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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1396

HIGH-SFEED TESTS OF AN AIRFOIL SECTION CAMBERED TO
HAVE CRITICAL MACH NUMBERS HIGHER THAN THOSE
ATTAINABLE WITH A UNIFORM-LOAD MPAN LINE

By Donald J. Graham

SUMMARY

High—-speed wind-tunnel tests have been made to determine the
aerodynamic cheracteristics of an NACA 6—series airfoil section
especially cambered to have critical Mach numbers higher than those
for an airfoil having the szme design 1ift coofficient with a
uniform—load type of moan camber line. Scction coefficients of
1ift, drag, and pitching moment for the airfoil, designatcd as a
modified NACA 66(109)w910 section with a modified mean camber linc,
are presented for angles of attack through the lift stell at Mach
numbers up to approximately 0.Q. Comparisons are made between the
characteristics of the modified airfoil and those of the NACA 66-210
airfoil with a uniform—load type of mean camber line.

The test results indicate most of the characteristics of the
modified NACA 66(100)—910 airfoil to be essentially the same as

those of the NACA 66210 (& = 1.0) airfoil. The especially cambered
airfoil exhibits slightly more favorable lift— and drag-—divergence
charscteristics, however, than the NACA 66-210 (& = 1.0) nirfoil,
the former having divergence Mach numbers appr>ximately 0.01 higher
than those of the latter over most of the useful lift-coefficient
range. This small difforence roughly corresponds to the difference
in the critical speeds of the two airfoil sections.

INTRODUCTION

The principal objective in the design of airfoil sections for
high-speed applications is the realization of high force-divergence
Moch numbors., For design purposes, however, the airfoil critical
Mach number is a more useful paramecter than the force—divergence
Moch number because it is directly under the control of the designer.
There being a qualitative correspondence between the critical Mach
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number and the lift— and drag»divérgencé Mackh numbers of an airfoil,

the higher critical spccd alrfoils-having highor 1lift— and drag-~
divergence Mach numbers, offorts to evolve suitableo airfoil
sections for high speeds accordingly have been conecentrated on the
development of airfoils having high critical Mach numbers. Design
methods have progressed sufficiently in this respect that for an
airfoil section of given thickness—~chord ratio the critical Mach
number for any specified lift coefficient moy be brought very close
to the maximum theoretically possible. In the design of airfoils
for various practical applications, of course, somc ccompromlses

are necessary which generally involve sacrifices in critical speed
below the maximum attainnble., In particular, the design must be
such as to permit a rate of pressure recovery near the trailing
edge which will result in a practicable zirfoil., Further, in
general aupplications, high critical speeds are desired over a range
of 1ift coefficients. This objective is sccomplished at soms
cxpense to the highest critical Mach number by providing at the

design 1ift coefficient a falrly steep gradient of falling pressures

from the leading cdge to the minimum pressure position with a
consecquently decrsased minimum pressure. The steeper pressure
gradient permits, within limits, a variation in lift coefficient
through changing the airfoil incidence without promoting a minimum
progsure at any other than the design positiocn with a comnsequent
reduction in critical speed.

The distribution of the camber of an airfoil of given
thicknecss determincs 1ts critical Mach number at the design 1lift
coefficient., For desirable critical-speed characteristics the
camber of an airfoil should be so distridbuted as to allow the
design lift to be carried with the minimum possible reduction in
critical speed below that of the corresponding symmetrical profile
at zero 1lift. Moreover, the 1ift distribution should be such as to
place the design 1ift coofficient near the middle of the lift—
cogfficient range over which the highest critical Mach numbers are
to be obtained. The uniform load type of mcan camber line was
devised as a positive stepr in this direction for by distributing
tho design 1lift uniformly over the chord of an airfoil, locel
induced velocity increoments were minimized and hence the reduction
in airfoil critical spoed bolow that of the basic thickness form
at zero 1ift was small. A more promising development in this
respect, howevor, appears to bec an airfoil designed for zero load
from the leading edge to the position of minimum pressure with all
its 1ift being carried from that point to the trailing edge. An
airfoil cambered in this manner would have the same critical Mach
number at the design 1ift coefficient as the corresponding
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gyrmotrical profile at zero 1ift and, at the same time, the range
of 1ift coefficicent for high critical spoeds would be unimpaircd.

An important disadvantage associated with the rearward loading
of an airfoil is the resultant large negative pitching moment. It
would therofore appear to be advantageous from the standpoint of
over—-all airfoil characteristics to effect a compromise between the
uniform type of loading and the exclusively rearward type of loading
by distributing a portion of the -design lift uniformly over the
airfoil forward of the minjmum pressure position and thc remainder
increasingly over the rear part of the airfoil from the minimum
pressure point to the trailing edge. To investigate experimentally
the effoectivences of this method for obtaining more favorable
critical-speed characteristics without seriously affecting the
principal aerodynamic characteristics of an airfoil, tests of an
NACA 6-series airfoil section (modified NACA 66(109)-210) cambered
in the monner Jjust described were conducted in the Ames 1— :
by 3% —foot high-speod wind tunnel.

The tests were confined to measurements of the section
characteristics of 1ift, drag, and pitching moment over a velocity
range from 0.3 to approxiuately 0.9 Mach number. The aerodynamic
characteristics which profoundly influcnce high-speed airplane
performance were evaluated and compared with the corresponding
chargcteristics for an NACA 66-210 airfoil section having a uniform~
load type of mean camber line. Mach numbers of 1ift and drag
divergence rather than critical speeds were used as measures of
aerodynamic performance at high specds.

SYMBOLS
cd section drqg coefficient
o) gection 1ift coefficient
Cli design section 1ift coefficient

°mc/4 sectlon moment coefficient about quarter—-chord point
c airfoil chord

M Mach number

v free-stream,velocity
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v local velocity on the airfoil surface -
5 distance along chord

a . ‘angle .of attack

ATRFOIL, DERIVATION

ST airf01l was derived from a combination of an e =
NACA 66(10@)—010 bagic thickness form with a modified trailing~

odbu region and o camber distribution obtained as a combination ..

of,two bagic NACA mean lines, The medificetion to the.trailing

edge consists of a straight-line fairing of a normal NACA 66(10¢)-010
airfoil to.give a finite‘trailing;adgo thickness and 2 cobtﬁnuoasly
changinn curvature frdn 90 prPCdb uhcrﬁ forwarl Lo the 05~yercent

proflle The mean Nmbor Iine oons¢stq of* thg superp931tion of
an a = 0.6 mean line for a design 1ift coefficient of —0.4 upon
an o = 1.0 mean line for a design lift coefficient of 0.6. The
resultant completc airfoil designation in NACA notatior is as
follows: : '

_ ' [ A=10 61y = 0.6 3
Modified NACA 66(10¢)~-210 - o ‘ f
: L 0.6, . c1y =-0.h4

o
e

n

Ordinates of the modified sirfoil are given in table I,

A comparison of the shape of the modified NACA 66(109)~210
airfoil together with its corresponding theoretical pressure
distribution at the design 1ift coefficient with the shape
pressure distribution at the same 1ift coefficient for the
NACA 66~210 airfoil having a uniform—load type (a = 1.0) of mean
camber line is given in figure 1. )

It should be noted that, although the respective thickness
distributions near the trailling edges of the two alrfoils ars
different, unpublished data on file at the Ames Leboratory
indicate no significant differences in the characteristics at
high Mach numbers of airfoils hgving sgimilar differences in
trailing—edge—thickness distributions. Any diffeyences in |

characteristics, then, between the modified NACA 66(10&).210

and the NACA 66-210 airfoils can logically be atpributed to the
difference in type cf camber.
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APPARATUS AND TESTS

The tests were conducted in the Ames 1-- by 3%~uoot high--
spoed wind tunnel, a low—turbulence, two—~dimensional—flow wind
tunnel powered by two 1000-horsepower motors. This power is
sufficient to obtain the choked—flow condition discussed in
reference 1 with any size model.

A 6~inch—chord model of the NACA 66(109)-210 airfoil with
a modified thickness distribution and mean camber line was
constructed of duralumin for the investigation. The airfoil
was mounted, 2s iliustrated in figure 2, so as to span completely
the 1-foot width of the tunnel test section. End leakage was
prevented, and two-dimensional flow thereby assured, through the
use of sponge—rubber gaskets compressed betweon the model ends and
the tunnel side walls.

‘Measurements of 11f{, drag, end quarter—chord pitching moment
were made simultaneously at Mach numbers from 0.3 to as high as
0.9 with the airfoil at angles of attack from -6° to 16° by
increments of 2°, This renge of engles was sufficient to encompass
the 1ift stall up to Mach numbers of the order of 0.8. The Reynolds
numbers varied from approximately 1 x 108 at the lowest speeds to
approximately 2 x 108 at the maximum gpeeds of the tests.'

Lift and pitching moments were determined by a method similar
to that described in reference 2 from measurements of the reactions
on the tunnel walls of forces cxperienced by the airfoil. Drag was
determined from wake-survey measurements made with a rake of totel-
head tubes.

RESULTS AND DISCUSSION

Section 1lift, drag, and quarter-chord pitching-moment coeffi-
cients are presented as functions of Mach number at constant angles
of attack in figures 2, U4, and 5, respectively, for the modified
NACA 66(109)-210 airfoil. Corresponding chernctcristics, obtained
from carlier tests in the same wind tunnel, for the NACA 66-210
airfoil sgection with a uniform—load type of mean camber line are
shown in figures 6, 7, and 8 for comparison. All data have been
corrected for tunnel-wall interference by the methods of reference 1.
The broken lines in the airfoil characteristic curves of figures 3
to 10 are used to indicate that dota obtained in the vicinity of the
wind—tunnel choking Mach number are not considercd reliable.
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Lift Characteristics

The variation in gection lift cocfficient with Mach number
for the modified NACA 66(109)-210 airfoil is very similar to
that for the NACA 66-210 profile. The corresponding cross plots
(figs. 9 and 10, rospectively, for the two airfoils) of the
variation in section 1lift coefficient with angle of attack for
various Mach numbers indicates the modified NACA 66(10g)-210
airfoil to be apprecciably different from the NACA 66~210 airfoil
only in the magnitude of the maximum 1ift coefficient, Up to
Mach numbers approaching 0.8, the maximum 1ift coefficients for
the modified airfoil are somewhat lower than those for the
NACA 66-210 airfoil. The variation in 1lift-—curve slope with Mach
number appears in figurs 11 to almost exactly parallel that for
the NACA €66-210 airfoil. The variations with Mach number in the
respective angles of zerc lift for the itwo airfeils may bs seen
in figure 12 to be virtually the same.

The only 1gﬂ1flcant difference in the supercriticnl—speed
1ift characteristics of the modified NACA 66(400)-210 and the
NACA 66-210 airfoils appears from figure 13 to lie in the lift— .
divergence Mach numbsrs. The Mach number of 1ift divergence for
a given angle of attack is defined as the lowest value of the
Mach number corresponding to an inflection point on the curve of
1ift coefficient as a function of Mach nuwber. For all positive
1ift coefficients the Mach numbers of 1ift divergence for the
modified NACA 66(109);210 airfoil exceed those for the NACA 66-210
airfoil, the gain eamounting to about 0,015 Mach number for 1ift
CQbfflCiGPtu ranging from the design value of 0.2 to approximately
0.85. This increment is somewhat greater than the difference
(approx. 0.01) in the corresponding estimated criticel speeds
(taken from reference 2) for the two sections. For negetive 1ift
coefficionts, however, the divergence characteristics for the two
airfoils are scen to be reversed, the normeslly cambered NACA 66-210
airfoil having the higher dnvcraepce velocities.

Drag Characteristics
(o

The drag characteristics of the modified NACA 66(109)-210
airfoil in general do not differ sensibly from thosc of
comparable normally cembered airfoils. In figurc 14 the variation
in section drag coefficient with Mach number at zero incidence
for the modified airfoil is seen to closely parallpi that for the
NACA 66210 airfoil., The Mach number of drag divergénce is.loosely
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defined for present purposes as that value of Mach number at which

the abrupt increase in drag ccefficient commences. Beyond the drag—

divergence Mach number, however, the modified NACA 66(109)-210 air—
foll appears to hold a small advantage over the latter airfoil.

For 1ift coefficients from 0.1 to 0.6, figure 13 shows the drag-

divergence Mach numbers for the modified airfoil to be higher than
those for the NACA 66~210 airfoil. Throughout most of this range
the difference amounts to approximately 0.01 Mach number and corre—
sponds to the previously mentioned difference in the critical Mach
numbers of the airfoils. As was noted in the case of 1lift diver—
gence, the modified NACA 66(109)-210 airfoil is inferior to the

NACA 66~210 airfoil in the matter of drag divergence at negative
1ift coefficients.

Pitching-Moment Characteristics

The variation in section guarter—chord pitching-moment coeffi-—
cient with Mach number, shown in figure 5 for the modified
NACA 66(109)-210 airfoil, resembles that illustrated in figure 8
for the NACA 66-210 section. Figure 15 depicts the behavior of
pitching-moment coofficient with Mach numbor at the design 1ift
coefficient for both airfoils. The value of the pitching~moment
coefficient before divergence is, as would be expected, more
negative for the rearward K loaded airfoil than for a similar airfoil
with a wniform-load type (a = 1.0) of camber line.

CONCLUSIONS

From the results of two-dimensional high-—speed wind—tunnel
tests of a modified NACA 66(109)-210 airfoil with a mean camber
line designed to give critical gpeeds higher than thosc attainable
with the uniform—load mean line, the following conclusions are
drawn:

1. The Mach numbers of 1lift divergence for the modified
NACA 66(109)~210 airfoil over most of the positive lift coeffi—
cient range are higher than the divergence Mach numbers for the
NACA 66-210 airfoil with uniform—load type of camber by an amount
(approxinately 0.015 Mach number) roughly corresponding to the
differconce in the critical Mach numbers of the two airfoil sections.
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2. The characteristics of lift-curve slope and zero-1ift
incidence for the modified NACA 66(105)-210 airfoil and for

the NACA 66—210 (a = 1.0) sirfoll are v1r+ua‘l tho same.

3. The drag-divergence Mach numbors for the modifiocd
NACA Go(loo) 210 airfoil are higher than those Tor tho
NACA 66-210 (2 = 1.0) airfoil over a limited lift-~ccefficient
range by an amount equal to the difference (0.0l Mach number)
in the critical Mach numbers of the two profiles.

4, Pitching-moment coefficients are more negative for the
modified NACA 66(1oc)~210 airfoil than those for the NACA
66210 (a = 1.0) airfoil; the respectivs variations in this
pvarameter with Mach number for the two sections are similar,
howover.

Ames Aeronautical Laboratory,
National Advisory Cormitstese for Aeronautics,
Moffett Field, Calif. , July 1947

-
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TABLE I.— MODIFIED NiCA 66({109)-210
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Fig. 2
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Airfoil model mounted in the test section of the
- by 3-1/2 foot high-speed wind tunnel.

Ames 1

Figure 2.-
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