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THE DEVELOPMENT OF CAMBERED AIRFOIL SECTIONS HAVING FAVORABLE LIFT
CHARACTERISTICS AT SUPERCRITICAL MACH NUMBERS

By Donaip J. GRaHAM

SUMDMARY

Sereral groups of new airfoil sections, designated as the
NACA 8-series, are derived analytically to hare Lift character-
istics at supercritical Xfach numbers which are farorable in the
sense that the abrupt loss of lift, characteristic of the usual airfoil
gection at Afack numbers above the critical, e aroided. Aero-
dynamic characteristics determined from two-dimensional
wind-tunnel tests at JMach numbers up to approximately 0.9
are presented for ecach of the derived airfoils. Comparisons
are made between the characteristics of these airfoils and the
corresponding characteristics of representative NACA 6-series
airfoils.

The experimental results confirm the design expectations in
demonstrating for the NACA 8-series airfoils either no varia-
tion, or an increase from the low-speed design value, in the lift
evefficient at a constant angle of attack with increasing Alach
number above the eriticel. It was not found possible fo im-
prove the variation with Mach number of the slope of the lift
curve for these airfoils abore that for the NACA 6-series
airfoils. The drag characteristics of the new airfoils are some-
what inferior to those of the NACA 6-series with respect to
divergence with Afach number, but the pitching-moment
characteristics are more farvorable for the thinner new sections
in demonstrating somewhat smaller variations of moment
coefficient with both angle of attack and Mach number.

The effect on the aerodynamic characteristics at high Mlach
numbers of removing the cusp from the trailing-edge regions
of two I10-perceni-chord-<thick NACA 8-series airfoils is de-
termined to be negligible.

The use of a negatively deflected plain flap at supercritical
Alach numbers on an NACA 6-series airfoil is indicafed to
be a feasible and promising means for obtaining on demand the
favorable variation with Mach number of the lift coefficient
at a given angle of attack, characteristic of the NACA 8-series
airfoils, while retaining at all other times the superior drag
characteristics of the NACA 6-series type of airfoil.

INTRODUCTION

The usual positively cambered airfoil sections exhibit two
particularly undesirable characteristics at supercritical Mach
numbers. The angle of attack corresponding to the design
lift coefficient increases rapidly with increasing Mach num-
ber above that for lift divergence, and the lift-curve slope
decreases sharply at these Mach numbers. The effects of

these characteristics- on airplanes employing such wing
sections is to alter, respectively, the longitudinal trim and the
longitudinal stability and controllability in such a manner
as to promote serious airplane diving attitudes, recovery
from which may be extremely difficult with normal controls.
(See reference 1.) On light highly maneuverable aircraft,
these characteristics can be avoided or satisfactorily coped
with by the use of symmetrical airfoil sections and special
controls, Neither of these means is advisable for large
heavily loaded aireraft, however; the first, because in this

case the airfoil must of necessity carry some design lift, and

the second, because, as is stated in reference 1, the trim
changes occur so abruptly that the aircraft would be sub-

jected to dangerously high accelerations before the controls
The logical means for avoiding the trim

could be reset.
and stability changes on large airplanes is the employment of
airfoil sections having no adverse changes with Mach num-

ber of the angle of attack for the design lift coefficient and

of the slope of the lift curve. The development of airfoils
having such characteristies at supercritical Mach numbers
has accordingly been made the subject of an intensive search,

Although it has not yet been found possible to control the
variation with Mach number of the lift-curve slope, 2 means
for achieving a favorable variation with Mach number of the
lift of a positively cambered airfoil at the design attitude
has been conceived by H. Julian Allen of the Ames Aero-
nautical Laboratory. This principle has been employed to

derive analytically & new group of airfoil sections, designated

the NACA 8-series. The aerodynamic characteristics of
these airfoils have been determined experimentally in the
Ames 1- by 3%-foot high-speed wind tunnel, and the results
have, in most cases, confirmed the design expectations. An
account of the airfoil development, anealytical and experi-
mental, is the subject of the present report.

ATRFOIL DEVELOPMENT

It was observed early in the course of investigations of com-
pressibility effects on airfoil characteristics that the initial
loss in lift (sometimes termed the “shock stall’’} experienced
at supercritical Mach numbers was associated with the forma-
tion of a compression shock wave on the upper surface of an
airfoil before the critical Mach number of the lower surface
had been exceeded. It has been concluded that the loss in
lift results from an effective change in the airfoil camber oc-

casioned by a suddenly thickened boundary layer behind the
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shock wave on the upper surface while the boundary layer
on the lower surface remains sensibly unchanged. Previous
research bas been aimed at continuously increasing the Mach
number of occurrence of the compression shock so as to delay
the shock stall. In the present development the upper-
surface shock wave is accepted, but the associated loss in
airfoil lift is forestalled by inducing a corresponding shock,
with accompanying boundary-layer growth, to occur on the
lower surface.

It was reasoned that if the flow over both surfaces could .
be kept similar at supecreritical Mach numbers the net lift

of an airfoil could be maintained at an approximately
constant design value. To effect this result the respective
minimum pressures on the upper and lower surfaces would
have to be equal. Because the drag characteristics at
supercritical Mach numbers would be adversely affected by
simultanous occurrence of compression shocks on the
respective surfaces, it would be desirable to obtain the
highest possible airfoil critical Mach number, It was
further realized that, to produce a positive lift force on the
airfoil at supercritical Mach numbers under this condition,
the position of minimum pressure would have to be located
farther aft on the lower surface than on the upper surface.
The respective upper- end lower- surface minimum pressures
being equal, a more severe adverse pressure gradient would
thus be imposed aft of the minimum pressure position on
the lower surface, forcing a greater thickening of the bound-
ary layer on this surface at Mach, numbers above the

critical. 'The effect of the thickened lower-surface boundary

layer should compensate, to a degree depending upon the
respective upper- and lower-surface velocity distributions,
for the upper-surface boundary-layer growth and result in
either no change or an effectively positive change in the
airfoil camber at Mach numbers above the critical. It
was therefore concluded that, by suitably choosing the
velocity distributions over the upper and lower surfaces,
airfoil sections could be designed to have, at a given angle
of attack, an approximately constant or an increased Lft at
supercritical Mach numbers.

Following this line of reasoning, an initial group of three
NACA 8-series airfoil sections, 16-percent—chord thick, hav-
ing different respective positions of minimum pressure (or
maximum local velocity) on the upper and lower surfaces was
designed and tested. The sections were derived in essentially
the same manner as were the later families of NACA airfoils
by combining mean camber lines with basic thickness forms
to produce a desired velocity distribution. Velocity distribu-
tions were selected to provide the desired aerodynamic
characteristics at-supercritical Mach numbers, and the airfoil
shapes corresponding to these distributions were determined
by the method of reference 2.

The first airfoil was proportioned to have equal upper- and
lower-surface minimum pressures occwring at 30 and 50
percent of the chord, respectively. The base profile was
obtained by combining proper fractions of the thickness
forms of the NACA 63- and 65-series airfoils and the ‘“‘double-
roof”’ profiles of reference 2. A mean camber line satisflying
the condition of equal minimum pressures for the upper and
lower surfaces was determined by combining suitable pro-
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portions of the NACA ¢=0.3, 0.5, and 1.0 mean lines. (See
reference 3.) The ordinates of the mean camber line were
adjusted to produce the desired design lift coefficient. The
actual airfoil shape was then obtained by combining the base
profile with the mean camber line, using the methods of
references 2 and 3.

In the manner described three airfoil sections were derived
with different respective upper- and lower-surface minimum-
pressure positions so located as to permit the effects of a
variation of the severity of the lower-surface pressurc re-
covery _to be observed. The airfoils were demgnatgd as
fo]Iows - -

NACA 8354216

NACA 836A216 SR

NACA 847A216

The shapes and velocity distributions for these airfoils are
illustrated in figure 1.

The numbermg system for these airfoils is identical with
that given in reference 3 for the NACA 7-series airfoils and is
summarized as follows:

1st digit— Airfoil series number
2nd dig'it—Position of minimum pressure on upper surface
in tenths of chord from leading edge

8rd digit— Position of minimum pressure on lower surface
in tenths of chord from leading edge

Serial letter distinguishing airfoils heving the
same thickness, design lift coefficient and
minimum pressure positions but different
camber or thickness distributions

4th digit —Design lift coeficient in tenths

6th and 6th digits—Thickness-chord ratio in hundredths

Tests of the initial three airfoils revealed variations in lift
coefficient with Mach number in the vicinity of the design
lift coefficient which at supereritical Mach numbers differcd
in important aspects from the type of variation normally
observed for airfoil sections. The lift coefficient at a constant
angle of attack increased markedly with increasing Mach
number above that for normal lift divergence as contrasted
with the usually noted opposite variation. Instead of
decreasing with increasing Mach number above that for
normal lift divergence, the lift coefficient at a constant angle
of attack increased markedly with Mach number. This
result confirmed the design expectations to a greater degree
than s.nt1c1pated and indicated that great dlfﬁculty would
be experienced in trimming an airplane using such wing
sections at any but positive lift coefficients at supereritical
Mach numbers, an important safety feature for large
heavily loaded aircraft. This characteristic was unfortu-
nately accompanied by erratic and, from the standpoint of
airplane controllability, undesirable variations with Mach
number of the slopes of the lift curves.

The desired type of supereritical speed. lift characteristic
having been realized, efforts were directed toward the der.va-
tion of thinner sections with modified camber so as to produce
less powerful lift changes at supercritical Mach numbers. A
group of 10-percent-chord-thick profiles was accordingly
derived from the NACA 836A216 airfoil, this section among
those tested having the most favorable characteristics at low
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and moderate lift coefficients. This second group of airfoil
sections was composed of the following:

NACA 836A110

NACA 836B110

NACA 836C110 .

NACA 836D110

The NACA 836A110 airfoil was scaled down in thickness
from the NACA 836A216 airfoil and the camber-line ordi-
nates were adjusted to give a design lift coefficient of 0.1.
Tests of this airfoil disclosed the need for modification of both
the thickness and the camber distribution, the gain in lift at
supercritical Mach numbers still being greater than destrable.

It was reasoned that, by decreasing the negative lift carried
over the rear portion of the airfoill at suberitical Mach
numbers, the change in the total 1if¢ of the airfoil at super-
critical Mach numbers would be reduced. The NACA
836B110 airfoil was designed to effect this result by modifying
both the mean camber line and the thickness distribution of
the NACA 836A110 arifoil. The mean camber line for the
former was obtained as the sum of equal proportions of the
ordinates and slopes of the mean line for the latter airfoil,
and of a uniform load (¢=1.0) mean line. The upper- and
lower-surface minimum pressures were maintained approxi-
mately equal by adding to one-half of the base profile ordi-
nates of the NACA 836A110 airfoil, one-half of those for the
NACA 66-010 airfoil. The resulting changes in profile and
velocity distribution may be noted from an examination of
parts (d) and (e} of figure 1.

The NACA 836C110 airfoil was designed to investigate the
effect on the supereritical speed aerodynamic characteristies
of the NACA 836B110 airfoil of removing the cusp from the
rear portion of the profile. The former differs from the NACA
836B110 airfoil only in that the profile is linear over
approximately the last two-tenths of the chord.

Tests of the NACA 836B110 airfoil indicated that the
profile modification from the NACA 836A110 airfoil was
effective in reducing the magnitude of the lift-coefficient
increase at supercritical Mach numbers in the vicinity of the
design lift coefficient. Further improvement was still felt
to be desirable, however, particularly in the slope of the lift
curve at lift coefficients greater than the desigh value. A
decrease in the severity of the pressure recovery over the
lower surface (by decreasing the negative pressure peak)
was indicated as a possible corrective measure. —To test
this hypothesis, the NACA 836D110 airfoil was derived by
combining the thickness form obtained as the sum of equal
proportions of the NACA 836A010 and 63—010 profiles with
the mean camber line of the NACA 836B110 airfoil. The
difference between the NACA 836B110 and 836D110 airfoils
may be seen from figure 1 to be principally in the magnitude
of the lower-surface minimum pressure.

To investigate the possibility of realizing improved char-
acteristics from more rearward minimum-pressure positions
on both surfaces, three additional 10-percent-chord-thick
sections were derived from the NACA 847A216 airfoil and
were designated as follows:

NACA 847A110
NACA 847B110
NACA 847C110

The NACA 847A110 airfoil was derived from the NACA
847A216 airfoil by reducing the base-profile ordinates of the
latter in the ratio of fifteen-sixteenths times the quotient
resulting from the division of the ordinates of the NACA
66010 airfoil by the ordinates for the NACA 66,015 air-
foil, and by reducing the camber-line ordinates and slopes in
the ratio 10:16. The NACA 847B110 airfoil was obtsained
by combining the sum of one-half of the base-profile ordi-
nates of the NACA 847A110 airfoill and one-half of those
for the NACA 64010 airfoil with the mean camber line
consisting of equal proportions of the slopes and ordinates
of the mean line for the NACA 847A110 airfoil end of the
uniform load mean line. The NACA 847C110 airfoil con-
sists of the NACA 847B110 airfoil with the cusp removed
from the trailing-edge region of the latter by substituting
straight lines for the portion of the profile from approxi-
mately the 80-percent-chord position to the trailing edge.

The ordinates of all of the airfoils investigated are given in
tables I to X. The shapes and theoretical velocity distri-

butions for all but the NACA 836C110 and 847C110 airfoils . _

(which differ but slightly from the NACA 836B110 and
847B110 airfoils, respectively) are illustrated in figure 1.

It is to be noted that negative deflections of a plain trailing-
edge flap on an ordinary airfoil section would produce lower-
surface veloeity distributions approaching in character the
distribution previously described for the new type of airfoil
section with the reflexed mean camber line. The results of
an investigation (also conducted in the Ames 1- by 334-foot
high-speed wind tunnel) of an NACA 65-210 airfoil with a
20-percent-chord negatively deflected flap accordingly are
presented and compared in the present report with those for
the NACA 8-series profiles.

SYMBOLS

a mean-line designation, fraction of chord from
leading edge over which design load is uniform

ay airfoil section lift-curve slope, per degree

€ chord, feet

Ca section drag coefficient

er section lift coefficient

e, design section lift coefficient _

Cogp section moment coefficient about quarter-chord
point

M Mach number

1% free-stream velocity, feet per second

) loeal velocity, feet per second

z distance along chord, feet

Y distance perpendicular to chord, feet

g section angle of attack, degrees

o section angle of attack corresponding to design
lift coefficient, degrees

3, flap deflection, degrees
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FigUuRE 1.—Theoretical veloeity distribytions snd profiles for the NACA 8-serles airfoils.
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APPARATUS AND TESTS

The tests were made in the Ames 1- by 334-foot high-speed
wind tunnel, a low-turbulence, two-dimensional-flow wind
tunnel.

The airfoil models were accurately constructed of alumi-
num glloy and were of 6-inch chord and 12-inch span. The
models completely spanned the narrow dimension of the
tunnel test section. Two-dimensional flow was assured
through the use of sponge-rubber geskets (to prevent end
leakage) compressed between the model ends and the tunnel
walls.

Measurements of lift, drag, and quarter-chord pitching
moment were made as nearly simultaneously as possible at
Mach numbers ranging from 0.3 to as high as 0.9 for each
of the airfoils at angles of attack increasing by 2° increments
from —6° to a maximum of 12°. The Reynolds number
variation with Mach number for the tests is expressed
graphically in figure 2.

Lift and pitching moments were evaluated by a method
similar to that deseribed in reference 3 from integrations
of the pressure reactions on the floor and ceiling of the tunnel
of the forces on the airfoils. Drag values were determined
from wake-survey measurements made with a rake of total-
head tubes.
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Fierre 2.—The variation of Reynolds number with Alach number for tests of 6-Inch-chord
wirfoll models in the Ames i- by 3%-foot high-speed wind {unnel.
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RESULTS AND DISCUSSION

Section aerodynamic characteristics in coefficient form are
presented as functions of Mach number in figures 3 to 47
for the NACA 8-series airfoils, two representative NACA
6-series airfoils, and the NACA 65-210 airfoil with a 20-
percent-chord plain trailing-edge flap neutral and negatively
deflected through 6°. All the characteristics are shown
corrected for tunnel-wall interference by the methods of
reference 4. The dashed portions of the airioil characteristics
curves serve to indicate the extent of possibly unreliable
data obtained in the close vieinity of Mach numbers for
which the flow in the tunnel test seetion was choked, that is,
for which the Mach number of unity was attained locally
across the test section.

CHARACTERISTICS OF INITIAL THREE AIRFOILS

It is seen from figures 3, 4, and 5 that the respective var-
iations with Mach number of the lift coefficient at constant
angles of attack for the NACA 835A216, 8364216, and
847A216 airfoils differ markedly from the variations gener-
ally observed for ordinary airfoil sections. An sbrupt in-
crease of large magnitude occurs in the lift coefficient at
angles of attack within the normally useful range at Mach

numbers above those for lift divergence in place of the cus-

tomary decrease in lift coefficient. The difference in char-
acteristics is emphasized in figure 6 which illustrates the
variation with Mach number of the angle of attack required
to maintain the design lift coefficient of 0.2 for each of these
NACA 8-series airfoils, and for the NACA 65,215, a=0.5
airfoil (see reference 5), a representative NACA 6-series
airfoil.

The esplanation for the radical lift characteristics of the
new airfoils is to be found in an examination of the theoretical
low-speed velocity distributions of figure 1. At Mach
numbers above the critical the strong adverse pressure
gradient aft of the minimum-pressure position on the lower
surface promotes a rapid thickening and separation of the
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boundary layer from this surface, resulting in the loss of an
extensive portion of the negative lift carried over that part
of the airfoil immediately aft of the lower-surface minimum-
pressure position. The increasing extent of the separation
on the lower surface with increasing Mach number produces
the increasingly positive variation of lift coefficient at con-
stent angles of attack observed in figures 3, 4, and 5.

The variation with Mach number of the lift coefficient at
low positive and negative angles of attack, although favorable
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in the sense that the lift coefficient increases with Mach num-
ber rather than decreases, is so violent for these three airfoils
as o cause very erratic and undesirable variations in the slope
of the lift curve at the higher Mach numbers.
The variation of the angle of attack necessary to maintain
the design lift coefficient of 0.2, although in the direction
to promote safety at high Mach numbers for an airplane
employing such airfoils as wing sections, has already been
observed in figure 6 to be undesirably large. For these
too severely and that & modified amount of camber as well
as a change in the distribution would produce less drastic
changes in the Iift coefficient with increasing Mach number.

The drag characteristics of the three airfoils (figs. 8, 9, and
10), as was expected, are much inferior to those of the NACA
6-series airfoils, as represented in reference 5 by the NACA
655215, a=0.5 and NACA 66,2-215, a=0.6 airfoils, with
respect to divergence with increasing Mach number at low
and moderate angles of attack despite allowance for the small
difference in thickness of the airfoils. '

The variation of pitching-moment coefficient with Mach
number for the NACA 835A216, 836A216, and 847A216
airfoils, shown in figures 11, 12, and 13, respectively, is
consistent with the variation of lift coefficient. The moment
coefficients vary from positive values at low Mach numbers
where negative lift is carried over the rearward portion of
the airfoil to negative values at high Mach numbers where
this negative lift is lost.
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(See fig. 7.)
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CHARACTERISTICS OF THE NACA 836-110 AIRFOILS

NACA 836A110.—Because current design trends indicate
thinner wing sections for high Mach number applications,
it was considered desirable to further the investigation on
airfoil sections of 10-percent-chord maximum thickness.
The effect of halving the amount of camber and decreasing
the profile thickness of the NACA 836A216 airfoil may be
seen from an examination of the characteristics of the NACA
8364110 airfoil.

The variation of lift coefficient with Mach number for
this airfoil (fig. 14) is much less drastic at supercritical Mach
numbers than that noted in figure 3 for the NACA 8364216
airfoil. The lift-curve-slope variation with Mach number is
considerably improved for the NACA 836A110 airfoil (cf.,
figs. 7 and 19), and the angle of attack required to maintain
the lift coefficient at the design value (cf., figs. 6 and 20) is
correspondingly reduced for the thinner lower-cambered
profile. The latter variation is still undesirably large,
however.

The differences in the lift characteristics of the NACA
8364110 airfoil and the NACA 64-110 airfoil, as representa-
tive of the best NACA 6-series sections for high Mach num-
ber applications, may be seen from a comparison of figures
14 and 18 to lie in the variations of lift coefficient with Mach
number at small positive and negative angles of attack. The
departure of the characteristics of the former airfoil from
those usually observed for airfoil sections at supercritical
Mach numbers is more strikingly illustrated in figure 20,
depicting the variation with Mach number of the angle of
attack required to maintain the design lift coefficient of 0.1
for the NACA 836-110 and 64-110 airfoil sections.

The drag and pitching-moment characteristics of the
NACA 64-110 airfoil section at high Mach numbers being
unavailable at the present writing, these characteristies for
the NACA 8364110 airfoil must be compared with those for
the NACA 65-210 airfoil as the next most representative
profile of the NACA 6-series airfoils available. The drag
characteristics of the NACA 836A110 airfoil (fig. 21) com-
pare unfavorably with those of the NACA 65-210 airfoil
ifig. 25), particularly at the angles of attack corresponding
to the lower lift coefficients. Divergence not only occurs
earlier for the former, but the drag coefficients at a given Iift
coefficient are higher.

From figures 26 and 30, respectively, the pitching-moment
coefficients for the NACA 836A110 airfoil, in addition to
being more positive, exhibit & generally smaller variation
with Mach number than do those for the NACA 65-210
airfoil.

NACA 836B110.—The NACA 836B110 airfoil was derived
from the NACA 836A110 airfoil in such a manner as to reduce
the negative lift on the after portion of the airfoil at sub-
critical Mach numbers at the design lift attitude and to
retain the approximately equal critical Mach numbers of the
upper and lower surfaces. The effect of these profile modi-
fications on the lift-coefficient variation with Mach number
is shown by a comparison of figures 14 and 15. The varia-
tion in the vicinity of the design lift coefficient is seen to be
small for the NACA 836B110 airfoil as compared with that

for the NACA 836A110 airfoil. At angles of attack appreei-
ably above and below the ideal angle, the lift-coefficient

varigtion resembles that observed for the NACA 6-scries

type of section. (See figs. 18 and 42 for the NACA 64-110
and 65-210 airfoils.)

A considerable increase in the slope of the lift curve at the
design lift coefficient is observed in figure 19 for the NACA
836B110 airfoil over that of the NACA 836A110 airfoil for
Mach numbers between 0.75 and 0.85. The variation with
Mach number of this parameter for the former airfoil is
closely comparable to that for the NACA 64-110 airfoil.
From figure 20, it can be seen that the variation with Mach
number of the angle of attack necessary to maintain the
design lift coefficient for the NACA 836B110 airfoil is greatly
reduced from that observed for the NACA S36A110 airfoil.

The drag characteristics of the NACA 836B110 airfoil

(Rig. 22), although considerably improved over those of the
NACA 836A110 section, are still inferior with respect to
divergence with Mach number in the vicinity of the design
lift coefficient to those of the NACA 65-210 airfoil when
compared on the basis of equal lift coefficients for the two
airfoils. )

The variation in pitching-moment coefficient with Mach
number (fig. 27) for the NACA 836B110 airfoil closely
approaches that for the NACA 65-210 airfoil, as a result
of the camber modification from that of the NACA 836A110
airfoil.

NACA 836C110.--This airfoil section was tested to deter-
mine the effect on the aerodynamic characteristics of the
NACA 836B110 airfoil of removing the cusp from the trailing-
edge region of the airfoil. Comparison of the respective
variations with Mach number of lift, drag, and pitching-
moment coefficients (figs. 16, 23, and 28, respectively) for
the NACA 836C110 airfoil with the corresponding variations
for the NACA 836B110 airfoil reveals no significant differ-
ences in the characteristics of the two sections.

NACA 836D110.—The NACA 836D110 airfoil was designed
to investigate the effect of both decreasing the amount
of negative design lift from that of the NACA
836A110 airfoil and raising the lower-surface critical Mach
number above that of the upper surfece (note theoretical
velocity distribution, fig. 1) in an attempt to obtain & more
favorable variation with Mach number of the slope of the
lift curve. Figure 17 indicates the NACA 836D110 airfoil
to be the most promising of those yet discussed, virtually
no variation with Mach number being manifest in the lift
coefficient near the design value. This characteristic is re-
flected in the small variation with Mach number in the angle
of attack required to maintain the design lift coefficient of
0.1. (See fig. 20.) With reference again to figure 17, the
variation with Mach number of lift coefficient at
constant angles of attack other than that corresponding to
the design lift coefficient indicated lift-curve slopes closely
resembling those of the NACA 6-series airfoils as represented
in figure 18.

Except at the higher lift coefficients, no improvement in
drag characteristics from those of the NACA 836B110 airfoil
resulted from this profile modification.
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The variation with Mach number in the pitching-moment
coefficients of the NACA 836D110 airfoil (fig. 29) does not
differ noteworthily from those for the other airfoils of the
series.

CHARACTERISTICS OF THE NACA 847-110 AIRFOILS

NACA 847A110.—The NACA 847A110 airfoil was derived
from the NACA 847A216 section by decreasing the thickness
and the camber-line ordinates in the same manner as was
done in the case of the NACA 836A110 airfoil. The lift-
coefficient variation with Mach number (fig. 31) closely
resembles that for the latter airfoil. The variation with
Mach number of the angle of attack required to maintain
the design lift coefficient (fig. 35) is similar to that observed
for the NACA 836A110 airfoil (fig. 20).

The variation in drag coefficient with Mach number (fig.
36) is more favorable for the NACA 847A110 airfoil than
for the NACA 836A110 airfoil from the standpoint of diver-
gence with Mach number at angles of attack in the vicinity
of the ideal angle.

The pitching-moment-~coefficient variation with Mach
number for the NACA 847A110 airfoil (fig. 39) is similar to
that for the NACA 836A110 airfoil, but the moment co-
efficients are of smaller magnitude.

NACA 847B110.—The lift characteristies of this airfoil,
developed from the NACA 847A110 airfoil by decreasing the
negative contribution to the design lift distribution and by
decreasing the lower-surface pressure peak below that of the
upper surface, are seen from figure 32 to be considerably
improved over those of the latter airfoil. As in the case of
the NACA 836D110 section, the variation with Mach num-
ber of the lift coefficient in the vicinity of the design value is
indicated to be very small, and yet a reasonably satisfactory
lift-curve slope is retained.. (See fig. 34.) The variation
with Mach number of the angle of attack for maintenance of
the design lift coefficient (fig. 35) is as favorable as that
observed for the NACA 836D110 airfoil. A marked im-
provement in the variation of drag coefficient with Mach
number at zero lift is noted from a comparison of figures 36
and 37 for the NACA 847A110 and 847B110 airfoils, respec-
tively. For this condition the drag-coeflicient variation of
the latter airfoil is superior to that of the NACA 836D110
airfoil. The superiority is considerably reduced at the design
lift coefficient and disappears at the higher Lift coefficients.

The variation in pitching-moment coefficient with Mach
number for the NACA 847B110 airfoil (fig. 40) is observed
to be very small in the vicinity of the design lift coefficient
and parallels the characteristics of the NACA 836D110
airfoil in this respect.

NACA 847C110.—This airfoil was dwlgned to 1nvest1gate
further the effects on the characteristics at high subsonic
Mach numbers of removing the cusp from the trailing-edge
region of an airfoil. From figures 33, 34, 35, 37, 38, 40, and 41,
the characteristics of the resulting airfoil are seen to be
essentially the same as those of the cusped NACA 847B110
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profile. From this and the similar result observed in the
cagse of the NACA 836-110 airfoils it is concluded that for
10-percent~chord-thick airfoils of this type of section the
aerodynamic characteristics are not materially affected by
removal of the cusp from the after portion of the profile.

It is to be noted that in the case of both the NACA
836-110 and the NACA 847-110 airfoil developments the
sections having the most favorable lifi characteristics are
those for which the negative portion of the design lift is
small and for which the minimum pressure is somewhat
lower on the upper surface than on the lower surface of the
airfoil. The latter result is in contradiction to the design
assumption that the upper- and lower-swface pressure
peaks should be equal. Although it was not. found possible
to improve the lift-curve-slope variation with Mach number
for these airfoils over that characteristic of the NACA
6-series_airfoils, the NACA 836D110 and 847B110 profiles
are indicated to be the equal of the NACA 6-serics type in
this respect. The drag characteristics of the best NACA
8-series airfoils thus far derived are not as favorable as
those of NACA 6-series airfoils in that the drag-divergence
Mach numbers are lower for comparable lift coefficients in
the vicinity of the design lift coefficients. The pitching-
moment characteristics of the more promising airfoils of the
NACA B8-series are, if anyihing, superior to those of the
NACA 6-series in that the variations of moment coefficient
with Mach number are generally smaller for the former.

CHARACTERISTICS OF AN AIRFOIL WITH A NEGATIVELY DEFLECTED FLAP

From an examination of the lift characteristics of an
NACA 65-210 airfoil section with a 20-percent-chord plain
trailing-edge flap, a marked similarity was noted between the
variation with Mach number of the lift coefficient at various
angles of attack for a small negative flap deflection and the
characteristics previously observed for the NACA 8-series
airfoils. It would be very desirable to be able, by negatively
deflecting a plain flap, to effectively reflex the camber of a
wing section on an airplane in flight from the uniform load
type at subcritical Mach numbers to something approaching
that of an NACA 8-series profile at supereritical Mach num-
bers. To permit an appraisal of the characteristics of an
airfoil with a negatively deflected fap at high Mach numbers,
the aerodynamic characteristics of the NACA 65-210 section
with & 20-percent-chord plain flap undeflected, and nega-
tively deflected 6°, are presented in figures 42, 25, and 30 and
in figures 43, 46, and 47, respectively, for comparison with
those of the NAC‘A 8-series airfoils investigated.

The s:mﬂant.y between the respective variations with
Mach number in the lift coefficient at a constant angle of
attack for the NACA 65-210 airfoil with the flap deflected
—6° and the NACA 836D110 and 847B110 airfoils is readily
apparent from a comparison of figures 43, 17, and 32.
The lift characteristics of the threc airfoils are further com-
pared in figures 44 and 45 depicting the respective variaiions
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with Mach number in the lift-curve slope and the angle of
attack required to maintain the lift coefficient of 0.1. The
similarity between the latter characteristics for the airfoil
with the negatively deflected flap and the two NACA 8-series
airfoils is unmistakable.

The drag characteristies of the flapped airfoil (fig. 46) are
similar to those of the NACA 836D110 and 847B110 airfoils.
The pitching-moment characteristics of the three airfoils
(figs. 47, 29, and 40) also bear a close resemblance to one
another.

The principle of reflexing the camber line by negatively
deflecting plain training-edge flaps on NACA 6-series airfoils
at supercritical Mach numbers to produce favorsble varia-
tions in lift coefficient with increasing Mach number on the
strength of the results contained herein has already found
important application (in an expedient scnse) on several
high-speed airplanes and merits further investigation.

CONCLUDING REMARKS

A new group of airfoil sections, designated the NACA
8-series, has been developed having favorable lift charac-
teristics at supercritical Mach numbers. Through the use of
negative camber over a portion of the airfoil chord it has
proved possible to hold the lift coefficient of the new type of
airfoil approximately constant at some design value with
inereasing Mach number fo at least 0.9 Mach number, the
limit of the present investigation. By suitably choosing the
camber and thickness distributions for the airfoils, a particu-
lar variation with Mach number of the angle of attack
required to maintain a given design lift coefficient can be
obtained. No means has been found for improving the lift-
curve-slope characteristics of the NACA 8-series airfoils
beyond those of the NACA 6-series sections. Although some
control can be exercised over the drag and pitehing-moment
characteristics of the former airfoil sections without adversely
affecting the lift characteristies, it is generally necessary to
accept drag characteristics somewhat poorer with respect to
divergence with Mach number than those of the NACA 6-
series airfoils presently used for high Mach number applica-
tions. The pitching-moment characteristics of the NACA
8-series airfoils are generally more favorable than those of the
NACA 6-series airfoils in that the variations of pitching-
moment coefficient with Mach number and angle of attack at
supercritical Mach numbers are somewhat smaller for the
former.

Flat-sided profiles may be used in place of the cusped
trailing-edge profiles on 10-percent-chord-thick NACA 8-
series airfoils without significantly altering the aerodynamic
characteristics of the airfoils at supereritical Mach numbers.

The lift characteristics of the NACA 8-series airfoils at
supercritical Mach numbers can be approximated with
NACA 6-series airfoils through the use of negatively deflected
plein trailing-edge flaps. This application appears to be a
promising means for obtaining on demand the favorable
variation with Mach number of the lift coefficient at a given

angle of attack, characteristic of the NACA 8-series airfoils,

and yet retaining at &ll other times the superior drag charac-
teristics of the NACA 6-series airfoils. ’

AyEs AERONAUTICAL LiABORATORY,
NairionaL Apvisory COMMITTEE FOR AERONAUTICS,
Morrerr Fiewp, Cavrr., Sept. 22, 1948.
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Fi1oCre 27.—~The variation of section quarter-chord moment coefficient with Mach number
at various angles of attack for the NACA 836B110 airfoll.

tn
A

} $
CR- § ‘f 3
- O a=-6 - O =6
*g oo=-4' ® O a=4°
K. o a=-2° K] o a=-2* 1%
L .3 b a=0° S 2 pac0° -
& qa=27 = aa* 2: A'
R :
o= Lo o Lo=6 /OA
r 2 Sax=d 2% w S8 rG s
H 4ac=l0 /fl:-c\- S 4 =10 \
£ 7 a3zi2° :r,:f £ t— N
Q
2 2, g R
E Rl ! ‘\‘ 'E y\
(5 At Ps (3]
E g N ‘ 'E.—"‘ NN T
Iy — (VY7 c
2 N < \\ =
o-./ " 5 ~2
& 3
. |
=2 ~3
2 3 4 5 6 7 .8 .9 Lo 2 3 i 4 5 & 7 8 .9 Lo

:‘vfoch number, M ‘Mach n;ﬂnber, Ai[

F1aCRE 28.—The varlation of seetion quarter-chord moment coefficient with Mach number FicrrE 20.—The varlation of section quarter<chord moment coefficient with Mach number
at varlous angles of attack for the NA.CA 836C110 airfofl. at various angles of attack for the NACA 836110 airfoit.



522 REPORT 947—NATIONAL ADVISORY. COMMITTEE FOR AERONAUTICS

& . .
.3 -
o =-6"
oa=—4°
Sa~-2°
*Z por= 0° :
'3 Qo= 2° : R
< vo= 4° 7 -
£ - & b
2 A= /0 2 A
& : /5 by
g = 7]
D ]
AN
£, SN
£ ]
3 .
£ T
3 \RY
AR
2 8
= ;l:L . .
B I 5 6 7 & 8 L0 S

Mach n'umber, M

F1ouRrE 30.—The varistion of scotlon quarter-chord moment coefficient with Mach number
at various angles of attack for the NACA 65-210 airfoll.

L2 T, 1 1 Jo . Lo .
SN ol -
D os-4° = |
=_ a0 - e =-56° 4.
L0 RO M e 10— g:::—d-: X o 6
g S paie: T eers S
g : .._L - f s Qo= & v a=lE"
. FITW .
e amN &
s | T 1| T ) = S
At e PaAf : RV
~ L }/ v ’:
o’ 4 = v\'?\“"’v ¢ 4 o //Q,/v/‘ ' V\
LN = .
: SRS = : EREGNE
§ 2 < Jer] X £ 2 T "
g L \ %
?CU Q ':/ ?, ; i -{>-:»—{>-n—(>-l>"(>
N L O o & i 7 i
'é . J % ] Ju -
8 ] e3=1 (525257 ST T T T T T T Ty 17
. ;-
-4 L"‘J)—*f'ﬂ\:l. - O] ,“
r L Lu) : o }
| |
-6 e Pt -1} s ———— : \:\r r/
G0~ . h)lj IY -6 ] ~
\ ' kQ\g s D/‘" &
e v ~8 Rocky
-1.0 - : _ B
2 .3 P .5 .6 7. .8 .9 LO =10

2 .3 4 5 .8 7 8 9 L0
Moch number, M Mach number, M

Fioune 81.—The varistion of seetfon lift coeflelent with Mach number at various angles of F1oURE 82.—The varlation of section lift ooefefent with Mach number at varlous angles of
attack for the NACA 847A110 afrfoil. attack for the NACA 847B110 alrfoll.



CAMBERED AIRFOIL SECTIONS HAVING FAVORABLE LIFT CHARACTERISTICS AT SUPERCRITICAL MACH NUMBERS 523

o
Lz 1.1 T | 8
oc=-6° vol= 4° 24
o=-4° A= 6° S
oo=-2" yd= 8° Q !
1o >o= 0° aat=/0° =z ——NACA 847Al10
qo= 2 pgd=i2° 4 .20 --—— da 847Bf/a
77 - —— da 847000 EN
g J . 5 —-- da G4-10 —- AN
4 § .
== £ 5 Zan
B F'/er 4 __j,;j//\ 3
6 = ENRS g P N\
o /] V\ \ ol e e e e A
1< — X £ T N E, - oy I
< rﬂﬁ < s =1 K
8.4 3 N
Q9 ‘el M I \
N L t.&& A
N < N
) < <8 = B
9.2 p. < S .
S .1:_04 .
Ry > § 2 3 4 5 & 7 8 9 0
s 0 - N Mach number, M
= [ F16GRE 34.—The variation with Mach number of the sectlun lift-curve slope at the design
9. 1 o tift ecefficient for the NAC A 8474110, $47B110, $47C110 and 64-110 afrfolls.
&
-2 \ <
[ [ A 2z
ST
f
4 T N = l‘ w A,
T ° o w=-6°
S T &\ 0 o=-4 [
R o O o=
» ; =2 [ 1) ia
. TR £ J
v o= 4° )i
-8 \f‘(ll)—a) Aw= 6 / &
.2 .3 ] 5 & 7 .8 9 10 /6 L% & ;
Mach number, M ’ Aa= I0° f / H
FHiuRE 33.~The varfation of section lift coefficient with Mach number at various sngles of & ( ,.
attack for the NACA 847C110 alrfofl. ok Ir
+ O
5 / ? |
9
[N
4 « .12 ’ ¥
: : f 4T
L] 3 [
S _ ' WNACA 847ANC 2 ,/ / f{ P
- 3 -—— do. 847B1I0 7g./a ) s H
" — -— do. 847CiI0 1 / f/ 1!
g --— oo,  64—110 __% - 7‘ /4 ‘-[ p
I 5 TN
= | & / g / / J
~
8 —- ] ¥ PV
5/ S e S R i S -® 3@/ {
2 ) Wy e St ey SR N NI Y &g <
e e s e SRANES 7 Az
g’ o Tt — [ 04 W‘ ‘.'
5 } _ P /1 /d, /f’;
¢ \ / L Lo-o] [
Q—s} - -2 ¥ .
S =%
g .
5, o - i
2 3 4 3 6 7 & 3 10 2 3 4 £ 6 7 & 5 U
?

Moch number, M

FIAURE 35.—The variation with Maeh number of the sectisn angle of attack for a lift coefli-
olent of 0.1 for the NAC A 847A110, 8478110, 847C110, snd A4+-110 airfoils.

FIGURE 36.—The varfatfon of sectfon drag coeficlent with Mach number at various angles of
attack for the NACA 8474110 alrfoll. o



524 REPORT 947—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

.22 4 - 22r¢
/
4 7
e il e %
/8 N ZZ"_‘S- 1.8 :g‘,: o: Z
qo= 2° / ga” 2° A
ralk 15 e o =
/6 :z:/g: /r(Li“"‘ 7 1.6 :z: 1oe /'4)11 7 ]
S / / §/.4 / LENEE
3 W ./ 2 $ : [l
Lo} }51 _E s
%./2 {/ j T ; "ﬁg L2 '. _/ N
S /0 [14 i _g‘ Lo [y j
g =Y ﬁ .': b ﬁ ‘, 1
il 13 i, LI,
3 ,V }é'bq & ;%«‘ _g
o6 ~ i J :'; & J)IX ;5 ﬂ
J,// EAN) “x> p M Ke
B ERS= SRS AV JEENE N NN /AF/ W
P T T IAA ZSB=annya/i
. _ | 5 2 ¥4
) 4 4
?a 3 3 .8 ) Lo 02 3 A4 5 & 7 8 g LO

5 N 7 . .
Machr number, Ml Mach number, M
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at varfous angles of attack for the NACA 847B110 airfofl,
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F1aTrE 41— The varjation of section quarter-chord moment coefficient with Mach number
at various angles of attack for the NACA 847C110 alrfoll.
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FIoURE 44.—The variation with Mach number of the section Iift-carve slope at & 11ft coefficlent
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of 0.1 for the NACA. 65-210 (3= —8°}, 838D110 and 847B110 alrfoils.
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Fi1GURE 46.—The variation of section drag coefficient with Mach number at varicus angles
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of attack for the NACA 65-210 airfoil with a 20-percent-chord plain flap, 8,—8°.
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FioURE 45.—The varlation with Mach number of the angle of attack for a lift covfMelent of
0.1 for the NACA 65210 (3r=—6°), 836D110 and 8478110 airfoils.
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L. E. radius: 0.693
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