 7). As a result there 1is an
increase in the angle of zero 1lift and a decrease in the
slope of the normal-force curve as shown in figure 9.

At angles of attack near the design condition, the
changes in the normal-force characteristics occur at Mach
numbers that are approximately 0.06 or 0.07 above the
critical values, that 1s, the Mach numbers at which the
local speeds of sound are exceeded at some point on the
wing (fig. 7). At the angles of attack at which a nega-
tive pressure peak exists near the leading edge, however,
the changes in the normal-force characteristics occur at
Mach numbers 0.08 to 0.25 greater than the critical
values. The Mach numbers at which the break in thse
normal-force coefficients occurs at the various angles
of attack agree quite closely with the unpublished results
obtained during tests of a two-dimensional NACA 65-210
airfoil section at Reynolds numbers approximately the
same &s those of the present tests in the Ames 1- by 5%—foot

high-speed tunnel. This agreement indicates that the
three-dimensional reliseving effect, descrlibed in refer-
ence 13, was limited to the tip sections of the wing
tested and the effect of this rellief on the over-all char-
acteristics is thersfore negligible.

The data obtained at a Mach number of 0.925 indicate
sharp increases in the normel-force coefficients for all
angles of attack when the Mach number is increased beyond
a value of 0.907. Results obtained in an open-throat
tunnel where choking effects were considerably different
from those present during these tests indicete similar
increases for other alrfoil sections in the same range
of Mach numbers (reference 11).
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The changes occurring above the points of force break
will produce severe effects on the trim and stability
characteristlics of an alrplane with the wing tested.

Span Loadlngs ~

The spanwise load distributions measured for low Mach
numbers are nearly the same as those predicted by use of
the charts presented in reference 1lh. (See fig. 6(a).)
Figure 10 indicates that at angles of attack of 2°, LO,
709, and 10° the lateral centers of load move outboard
when the Mach number is increased from about 0.77 to 0.90.
When the Mach number 1s increased beyond 0.90, the center
of load moves inboard. At a Mach number of 0.925, the
center of load is approximately at the same position as
1t is at a Mach number of 0.80. . el o

Figure 11 indicates that, as a result of the general
outboard shift in the load, the beading moment produced
at the root of the wing with a lcadlng of the magnitude
that would occcur during a rapid recovery from a dive
(approx. 3g at an altitude of 35,000 ft) is increased by
5 percent when the Mach number 1s lncreased from 0.77
to 0.90., This increase produces bending moments that are
only 2.5 percent greater than thos® predicted by the
charts of reference 1. A comparison of figure 10 and
figure 12 indicatses that for a given change in Mach number
the bending moments at the 60-percent-semispan station
increase more rapldly than do thoss at the root sectlon.
If the maxlimum stresses in the wing structure occur at
this station, this fact must be considersd.

At the lower angles of attack corresponding to level-
flight conditions, the outboard movements of the lateral
center of load are relatively large. 1Inasmuch as the
stresses that occur at these angles of attack are not
critical, such outboard shifts do pot alter the structural
‘requirements of a wing. These shifts would produce
considerable changes in the downwash at the tail for =
given lift coefficlent, however, and thus would cause
changes in the trim and stabllity characterlstics of an
airplane in addition to the changes in these character-
istics produced by the reductions-in 1ift coefficients

and the changes in pitching-moment coefficients.
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Pl tching-Moment Characterilistlcs

Extremely large and, ln some cases, erratic changes
occur 1n the pitching moments when the Mach number 1is
Increased beyond the point of force break as indicated
in figure 15. Iarge 1increases occur in the negative
pltching moments for all angles of attack when the Mach
number is increased to 0.83. At this Mach number the
negative pltching-moment coefficients for the angles of
attack corresponding to design 1ift coefflclents are more
negative, When the Mach number is increased beyond 0.83,
the negative pltching-moment coefficients for the high
angles of attack continue to increase, whereas those for
the low angles decrease. At & Mach number of 0.907 the
pitching-moment coefficient for an angle of attack of 7°
is -0.117, whereas that for an angle of attack of 2°
is 0.012, Figure 16 indicates that there are only slight
differences in the pitching-moment cosefficients about the
25-percent-chord line at Mach numbers up to about 0.76.

At Mach numbers greater than 0.76 the slope of the pitching-
moment curve becomes negative. When the Mach number is
increased beyond 0.83%, the negative slope of the pitching-
moment curve increaseés rapidly and this change produces

a large increase 1iIn the stability of the alrplane. The

datea obtained at a Mach number of 0,925 indicate sharp
increases in the negative pltching moments for all angles

of attack when the Mach number is increased beyond a value
of 0.90 (fig. 15).

The neutral axis of most wing structures passes
through points near the lj0-percent-chord stations of the
wing sections. The maximum measured twlsting moment
about this lj0-percent-chord axis occurs at a Mach number
of 0.600 for an angle of attack of 7°. The changes in
the twist due to the varlations in the pitching moments
will further change the dlstributions of 1ift on a wing
with resulting changes in the trim and stability charac-
teristica of an airplane.

Drag Characterlstics

The drag coefficlient for a given angle of attack
remains essentlally unchanged when the Mach number is
increased up to the critical value (fig. 17). At angles
of attack near the design condition the drag starts to
rise when the critical Mach number is reasched and rises
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abruptly at a Mach number about 0.06 greater than the
critical value (fig. 17). At an angle of attack of 0°
the critical Mach number 1s approximately 0.7l ; the drag
coefficient starts to rise at about the same Mach numbser
and rises sbruptly at a Mach number of approximately 0.80,
The data are insufficlent to define exactly the Mach
numbers at which the drag rises at higher angles of
attack. A rough intervolation of the data obtained at
these angles of attack indicates, however, that the drag
does not start to rise until the critical Mach number is
exceeded by at least 0.08 and the drag does not rise
abruptly until the critical Mach number is exceeded by
at least 0.12. B

Flgure 19 indicates that for a level-flight wing
loading of 60 pounds per square foot at an altitude of
35,000 feet the drag rises abruptly when the Mach number
is increased beyond a value of 0.80. An increase in the
wing loading from 60 to B0 pounds per square foot does
not change the Mach number at which the drag rise occurs
by an appreciable amount. A comparison of the data for
the two wing loadings indicates that, even for the super-
critical Mach numbers, the increase. in drag coefficient
produced by increasing the wing loading i1s less than the
resulting decrease in area. The drag for a given 1lift
would therefore be smaller for the higher wing loading.

The results indlcate that an alrplane with a wing
silmilar to the ons tested cannot fly at Mach numbers
greater than sbout 0.80 without a considerable margin of
power above the velue calculated to be needed at thils
Mach number by use of low-speed drag coefficients. In-
order to obtaln level-flight Mach numbers appreciably
greater than 0.80 without the use of excessively high
amounts of power, the wing design must be changed
radically. Until the present time ithe usual method of
increasing the Mach number at which the rapid rise in
drag coefficlent occurs has been to change the wing
section, in particular, the section thickness ratio. A
reduction in the thickness of a wing with a plan form
similar to that of the model tested to a value less than
10 percent would result in only a relatively small
increase in the Mach numbers at which the rapid rise in
drag coefficient occurs and would &t the same time result
in serious structural difficulties-and, as shown in refer-
ence 10, in a large decrease in the maximum 11ft coeffi-
clent of the wing. The results presented herein indlcate,
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consequently, that a Mach number of 0.80 is the practical
maximum that can be obtained with a wing having a conven-
tional high-aspect-ratio plan form without the uss of
excesslve amounts of power.

The data presented in reference 13 indlicate that the
Mach number at which the arag rise occurs on a wing with
& given airfoil section can be increased by a considerable
marglin by decreasing the aspect ratio. A reduction in
aspect ratio obviousiy also permits a higher structural
efficlency if the same sections are used or it allows the
use of thinner sections for a given structural efficisncy.
The use of a thinner ssection would result in a further
increase in the Mach number at which the rise in the drag
coefficisnt occurs. References 15, 16, and 17 indicate
that the use of sweepback or sweepforward also delays the
Mach number at which the drag rise occcurs by large incre-
ments. The use of lower aspect ratios, sweepback, or
sweepforward therefore offers possibilities for efficiently
attaining flight Mach numbers greater than 0.80.

Section Characteristics

The chordwise pressure distributions measured for
spanwise stations of 11-, 20-, 30~, 3=, 56~, 6l;-, and 8Q-percent
semispan are similar at s&ll test conditions up to those
at which the wing begins to stall. The pressures obtained
at the 30-percent-semispan station are presented as typical
of the distributions obtained at these seven stutions
(fig. l}). When the Mach number is increased up to the
critical value, the pressure cocefficlents for the various
angles of attack increase at rates that are nearly equal
to those predicted by the Glauert-Prandtl approximation.

When the Mach number is increased beyond the critical
value at a given positivs angle of attack, the pressures
nsar the leading edge of the unper surface become more
positive and the pressures nsar the trailing edge of this
surface become mors negative. The pressure cosfficients
on the lower surfacs continue to increase in magnitude
gradually. (Ses fig. li(d) to fig. L(f).) The changes
in the pressures on the upper surface, which are associated
wlth the presence af supersonic veloclties and separation
on this surface, result in the reductions of the wing
normal-force coefficients, the 1ncreases in the negative
wing pitching-moment coefficients, and the large increases

1't—
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in the wing drag coefficients shown in figures 8, 15,

and 17, respectively. When the Mach number is increased
beyond approximately 0.853 at angles of attack from 0°

to h? the critical Mach number for the lower surface is
exceeded. The pressures near the leading edge of the
lower surface then become more positive and the pressures
near the trailing edge become more negative. The pressurs
coefficlents on the upper surfaces cOntinue to change in
the same manner as at lower Mach number (fig. L (f) and
fig. h(g)) As a result of the changes on the lower sur-
face, the wing pitching-moment coefficients become much

- more positive. When the Mach numbé® is incredsed beyond
a value of approximately 0.907, a lerge increase in the
negatlive pressure coefficlents on the rear part of the
upper surface occurs. The mean negative pressure coeffi-
cient on the lower surface decreases at the same time -
(fig. L(h)). Because of these changes the Wing normal-
force coefficients increase (flg. 7) and the pltehing-
moment coefficlents become more negative (fig. 15).

A comparison of figures l. and 5 indicates that at a
given Mach number the chordwlse pressure distributions
measured at the 95-percent-semispan station differ con-
siderably from those measured at the 30-pertent station
which is typical of the seven inboard stations. At sub-
critical Mach numbers these differénces in the pressure
dlstributions are due to two factors. The primary factor’
1s that the sectlons near the tip gperate at local angles
of attack that are considerably smaller then the local
angles of attack of the inboard sections. A secondary
factor is that the three-dimensional relieving effects,
described in referencs 13, are stronger near the tip than
at the inboard stations and consequently the pressure cosf-
ficlents at the outboard stations for a gilven local angle
of attack are considerably more positive than at the
inboard stations., As a result of these large spanwise
varlations in the chordwise pressure distributions the
critlcal Mach numbers for the 95-percent- semispan statlion
are considerably greater than the critical values for the
inboard stations. For an angle of attack of 0° the
critical Mach number is approximately 0. 71, at the
30-percent-semispan station and approximately 0.78 at the
25 percent-semispan station. For #n angle of attack of

the critical Mach number is appFoximately 0,58 at the
30-percent-semispan station and approxlmately 0.65 at the
95-percent-semispan station.

!
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Because of the iLigher critical Mach numbers at the
95-percent-semispan station, the changes in the pressure
distributlons and section characteristics produced by the
onset of shock accur at higher stream Mach numbers at this
station than at the inboard station. The Mach number at
which the norunal-force coefficient for a given angle of
attack starts to decrease is, however, approximately the
same for both the 95- and %0-percent-semispan stations
(fig. 13). This fact is at least partly due to the reduc-~
tions of the local angles of attack at the outboard sta-
tions that result from changes in the induced velocitiles
associated with the reductions of the normal-force coef-
flclients at the inboard stations. A comparison of the
pressure recoveries at the trailing edges of the
30- and 95-percent-semispan station (fig. L(g) and
fig. 5(c¢)) indicates that when the Mach number is increased
to high supercritical values the increase in separation
at the outbosard stations is less severe than at the
inboard stations. Aas a result, at these Mach numbers,
the reductions in the normal-force coeffiicients are less
pronounced at the outboard stations than &t the inboard
stations (fig. 13). Since these variations are limited
to the tip of the wing they have 1little effect on the
over-all characteristics of a wing with an aspect ratio
similar to that of the wing tested.

Wwake Wldths

Flgure 20 indicates that for all angles of attack
the wake width at a station near the probable tail loca-
tion increases rapidly when the Mach pumber is increased
beyond the critical value. For an angle of attack of 2°
at a Mach number of 0.890, the wake extends to a point
0.35 chord above the wing chord line extended. The wake
extenslon 1s not beyond the region of tail locations used
on present-day airplanes. For the higher angles of attack
used to recover from high-speed dives, the wakes extend
approximately a chord above the wing cho>d line, 1In order
to reduce the probability of tall buffeting and severe
losses in tall effectiveness, the tail snould be placed
above the wake. '

& comparison of the results of figure 21 with those
in figure 20 indicates that the wake widths behind the
wing spreads rapidly at supercritical Mach numbers. At
an angle of attack of 7° at a position 1.40-root chords
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behind ths 25-percent-chord line, the wake width is equal N
to amhrox*nauelv 0.50 chord for a Mich aumber of 0.853.

For the sam« aagle of attack and Mach number, but at a

station 2.2 root zhords behind the qﬂ.-perccnt -chord 1ino,

the weke wicth is equel tuv approximately 0.75 chord. The
alvergence ©vf the edges ol tne wake is about 100 for this
condition. At & Mach number of 0.39¢ the dfvergence i e
sbout 12°; et 0.760 it 1s only 39, - = L s

CONCLUSIONS ™ -

The resu 8 of tle tests nf a:tvaperad win& with an
sspoct ratcio q 9,0, en NACA 65-21J eirfoil_ ssction, and
undefleoteé a.: Leroqs indiceted the fo]low;ng conclusicnss

1. Seriou~ changes occurred in the anglss of zere . . r
11f% and the slivpes. of tho normal-force curves vhen the '
Mach number was increassd above O 7+ at angles cf atback
between L¢ and »0° anc above 0,.6C gt C° angle of atsack. o

Z. Ovtboar'd sallts occurr-d im trse latsral cenvuers -
of loed at anzles oy stsack of 29, L®, 79, &Bnd 10° wien .. v
the Maca mmber wei incceased from 0,77 $0°C.90. Tae o -
outhoara shifta prwduced_upproxxmaﬁe y a 5 PdTObnt
increasw ir the bendirg moment at the root weduion yor
conditions correspondiny; to a g ku11—out d% an sltituade R
Of 5‘—} O’\D feet. o . T am

*. When the fa-l number was ncv 882G beyond J.03, -
negutive pltehing -m ment ccefficizgdss for Shs high snzles N
of attack Incree.3d whersas thore fq* the low :ngles c¢f ' e
attack decreasec ¥.th & revultirg inc“eaie in the nuvatifa ' i

slope of the piichlug.-moment curve: _ B o

li. .. large incr<aso occurrsd In the valuenr cf The . -
drag cos3friclents for the spproz imate 117t coa;riOients
needed to main‘ain level £ligh. st nn altiBude ~f E S e
A5,0C0 feet whern the Kaclh nuanboer Wad increased peyorid a L
value of 0.560. _ : S -

R, ™he wukos at & statlon 2.82 root chords tehlnd

the wing (o -ser-chored 1 in? ext: vch “ppﬂuxlmabtly a "burd ' _
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above the wing chord line for the angles of attack required
to recover from high-speed dives at high Mach numbers.

Langley Memorial Aeronautical ILaboratory
National Advisory Committee for Aeronautics
Langley Fisld, Va.
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TABLE I

DIMENSIONS OF WING-~TIP SHAPE IN INCHES

fsee rig. 2]

Plan-form contour

Distance from
tip, - It

Distance forward of
2t -percent- chord

Distance rearward
of 25-percent-

line, xp chord line, xp

o -0.360 0.360
.026 ol .96
.053 .176 1.16
079 268 0 —1.307
.10 %7 1.413
.153 436 1.565
236 .529 1.510

1 595 = 1. lg
75 623 1.86

Section contour

Distance from

Lower-gurface

Upper-surface -

tip, vt ordinate, 27, ordinate, 2zyg
0.026 0.024 _ 0.0756
.053 .04l o .093
079 .052 L= .105
.105 061 _ 115

.158 og% .

i o lﬂ
a 1 090 7
.098 .151

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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. TABLE IT

ORDINATES FOR NACA 65-210 ATRFOIL

[?tations and ordinates in percent of wing chord.]

Upper surface Iower surface
Station Ordinsate Station Ordinate
0 0 0 0
435 819 .565 -.719
.678 - <999 022 -.059
1 169 1.273 1.331 -1.059
08 1.757 2.592 -1.3%85
h 98 2.91 5.102 -1.859
7.39L 3.069 7.606 -2.221
9.89L .55 10.106 -2.521
11:.899 i.35 15.101 ~2.992
23 909 }.538 20.091 -3.356
921 5.397 25.0 3 -3.60
22 .9%6 2732 50.0 -3.78
34.951 5.954 5.049 -3.89L
29.968 6.067 0.032 -3.925
;i.9 6.058 L5.016 -3%.868
50.000 5.915 50.000 -%.709
%om | 2w 5“ 35 | 3.2
(010 IR . -9
65.036 3.712 63 -2.652
70.043 Lh.128 ﬁ 957 -2.18L
75-0L5 5-&@9 -1.689
80.0L); 2.78% -1.191
85 052 2.057 8 q62 -.711
90.02 1.327 -.293
95.01L 222 93.8%6 .010
100.000 0 100.000 0
L.E. radius: 0.687. Slope of radius
through end of chord: 0.08L4

NATTIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

oy
oy
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TABLE III

NACA RM No.

Le6H28a

ORDINATES FOR CROSS SECTION OF SUPPORT PLATE

Station Ordinate
Distmance from Dlsteance from
leading edge chord line

(in.) (in.)
0 0
.05 02
12 033 _
.25 L05L .
32 .060
.62 .085
1.2 11
1.8 .l%z
2.50 165
3.12 .187
3.75 200
5.00 227
6.25 .250
7.50 .269
10.00 301
12,50 32
15.00 Bl -
17.50 .5;8
20.00 307
22.50 373
25.00 375
27,50 375
50,00 3 g
32.50 .5?
o Hepl
i
269
.250
227
.280
. 187
.1§?
<Ll
.l§9
085~
.oéﬁh
005
.038
.025
- 0
L.E. radius: 0.005

NATIONAL ADVISORY

' COMMITTEE FOR AERONAUTICS
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(a) Front view.

Figure l.- High-aspect-ratio wing mounted on vertical
support plate in Langley 8-foot high-speed tunnel.
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Fig.

(b) Three-quarter view oflright half of wing.

Figure l.- Continued.
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Fig. 3
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Fig. 4 . NACA RM No. L6H28a
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NACA RM No. 1L.6H28a Fig. 4g
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NACA RM No. 1.6H28a Fig. ba
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Fig. 6a ' - NACA RM No. L6H28a
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Section /oqding, c,,ca/s
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Section Joaqding, ¢, cb/s
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NACA RM No. 1.8H28a - Fig. 6h
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Fig. 7 . NACA RM No. L6H28a
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NACA RM No. L.6H28a Fig. 8
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Fig. 9 NACA RM No. L6H28a
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NACA RM No. L.BH28a g Fig. 10
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Fig. 11
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NACA RM No. L6H28a Fig.12
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Fig, 13 , _ NACA RM No. L6HZ8a
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Fig. 14b _ ' NACA RM No. L8H28a
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NACA RM No. L6H28a ‘ : Fig.1l4c

-/ 1
T — S 1AL
-/
2 Eeg)
— - /—0
0 N =
\\\ <] 1o
o N
?—08 <N
Q NN
3 YN
(4] -06 \\ N \\
S N TOAL ThyEoRY
04 \ \\\\\‘
-02 N
0 _ %
o) /0 20 30 40 S0 70 &80 > o) o0
Percent sermispanrn

€)'\l 760.
Frgurel#~Contrnued. e


http://www.abbottaerospace.com/technical-library

Fig. 144 NACA RM No. L6H28a
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NACA RM No. L6H28a Fig. 14e
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NACA RM No. L6H28s . Fig. l4g
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Fig. 14h . - . NACA RM No. L.6H28a
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NACA RM No. L6H28a
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Fig. 16
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NACA RM No. L6H28a ' Fig. 17

—T
7

o7 Oé
(deg) 7
Q06
//9
§
ié 05 //
i §§ 7 / 4/ f
: Amm &
L .as - :
E AR
§.oz
JT L hel otk
= M,C ~ é;vk
R 7 B 5 %
NMach rnurnber,NM NATIONAL ADVISORY

‘COMMITTEE FOR AERONAUTICS

Frgure /7 .— Voria#/on of wing profrie-
drag coerrrcienr wirh /Moch number.


http://www.abbottaerospace.com/technical-library

Fig. 18 NACA RM No. L6H28a
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NACA RM No. L8H28a Fig. 19
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Fig. 20a ©  NACA RM No, L.6H28a
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NACA RM No. 1.6H28a Fig. 20b
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Fig. 20c
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NACA RM No. L6H28a

Fig, 21a
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Fig. 21b - NACA RM No. L6H28a
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