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THE DEVELOPMENT OF CAMBERED AIRFOIL SECTIONS HAVING FAVORABLE LIFT

CHARACTERISTICS AT SUPERCRITICAL MACH NUMBERS

By DONALDJ. GEAHAM

SUMMARY

Stirwal groups of new airfoil sections, dem”gnated as tiie
hTACA S-series, are derired analytically to hare lijl character-
istics at s-upercritical .Uach nunzber~ u~hich are farorable in the
wnse thut the abrwpt loss of liYt, churactiristic of the usuul airfm”l
#ection at Mach number8 abore the cn”tica[, is araided. Aerod-
ynamic characteri8tic8 determined from twodimensional
m“nd-tunnel tests at Mach numbers up to approximately 0.9
are presented for each of the dericed airfoils. Compam”son~
are made betxeen the charactem”stics of the8e airfoils and the
corresponding charactem”stics of repre8entatire AMCA 6-series
airfoils.

T’lw experimental results conj?rm the design expectations in
demo nstrating for the .i\TAC.48-serie8 airfoils either no varia-
tion, or an increase from the lowspeed design calue, in the Liji!
coqfm”ent at a constant angle of attack with increasing Mach
number abore the criiical. It uus not fownd possible to im-
prore the Lwiatiou with Mach number of the 810pe of the lift
curre for these airfoi18 shore that for the ATAC!4 6-series
airfoik. The drag characteristics oj the new airfoi18 are somew-
hat inferior to those of the ATAGM6-8erie8 with respect to
dhwgence with Mad number, but the ~.tching-mome n~
characteristic are more farorable for the thinner new sections
in. demonstrating somewhat ~malfer m-iutwns of moment
coej%ient with both angle of attack and Mach number.

The e$ect on the aerodynamic chamcteristics at high Mach
numbers of remoring the cusp from the trailing-edge regions
qf two 10-percent-ohord-thick AT.4CM8-series airfoils ti de-
termined to be negligible.

The use of a negafirely deflected plain j?ap at supercritical
Mach numbers on an A’ACA 6-seri.ssairfoil is indicated to
be a feasible and promising means for obtaining on demand the

facorable wriation with Mach number of the lijl coe~ent
at a giuen angle of attach-t characteristic of the AT.4C.48-sen”es
airfoils, wkde retaining at all other times the superior drag
characteristics of the A%C’A 6-series type of airfoil.

INTRODUCTION

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

these characteristic, On airplanw employing such wing
sections is to alter, respecti-relylthe longitudinal trim and the
longitudinal stability and controllability in such a manner
as to promote serious airplane diving attitudes, recovery
from vrbich maybe extremely ditTicultwith 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. A’either of these means is advisable for large
heavily loaded aircraft, however; the first, because in th&
case the airfofi must of nemssity 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 .- __
could be reset. The logical means for avoiding the trim
and stabiIity changes on large airplanes is the em~oyment of —
airfoil sections having no adverse changes with Mach num-
ber of the angle of attack for the design lift coefficient ~nd...—
of the slope of the lift curve. The development of airfoils
having such characteristics 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, a 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 a new group of airfoil sections, designated ‘
the NACA 8-series. The aerodynamic chract eristim of
these airfoils have been determined experimentally in the
Ames 1- by 3j4-foot high-speed wind tunnel, and the results
have, in most cases, coniirmed the design e.qectations. An
account of the airfoiI dewIopment, analytical and experi-
mental, is the subject of the present report.

AIRFOIL DEVELOPMENT

It was observed early in the course of invdigations 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 shockwave 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 tiective chauge in the airfoil camber oc-—.—
casioned by a suddenly thickened boundary layer behiid the
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shock wave on the upper surface while the boundary layer
on the lower surface remains.sensibly unchanged. Prefious
research has been aimed at continuously increasing the Mach
number of occurrence of the compression shock so as to delay
the shock staK In the present development the upper-
surfrice shock wave is accepted, but the associated loss in
airfoil lift is forestalled by inducing R corresponding shock,
with accompanying boundary-layer growth, to occur on the
lower surface.

It was reasoned that if the.flow ov& both .eurfaces CQuk.
be kept simihir at supcrcritic.al Macbaumbers 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 numberr.would be adversely affected. by
simultaneous occurrence of compression shocks on the
respective surfaces, it would be desirable to obtain the
highest possible airfoil critical Ma@, number. It was
further realized that, to produce a positive lift force on the
airfoil at supercritical Mach numbem 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- and 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. numbqs abovq .=the
critical. The effect of the thickened l~wer-wface bound~ry
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 t,bt, by suitably choosing the
velocity distributions over the upper and 10WWsurfaces,
airfoil scctiom could be designed to have, at a given angle
of attack, an approximately constant or an increased lift at
supercritical Mach numbers.

Following this line of reasoning, an initial group of three
NACA 8-seriw 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 & essentially
the same manner as were the later families of NACA @rfoils
by combining mean camber lines with basic thicknees forms
to produce a desired velocity distribution, Velocity distribu-
tions were selected to provide the deeired aerodynamic
characteristics at-supercritical Mach numbem, and the airfoil
shapes corresponding to these distributions were determined
by the method of reference 2.

The tit airfoil was proportioned to~ave equal upper- and
lower-surface minimum pressures occurring at 30 and 50
percent of the chord, respective]y. The base protie was
obtained by combining proper fractions of the thickness
forms of the NACA 63- and 65-seriesairfoils and the “double-
roof” profiks of reference 2. A mean camber line satisfying
the condition of equal minimum pressures for the upper and
lower surfac- wae determined by combining suitable pro-

portions of the NACA a= 0.3, 0.5, and 1.0 mean lines. (Seo
reference 3.) The ordinates of the mean camber line wwe
adjusted to produce the desired design lift coefficionL. The
actual airfoil shape was then obtained by combining the lmsc
profile with the mean camber line, using the methods of
references 2 and 3.

In the manner described three airfoil sections were dtuivccl
with different respective upper- and lower-surface minimum-
pressum positions so located as to pmnit the effects of a
variatiQq of the severity of the Iower-surface pressure re-
covery._to be observed. The airfoils were designated as
folIows:

NACA 835A216
IYACA 836A216
NAC?A 847A216

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

The numbering system for these airfoils is klenticul ~viih
that given in reference 3 for the NACA 7-seriesairfoils and is
summarized as follows:

Ist dig-it— Airfoil series number
%d di@-Position of minimum pressure on upper surface

in tenthe of chord from leading edge
Srd digit— Position of minimum pressure on lower surfcuw

in tenths of chord from leading edge
Lt?l!12?r– Serial lettw distinguishing airfoils having- the

same thickness, design lift coeflicicnt and
minimum pressure positions but different
camber or thickness distributions

#h digit —Design lift coefficient in tenthe
i5thand 6W d&i&-Ttickneas-chord ratio in hundredtk

Tests of the initial three airfoils revealed variations in ]ift

coeflki~nt with Mach number in the vicinity of the dc&gn
lift coefficient which at supercritical Mach numbers Mcrcd
in important aspects from the type of variation normally
observed for airfoil sections. The lift coefficient at a cxmstanL
angle of attack increased markedly with increasing Mach
number above that for normal lift clivergence as contrasted
with the. usually noted opposite variation. Instmi of
decreasing with increasing Mach number above that for
normal lift divergence, the lift coefficient at a constant tiugh}
of attack increased markedly with h;lach number. T@
result c-onfirmedthe design expectations to a greater dogrm
than anticipated, and indicated that great dif%culty would
be experienced in trimming an airplane using such wing
sections at any but positive lift coefficients at supmcritiml
Mach numbers, an important safety feature for largo
heavily loaded aircraft. This characteristic was unfortu-
nately accompanied by erratic and, from the standpoint of
airplane controllability, undesirable variations with Mach
numb.a.of the slopes of the lift curves.

The desired type of supercritical speed. lift characteristic
having been realized, efforts were directed toward the d~lva-
tion of.thinner sections with modified camber so as to proilucc
less powerful lift changes at supercritical Mach. numbers. A
group .~f 10-percent-chord-thick profiles was accordingly
derived from the NTACA836A216 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 folIowing:

XACA 836A110
NTACA836B110
NACA 836C11O
N.4CA S36D110

The ATACA836.4110 airfoil was scaled down in thickness
from the hTACA 836A216 airfoiI and the camber-line ordi-
nates were adjusted to give a design Mt coefficient of 0.1.
Twts of this airfoil disclosed the need for modification of both
the thickness and the camber distribution, the gain in lift at
supercritical Mach numbers stilIbeing greater than desirable.

It was reasoned that, by decreasing the negative lift.carried
over the rear portion of the airfoil at subcritical Mach
numbers, the change in the total lift of the airfoil at super-
critical Mach numbem would be reduced. The ATACA
836B110 airfoil was designed to effect this result by modifying
both the mean camber Iine and the thickness distribution of
the XACA 836A110 rwifoil. The mean camber line for the
former was obtained as the sum of equal proportions of the
ordinates and slopes of the mean Iine for the latter airfoil,
and of a unifotm load (a= 1.0) mean line. The upper- and
lower+urface minimum pressures were maintained approxi-
mately equal by adding to one-half of the base profile ordi-
nates of the hTACA 836.A110airfoiI, one-half of those for the
ATACA66-010 airfoil. The resulting changes in profle and
velocity distribution may be noted from an examination of
parts [d) and (e) of figure 1.

The XACA 836C11OairfoiI was designed to investigate the
etfect on the supercriticaI speed aerodynamic characteristics
of the LTACA836B110 airfoil of removing the cusp from the
rear portion of the profile. The former differs from the ATACA
S36B110 airfoil only in that the protiIe is linear over
appro.timately the last two-tenths of the chord.

Tests of the XACA 836B110 airfoil indicated that the
profile modification from the ATACA 836AI 10 airfoil was
etiective in reducing the mabtitude of the lift-coefficient
increase at supercritical Mach numbers in the vici,nity of the
design Iift coefficient. Further improvement was still felt.
to be desirable, however, particularly in the slope of the lift
curve at lift coefficients greater than the design 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 hT.ACA836D110 airfoil was derived by
combining the thickness form obtained as the sum of equal
proportions of the NACA 836AO1Oand 63-010 profles with
the mean camber line of the ATACA 836B110 airfoil. The
dtierence between the hTACA 836B11O and 836D11O 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-thiclr
sections were derived from the ~NACA 847A216 airfoil and
were designated as follows:

NACA 847A110
~TACA 847B 110
NACA 847C110

The NACA 847A110 airfoil was deri~ed from the hTACA
847A216 airfoiI by reducing the base-protile ordinates of the
latter in the ratio of fifteen-skteenths times the quotient
resulting from the division of the ordinates of the N’M2A
66-010 airfoiI by the ordinates for the NACA 6&Ol 5 air-
foil, and by reducing the camber-line ordinates and slopes in
the ratio 10:16. The NACA 847B] 10 airfoil was obtained
by combining the sum of one-half of the base-profile ordi-
nates of the N.4CA 847A I10 airfoiI and one-half of those
for the ATAC!A64-010 airfoiI -with the mean camber line
consisting of equal proportions of the slopes and ordinates
of the mean line for the I?TACA847A110 airfoil and of the
uniform load mean line. The h’ACA 847C11O airfoil con-
sists of the NACA 847B 110 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 instigated are given in
tables I to X. The shapes and theoretical velocity distri-
butions for a.11but the h’ACA 836C11O and 847C11O airfoik ._..
(which differ but sIightIy from the NACA 836B110 and
84’iB 110 airfoils, respectively) are ilhstrated in figure 1.

It is to be noted that negative deflections of a plain trailing-
edge flap on an ordinary airfoti section would produce hwer-
surface velocity distributions approaching in character the
distribution previously described for the new type of airfofl
section with the refl~xed mean camber line. The rewdts of
an investigation (aIso conducted in the Ames 1- by 3jf-foot
high-speed wind tunnel) of an NACA 65-210 airfoil with a
20-percent-chord negat.iveIy deflected flap accordingly are
presented and compared in the present report with those for
the hTACA S-seriesprofiles.

SY~lBOLS ..--—

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

a. airfoil section lift-curve slope, per degree
c chord, feet
cd section drag coefficient
c1 section lift coefEcient
cIi design section lift coefficient .—+—

‘% section moment coefficient about quarter-chord
point

ill Mach number
17 free-stream velocity, feet per second —
i) local velocity, feet per second
x distance along chord, feet
!/ distance perpendicular to chord, feet
q section angle of attack, degrees
CC* section angle of attack corresponding ta design .

Iifi coeflkient, degrees --
6, flap deflection, degrees ——-——.——
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APPARATUS AND TESTS

The tests were made in the hes 1-by 3}&foot high-speed
wind tunnel, a low-turbulence, two-dimensional-flow wind
tumel.

The airfoil models were accurately constructed of ahuni-
num alloy and were of 6-inch chord and 12-inch span. The
models completely spanned the narrow dimension of the
tunnel test section. ‘l?wo+iimensional flow vvas assured
through the use of sponge-rubber gaskets (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 needy simultanecmdy 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 qmssed
graphically in @re 2.

Lift and pitching moments were evaluated by a method
similar to that described in reference 3 from integrations
of the pressurereactions on the floor and ceiliig of the tunnel
of the forces on the airfoik. Drag values -weredet+mnined
from -wake-survey measurements made tith a rake of total-
head tubes.

-,
4 Mach numbeq M

FIOrEE 2.—The wriation of Rejmolds nmnker w[th JIaeh nnmher for Cee.tsof 6-inch-chmd
drfuli models In the .41uw 1-by 3Y.-foot high-speed wind tunnel.
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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 airfoik, two representative NACA
6+erk9 airfoils, and the h’ACA 65-210 airfofl with a 20-
percent-chord plain trailing-edge ffap 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 airfoil characteristics
curves serve to indicate the extent of possib~y unreliable
data obtained in the close ticinity of Mach numbers for
which the flow in the tunnel test section was choked, that is,
for which the Mach number of unity vias attained locally
across the test section.

CHAEACTERLSTfOSOFI~I~ALTHREEMRFOILS

It is seen from iigures 3, 4, and 5 that the respective var-
iations with Mach number of the lift coefEcient at constant
angles of attack for the NACA 835A216, 836A216, and
847A216 airfoils dMer markedly from the variations gener-
ally observed for ordinary airfoil sections. h abrupt in-
crease of large magnitude occurs in the lift coefficient at
angles of attack within the normtdly useful range at Mach
numbers above those for lift divergence in place of the CUS-
tomary decrease in lift coellkient. 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
XAC.A 8-series airfoils, and for the lNACA 652–215, a= OJ
airfoil (see reference 5), a representative NTACA 6-series
&irfoil.

The explanation for the radical lift characteristics of the
new airfoils is to be found in an examination of the theoretical
lo-iv-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 Iower
surface promotes a rapid thickening and separation of the
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Mach number, M

FIQCRE S.—The var fation of sectfon Ilft c&sillchmtwith Hiioh number at varfous migles of
attack for the NACA B5A216 afrfoll.
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boundary layer from this surface, remdting 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-
stant 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

I%ch I-lulnbec M
FImEr 7.—The varfation with 31ach nnmber of the section UWeurve slope at the destgn Uft

cwf8cIent for the NACA S35.l!Zl&S36A216, &iiA216 and 6&215, a-O.6, E.frfolla.

Mach numbq M
FIQIXE S.–The veriation of .vAon drag edieient with Mach number at various angles Gf

attack for the N.4CA s35A216 afrfof!.

in the sense that the lift coefficient increaseswith Mach num-
ber rather than decreases, is so violent for these three airfoils
as to cause ma-yerratic and undesirable variations in the slope
of the lift curve at the higher Mach numbers. (See fig. 7.)
The variation of the angle of attack necessary to mair&in
the design lift coefficient of 0.2, although in the direction
to promote safety at high Mach numbers for an afipl%i~
employing such airfoils as wing sections, has already been
observed in @ure 6 to be undesirably large. For these
reasons it was concluded that the first airfoik were cambired
too severely and that a modified amount of camber as well
as a change in the distribution would produce less drastic
changes in the lift 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 reprwented in reference 5 by the NACA
652-215, a=O.5 and hTACA 66,2-215, a=O.6 airfoils, with
respect to divergence with inmeas@ Mach number at Iow
and moderate angles of attack despite allowance-for the~tiall
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 frames 11, 12, and 13, respectively, is
consistent with the variation of lift coefEcient. The moment
coefEcients vary hm positive values at low Mach numbers
where negati-re Mb is carried over the rearwsxd portion of
the airfoil to negative values at high Mach numbers where
th~ negative lift. is lost.

.2 .3 .4 .5 .6 .7 .8 .9 1.0
Mach rwmbe~ M

FIGUEIV9.—The verfatfon of aectbxt drag eoeillcient with Mecb nurnfx?rat verfons ang!es of
attack for the NACA WA216 airfoIL
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hfoch numbq M

Fmutm 10.—The verfation of sectirm drag eae61cient wfth Mach number at various anglee of
atteek for the N.4C!A 847A216 airfoil,
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CAMBERED AIRFOIL SECZIOh”S HAYING FAI-ORKSLE LIFT CWACTERISTICS AT SUPERCRITICAL M.4CH NuMBERS 515 .-
CHARACTEEUSTICS OF THE NACA S.3E-110AIRFOILS

NACA 836A110.—Because current design trends indicate
thinner wing sections for I@h Mach number applications,
it was considered desirable to further the investigation on
airfofi sections of 10-percent-chord ma-ximum thickness.
The effect of halving the amount. of camber and decreasing
the profile thickness of the NAC.4 S36M16 airfoil may be
seen from an examination of the characteristics of the L’ACA
836A11O 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 S36A216
airfoil, The lift-curve-dope variation m-th lIach number is
considerably improwd for the ATACA S36A11O airfoil (cf.,
figs. 7 and 19), and the angIe of attack required to maintain
the lift coefEcient at the design value (cf., @. 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 hTACA
S:?6.A110airfoil and the NACA 64-110 airfoiI, as representa-
tive of the best NTACA6-series sections for high Mach num-
lwr applications, may be seen from a comparison of @res
14 and 18 to lie in the variations of lift coefficient -withMach
number at small positive and negative angles of attack. The
{l~parture of the characteristics of the former airfoiI from
those usually observed for airfoil sections at supercritical
Jhtch numbers is more strikingly illustrated in figure 20,
depicting the variation with Mach number of the angle of
attack requirccl to rnaintain the design lift coefficient of 0.1
for the NACA S36-110 and 64-110 airfoil sections.

The drag and pitching-moment characteristics of the
N.4CA 64-110 airfoil section at high Mach numbers being
unavailable at the present writing, these characteristics for
the NAC’A S36.4110 airfoil must be compared -withthose for
the hTAC.l 65-210 airfoil as the next most representative
profile of the h’AC.A 6-series airfoils avaiIabIe. The d~~
characteristics of the NACA S36A110 airfoil (@. 21) com-
pare unfavorably with those of the NACA 65-210 airfoil
[fig. 25), particu]arly at the angles of attack corresponding
to the lower lift coefllcients. Divergence not only occurs
wdier for the former, but- the ~u coefficients at a given lift
coeficien t me higher.

From figures 26 and 30, respectively, the pitching-moment
coefficients for the hTACA S36A110 airfoi.1,in addition to
being more positive, exhibit a genemlly smaller variation
with llach number than do those for the NACA 65-210
airfoil.

NACA 836Bl10.—The NT.K!AS36B110 airfoil was deri-md
from the NACA S36A11Oairfoil 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 approsinmtely equal critical 31ach numbers of the
upper and lower surfaces. The effect of these profile modi-
fications on the Lift-coefficientvariation with M ach number
is shown by a comparison of ilgges 14 and 15. The wwia-
tion in the vicinity of the design Liftcoefficient is seen to be
small for the NACA s36Bll O airfoil as compared with that

for the I!’AC.&S36.4110 airfoil. At angles of attack apprec-
iably above and bdow the ideal angle, the lift-coefficient
variation resembles that observed for the h’ACA G-series”
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 Iift curve at the
design lift coefficient is observed in figure 19 for the XACA
s36Bl 10 airfoil over that of the XACA S36A110 airfo,il for
Mach numbers between 0.75 and 0.s5. The variation with
Mach number of this parameter for the former airfoil is
closely comparable to that for the XACA 64-110 airfoil.
From f@re 20, it can be seen that the -rariationwith Mach
number of the a~~le of attack necessary to maintain the
desi=gnlift coefficient for the li’ACAS36B110 airfoil is greatly
reduced from that observed for the A7AC.\S3GA110 airfoiI.

TIM drag characteristics of the A--K’A S36B110 airfofl
(&g. 22), although considerably improved over those of the
A’AC.% S36A110 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 31ach
number (fig. 27) for the NTAC.AS36B110 airfoil cIosely
approaches that for the NACA 65–!?10 airfoil} as a result
of the camber modMcation from that of the N.ACAS36A110
airfoit.

NACA 836Cl10.--This airfoil section was tested to deter-
mine the effect cm the aerodynamic chmacteristics of the _
A“ACA 836B110 airfoiI of remoting the cmspfrom the trailirg-
edge re~-on of the airfoil Comparison of the respective
~ariations with Mach number of lift, drag, and pitching-
moment coefficients (&s. 16, 23, and 28, respectirely) for
the NTACAS36C110 airfoil with the corresponding variations
for the N’AC.A 836B11O airfoil reveah no significant differ-
ences in the characteristics of the two sections.

I!7ACA83611110.-The X.4CA S36D11Oairfoil was desim~cd
to investigate the effect of both decreasing the amount
of negative design Iift from that of the NACA
S36A110 airfoil and raisiq the Iower-surface critical 3[ach
number above thtit of the upper surface (note theoretical
velocity distribution, fig. 1) in an attempt to obtain a more
favorable variation with Mach number of the slope of the
Iift curve. Figure 17 indicates the NACA S36D11O airfoil
to be the most promisirg of those yet discussed, titually
no variation with Mach number bei~~ manifest in the lift
coefficient near the clesign -ialue. This characteristic is re-
flected in the smalI variation with l[ach number in the angle
of attack required to maintain the desiaw lift coefEcient of
0.1. (See fig. 20.) With reference again to figure 17, the
variation with Mach number of lift coefficient at
constant angIes of attack other than that corresponding to
the design lift coefficient indicated lift-curve slopes cIosely
resembling those of the NACA 6-seriesairfoiIs as represented
in figure 18.

13xcept at the higher lift coefficients, no improvement in
drag characteristics from those of the NACAS36B110 airfoil
resulted from this profiIe mocWcation.
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The variation with Mach number in the pitching-moment
coefficients of the NACA WllM 10 airfoil (fig. 29) doea not
differ noteworthily from those for the other airfoils of the
series.

CHARACTERISTICS OF THE NACA 8-47-110AIRFOIM

NACA 847Al10,—The hTACA 847AI 10 airfoil was derived
km theNACA847A216 section by decreasing the thicknem
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) closeIy
roaembles that for the latter airfoil. The variation with
Mach number of the angle of attack required to maintain
the.design lift coefhcient (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 847A I10 airfoil than
for tho NACA 836A110 airfofl-from the standpoint of diver-
gence with Mach number at angles of attack in the vicinity
of the ideal angIe.

The pitching-moment-coc.flicient variation with Mach
number for the NACA 847A110 airfoil (fig. 39) is similar to
that for the NACA 836M10 airfoil, but the moment co-
efficients are of smaI1ermagnitude.

NACA 847B110,—The lift characteristics of this airfoil,
dcvoloped 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, nre seen from figure 32 to be considerably
improved over those of the latter airfoil. As in the case of
the hTACA 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 836D 110 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 NTACA847Al 10 and 847B1IO airfoik, respec-
tively. For this concLitionihe drag-coefficient variation of
the latter airfoiI is superior to ~hat 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 847B 110 airfoil (fig. 40) is observed
to be very small in the vicinity of the design lift coefficient
and parallels the chmacteriaties of the NACA 836D110
airfoiI in this respect,

IfACA 847Cl10,—This airfoil was d~igned to investigate
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 airfoiI are seen to be
essentially the same as those of the cusped hTACA 84713110

profile. From this and the. similnr result observed in the
case of the NACA 836-110 airfoik it is cone.ludcd that for
lo-percent-chord-thick airfoils of this type of section tho
aerodynamic characteristics are not rnaterially afftickxl by
removal “of the cusp from the after portion of tho profile.

It is to be noted that in the case of both the NACA
836-110 and the hTACA 847-110 airfoil dcwdopments the
sections having the most favorable lift charact,eristics aro
those for which the negative portion of the design lift is
small and for which the minimum pressure is somewhat
lower oa.the upper surface than on the lower surfaco of h
airfoil. The Iatt+mresult is in contradiction to the design
assumption that the upper- and lower-surface pressure
peaks should be equal. AIthough 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-seriea_air~oils,the NACA 836D11O and 847B 110 profiles
are indicated to be the equal of the NACA 6-series Lypc in
this respect. The drag characteristics of the besb NACA
8-series airfoils thus far derived are not as favorable as
those of NACA 6-series airfoils in that the ~r~g-divergemw

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 ,&series are, if anything, supmior to those of &
NACA (&eriss in that the variations of moment coefficient
with Mach number are generally smaller for the former.

CHARACTE&ISTICS OF AN AIRFOIL WITH A NEGATIVELY DEFLECTED FLAP

From an examination of the lift chtiracteristiea of an
NACA !35-210 airfoil section with a 20-peicenL-chord plain
traiiing-edge flap, a marked similarity was noted Lwhvcenthe
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 cumlwr of a
wing section on an ai@lane in flight from the uniform load
type at subcritical Mach numbers to something approacbiyg
that of an NACA 8-seriesprofile at supcrcritical kfach nunl-
hers. To permit an appraisal of the char~cteristics of an
airfoil with a negatively deflected flap at high Mach numbcm,
the aerodynamic characteristics of the NACA 65-210 sect.ion
with a 20-percent-chord plain flap un(?cffcct,cd, and nrgn-
tively deflected 6°, are presented in figures42, 25, and 30 and
in figures”43, 46, and 47, respect,ivcly, for comparison with
those of the hTACA 8-series airfoils investigated.

The similarity between the respective variations with
.Mach number in the lift coefficient at w constant rmglc of
attack for the INACA 65–210 airfoil with the fhp deflcc[wl
–6° and the NACA836D110 and 847B110 airfoikj is rmrlily
apparent from a comparison of figures 43, 17, and 32.
The lift characteristics of the three airfoils are furthrr com-
pared in figures 44 and 45 depicting the respective variaticms
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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 negatirely deflected flap and the two ~NACA8-series
airfoils is unmistakable.

The drag characteristics of the flapped airfoil (I&. 46) are
similar to those of the hTACA836D110 and 847B 110 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 refle.xing the camber line by negatively
deflecting plain training-edge flaps on NACA 6-series airfotis
at supermitical Mach numbem to produce favorable -radia-
tions in lift coefficient with increming Mach number on the
strength of the results contained herein has already found
important application (in an expedient sense) on several
high-speed airplanes and merits further investigation.

CONCLUDINGREIIAEKS

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 -ralue with
increasing Mach number to at least 0.9 Mach number, th~
limit of the present investigation. By suitabIy choosing the
camber and thickness distributions for the airfoils, a particu-
lar variation with Mach number of the angle of attack
required tu maintain a given design..lift coefficient can be
obtained. A’o means has been found for improv-ing the lift-
rurve-elope characteristics of the XACA S-series airfoils
beyond those of the XACA 6+.criessections. Although some
control can be exercised over the drag and pitching-moment
characteristics of the former airfoiIsections without adversely
atlecting the lift characteristics, it is generaIIy 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
S+eries airfoils are generally more favorable than those of the
NACA 6-series airfoik in that the variations of pitchhg-
moment coefiic.ientwith Mach number and angIe of attack at
supercritical Mach numbers are somewhat smaller for the
former.

Flat-sided profiles may be used in pIace of the cusped
trailing-edge profiles on 10-percent-&ord-thick A’ACA f3-
series airfoils without signMcantly altering the aerodynamic
characteristics of the airfoils at.supercritical Mach numbers.

The lift characteristics of the NACA 8-series airfoils at
supercritical Mach numbers can be appro.simated with
N7ACA6-seriesairfoils through t-heuse of negatively deflected
plain trail~~-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
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angleof attack, Characteristicof the NACA 8-g~ieg airfofi$ ___
and yet retaining at all other times the superior drag charac-
teristics of the ATACA6-seriOsairfoils.
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FIGURE M.—The vadstlon of seetkm tIft cdicfent with Mnch nundw at rarions Sngk8 of

Mmetr for the NAC A WCI1O airfoil.

FICWRI33.-The varfation wfth Mach nnmher of the wetfxr angle of attack for a Iifc coefE-
rlmt of 0.1 for the >--4C.4W7M1O,WE 110,8472110.and I?+l IOahfofk.
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FmGkm 34.–The mriatbn with Mach number of the secfl,m Ufl-curve slops at the design
Utt c%5cfent for the NACA 8474110. WB11O, S47CI1Oand 6+110 afrMfs.

FIIXW! W.—TIM?vsrfatfon of seetIon drag ccdlcbnt with Mach nmnber at mrfons angks of
e.ttaek for the N“ACA S4741 IOafrfoff.
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TABLE IIL-C!OORDIKATES FOR THE
NACA S47.4216 AIRFOIL

-—-

[Statiorrs snd ordhstsg gken in p?rccnt orairfofl chard]

TABLE I.—COORDINATES FOR THE
NACA 8354216 AIRFOIL

[~ta~[onsand ordfnstes ~ven Lnfwmnt of rdrfoiIchord]

TABLE IL—COORDINATES FOR THE
NACA S36.!216 AIRFOIL

Watfons md ordinates given fn percent of akfofl chard]

r=== Lower surhce Cpp snrh.ee [ I..mxr surface I T7pperSurfaceI..arer Srn+nce

rEtation Ordinste 1=stationI station Ordinate @tdfOnI Ordfoate Ordinste

0
. 9cd
.530

M!
4735
7J2M
9. 8LS

14945

%%
30. E33
35.780
neat
45.910
50.822
g~

6L 9E?
S9.m
7<500
m. 605
%Lm
~u

mm

a
-. Qzi

–LI132
–L 314
–Li15
–’z 326
–.% 852
–3. 354
-km
–5. BP
–L ‘W
-s.742
–7. 4s4
-a 1s6
–8. W3
~:g

–i 469
-s.934
-7. S55
–& 450
-48i3
–3_m9
–L6PS

-.438
0

0
L lfJ
L430
L~
2G
3.330
Lx
Em
6.662

2%$
& 734
8.!?%
&m
8.554
7.%3

:%
6.545
km
3.873
3.110
.136i
L m
.mo

o
iI

I L. E. radius: 1.121
Slope through L. E.: 0.191

L. E. mdlrw 1.124
Nope through L. E.: O.ZCB I L. l?. radfus: 1242

Elope through L. E.: 0.221

TABLE V.—COORDINATES FOR TEETABLE 11’.-COORDINATES FOR THE
XAC.4 S36A11O AIRFOIL

[&atbm and mdlnates giren in p?rcent of eJrfoIl chordl

TABLE YI.—COORDIXATES FOR THE
NACA S36B11OAIRFOIL NACA 336C110 AIRFOIL

[Statfrom and mdhtes gfren f. percent of tdrfoflchord] [Stations md ordhrates~ven f. L%wcentc4akfoU chord]

Lower m-face Umkr s.rrrhe+

StAtIon I

Lower sm-foee II t7pwx sunhm Immr surface

l== Statbn -1Ordinatemath ordinate Ordinate Ordinate Stdlm

o
.m
.8s1

1.110
1.573
Lx?
281S
3.2X
4 m
‘L554
4.917
&m
5.QXJ
4.iS3
4. 4i6
4. la
2809
3.273
!L886
2466
s-~

1.345
.$33
. m

o
.734

1:%?
1. m
22%

:%
3_m
4428
4 m

k%
6. 12S
5. ml
4.724
4519
41SI
*784
3. W6

:E
L W
L3z5
.745

0

0
.67s
. ml

1.335
3.585
5.076

1: E
14 W7
19.WO
24859
29. m
34. G
39-4%

49. SS3
64. Z1
53. 8?7
f5. 023
m. 144
75.174
am
85.m
%LM’2
P5.mi
lm.m

o
–.ml
–. 6i2
–. s-la

–L 078
–L 493
-Lao
–2. U7
–2. m
-3.317
–a. 733
-4226
–4. m
–5. 163
–5.53f
–6. m
–R w
–6.026
–6. iOi
–5. 052
-4. lm
–3. 157
–z 145
–~~.

o

o
.Z44

1:E

k%!
1760
3.195
3.Kt2
44m
&m
6.053
5.153
h13s
5. ml
4 Wt

:%
3.7S4
3.3X!
2828
22S2
LX
L 110
.525

0

0
-MI
.724

i%
4. 95!

:%
ILPJ1
X4Om
26.053
3a 101
35.147
+0.167
45 m
m 149

502
64.949
69. m5
74. 8S2
70. ‘am
SL ml
8!2.W
(I4 Pa3

Ial Oco

o
–. &43
–. i65
-.943

-L238
-L 679
-2.m5
–z 347
–z m
–3. 3s
-x 768
-4144
-4435
–L m
–L m
-6. lz3
-5.145
-s 017
-4 m
-4134
4433
–z 57
-Lia
–. w
-.29)
o

0
.4s1
.724

L 215
!Z.4H
.LWH

:2
14991
20.019
25. W3

E%
40. 16i
K 108
m. 149

%ti
6L w
Oa.m
74. SE?
m. m
84 S31
8!13!I

Im (m

o
-.643
—. ,
–. E

–L233
–LOW
–a m
-.234:
–%$S9
-s.356
–3. 76s
–4. 144
-4 4s6
-4. m
-49E3
–5 123
–h 145
–5. 017
-4. m
-L KM
–3. 423
-2. m
–LW7
-L Kl

–. 4!32
o

I

o

i

IL. E. mdfns: 0.428
Hope throu@ L. E.: 0.119 I L. E. rd.lne: 0.1459

MOW throagh 1,. E.: 0.CF.35
L. E. radius: 0.S53
How through L. E.: 0.035
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TABLE VII.—COOHDINATEKFOR THE
NACA 836D11O AIRFOIL

[Station and ordfnatesgiven in paraentof alrfoliohord]

COMMI’lTEE FOR AERONAUTICS

TABLE VHI.-COORDINATES FOR THE

.. ..

NACA847A110 AIRFOIL

[Station and ordinatee given in perwnt, of e,kfoflchnrd]

uppar snrfaca Lower aurfoea

Station Ordinate Station Ordinate

o 0 0 0
.443 .764 –. e.i%

.937 :8%
1:%

-.S38
1.315 -LO14

2. m ;% 2664 –1. 362
4.396 X42 6.070 -1. W8
7.403 2. W
9.913

–2 244
3.422 Ii E –2. 674

14.242 4.136 15.014 –8. 122
19.971 4.650 19.981 –k 678
25.016 h m4 24.242 –8. 024
30.071 6.204 W. 391 -4.206
36.124 6.238 34340 -4.570
40.140 h 1L9 39.817
46.153

-4 no
4. a4 4L 815 -4876

55.129 L6b9 49.323 -4837
66.114 4.100 64362 -L 736
Ml.051 3. ma M. 929 –4. 647
@4.996 3.261 w. %7 ~~ &3
69.941 2m3 70.047
;: 9333 2.226 76. 05a -2920

L 847 80.061 –2 132
34:964 L w 3h022 -L420
39. w .W3 W. ma
96.001

-.782
.427 –. 182

100.000 0 lR %! o

L. E. radius: 0.618
Slope through L. E,: 0.W3

upperSnrrkm LQwe2 surface

Station StutIon OrdfmteOrdinate
.—

0
.429

1:%
!2 366
4. 89Ll
7. 4m
9.91.2

14.938
19.670
%. Ixr3
w. m
2h llo
mum
&h!#

k%
m 173
70. WI
74.623
7%w

;.:

la): m

o
;7&

L 172

;E
2.867
8. 2iW
4.010
k603
4.976
h 207
6.437
6.464
hm

W
4. m
a729
;=

i230
L 667
L 134
.646

0

0
.671
.al

;%
6.104
7.697

10. Ca6
16.M2
mo30
24.9Q2
29.947
34. 39)
30.810
44741
49.707
64714
5%.762
64.822
69.840
76.077
ml 141
8h Ml
20.070
95.016

1o11rxlo

o
-.623
-.740
-.915

–L 194
-L660
–1. 852
-2 lf!2
-.2672
-2. ml
-8.376
-3. TM
-4.075
-4.326
–4. OW
–4. 8%
–& 172
-1!. m
–6. 206
-6.162
-4.674
-6. m
-2646
-1.632

-. m
o

.

. .

I L. E. radius: 0.520
Siops tbrongh L. E.: 0.104

I,.

I’ABLE X.—COORDINATES FOR THETABLE IX-COORDINATES TOR THE
NACA 847B11O AIRFOIL

[Stations and ordfnates given in parc!mt of airfoil ohord]

NACA 847CI1O AIRFOIL

[Stations and ord.inates.ghen in Parcarrt of akfoii chord]

Lower eurfam Uppersurfam L.3wor rurfwe
—

8t8tion Ordiue.te St8tion Ordfnato

o 0 0 0
.446 .iw .656 -.711

.312 –. W
l% i% L 321 –1.066
%423 1.723 2.m -L MO
4.913 2.418 6.cda -L an
7.421 2 W 7.579 -2.232

3.220 10.074 -2.537
1: E 4. 0Q6 16.053 -8.033

4.631 Zlcrm -3.447
EE 6.031 2&016 -3.784
20.011 6.300 29.089 -4067
25.044 a. 4437 34 w -4.270
40. m 5.490 39.913 -k m
$;: 6.3to 44 m -4.499

h 072 49. 3s9 -4. 4P)
tilm 4705 &Lm -4423
63.119 69.861 -4.293
65.067 W 64.913 -4.0t41
70.037 $& W M3 -3.722
74.9S2 76.013 -8.207
79.967 2210 m. 042 -2. M3
34.9W 1.716 36.037 -LW2

1.213 !m. 021 -1.101
EK! .W4 –. m

100.030 0 1%. R o

L. E. tidiu!x 0.0#3
Slope through L. E.: O.OSI

—
Upper eurfam

.—.

,.. .-
Station

0
.446

1: E
2.4!M
4918

:%!
lL Q42
19.962
24.W5
30.011
26.044
40.0s7
~ ~2

66.137
60.119
06.LM7
70.037
74.982
70. ‘W?
8493s
&l.932.

Ik 1!%

Ordinato Swtion Ordina@

o
.742
.964

1.229
L 723
2.413
2. M7
%8’W
;.

6.631
a. 244
6.407
5. 45J0
5.848
6. m’2
4706
4273
8.796
:2EJ

2179

:%?
.477

0

0

:Ei
1.221
2.6S3

?%
10.074
I& 069
20.W3
26.015
29. 98W
24963
89.912
44676
49.359
64Wi3
w. 331
64918
09.m2
76.018
m. w
w 035
W. 018
96. ml

102.000

0
–. 711
–. 847

-1.055
–L 4W
-1. m
-a 2a2
-2 W
–3. m8
-3.447
–3, 734
-4.057
-4. am
-4. m
-4493
–4 499
-4.423
-4. ma
-4 (@3
-3.722
–a 207
–2 617
–1. 744
–. 976
–. m
o

. “.”,.
*.

L. E. radius: 0.IW3
Slope thmngh L, E,: 0.030

.-


