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TESTS OF AIRFOIL-S DESIGNED TO DELAY THE COMPRESSIBILITY BURBLE
.

By JOHN STACK

SUMMARY

Fundam.entdinvdgatwne ‘of iomprmdiliiy phemnneni for
airfoi.k haveshown that serbu.s adveme chan@8 of aerodynumti
characi&i&8 occur a3 the local 8peed over the w$zce aceeok
i!h local speed of iound. These adverse c?uzngmhave been
delqyed to hi@er free-stream epeed.sby developnwniof suitubk
ahfd 8hUpe8. ~ methodofdt%vi~& airfd8h4Tpe8 h

described, and aaodynumic data for a wide range of ikimh
nwmbergobi!chudfrom hi% of tie ainfoil..sin the Langley
%f-kch high-qwed tunnel are p.metid. Thwe airfoik, dwig-
naled tlu NACA Itheria, have incrmed critid Mach num-
ber. W game methods by whtih tie airfoiik have been
developedare applicable to other airpbne component.

INTRODUCTION

Dovolopment of airfoil sectiow suitable for high+peed
applications has generally been diflicult because little was
known of the flow phenomenon that occurs at high speeds.
A definite critical speed has been found at which serious
detrimental flow changes occur that lead to serious losses in
lift and large increases in drag. This flow phenomenon,
called the compressibility burble, was originally a propeller
problem but, with the development of high-speed aircraft,
serious consideration has to be given to other parts of the
airplane. It is important to realize, however, that the pro-
peller will continue to offer the most serious eomprewibility
problems for two reasons: First, beeauee propeller-section
speeds are higher than the speed of the airplane and, second,
because structural requirements lead to thick sections near
tlm root.

Fundamental investigations of high-speed air-flow phe-
nomena recently completed (references 1 to 3) have provided
much new information. From practical considerations an
important conclusion of these investigations has been the
detenninntion of -the critical speed, that is, the speed at
which the compressibility burble occurs. The critical speed
was shown to bo the translational velocity at which the sum
of the translational veloci~ and the maximum local induced
velocity at the surface of the airfoil or other body equals the
local speed of sound. Obviously, then, higher critical
speeds can be Wained through the development of airfoils
that have minimum induced velocity for any given value of
the lift coefficient.

Presumably, the highest critical speed will be attained by

an airfoil that has uniform chordwise distribution of induced
velocity or, @ other words, a flat pressure-distribution curve.
AU conventional airfoils tend to have %igh negative pres-
sures and correspondingly high induced velocities near the
nose, which gradually taper off to the ti-stream conditions
at the rear of the airfoil. If the same lift coefficient can be
obtained by decreasing the induced velocity near the nose
and increasing the inducad velocity over the rear portion of
the airfoil, the critical speed will be increased by an amount
proportional to the decrease obtained in the maximum
induced velocity. The ideal airfoil for any given high-
speed application is, then, that shape which at its operating
lift coefficient has uniform ehordwise distribution of induced
velocity. Accordingly, an analytical search for such airfoils
has been conducted by members of the staff of the Langley
Memorial Aeronautical Laborato~ and these airfoils have
been investigated experimentally in the Langley 24-inch
high-speed tunnel.

The first airfoils invee@@atedshowed marked improvement
over those shapes already available; not only was the critical
speed increased but also the drag at low speeds was decreased
considerably. Because of the marked improvement achieved,
it waa considered desirable to extend the thicti and the
lift-coefficient rangee for which the original airfoils had been
designed to obtain data of immediate practical value before
further extending the inveet&ation of the fundamental
aspects of the problem.
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SYMBOLS

absciasa of camber line
ordinate of camber line
thiclmes, percent of chord
airfoil chord

defied by ~=~1–cos 0)

lift coefliciaut
drag coefficient
minimum drag coefhcient
pitching-moment coefficient about quarter-chord point
pressure coefficient
Mach number
critical Maoh number
Reynolds number
angle of attaok, degrees
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DEVELOPMENT OF AIRFOIL SERIES

The aerodynamic characteristics of any airfoil are, in
genaral, dependant upon the airfoil camber line and the
thiclmess form. Mean camber lines were derived analyti-
cally to obtain a uniform chordwise distribution of induced
velocity or pressure for certain designated lift coefficients,
and an analytical search for a thickness form that likewise
hos low&d uniform chordwise i.ndu~d-velocity distribution
WCS then undertaken.

Derivation of the oamber line,-Glauert (reference 4) has
derived expressions for the local induced veloci~ at a point
on an airfoil (zero thiclmess assumed) in terms of the circu-
lation-around an airfoil corresponding to a certain distribu-
tion of vorticity along the airfoil surface. By assuming the
distribution of vorticity to be constsmt, a line airfoil is
determined that gives uniform chordwise pressure distribu-
tion. The form of the equation so derived is

(1)

where y~ is the ordinate of the mean camber line, z is the
abscissa, and the chord is taken as unity. The idealized
form described by this equation has discontinuitiea at the
nose and at the tail. This difficulty is circumvented by
m.suming very slight gradients in the chordwise load dis-
tribution just at the nose and just at the tail. This form,
derived by using the Fourier series method, is given by the
equation

~=;: (0.3833—0.3333 (MS 249-0.0333 COS46

—0.0095 COS60—0.0040 (Y3S80

–0.0020 Cos 100–0.0012 Cos 1249) (2)

where ~=~~ (1—COS0) and c is the airfoil chord.

Equation (2) expressw the mean camber line chosen for
airfoils of the series developed. Load or induced-velocity
gradings derived from both equations (1) and (2) are actually
identical for all practical purposes. Mean-cambw-line
ordimd es are given in table I for CL= 1.0.
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In order to obtain the mean camber line giving uniform
chordwise distribution of induced velocity for other values
of the lift coefficient, the values given in table I am multi-
plied by the value of the dwired lift coefficient.

TABLE I

CAMBER-IJNE ORDINATES FOR NACA 16- AND 07-SERIES
AIRFOILS WITH CL= 1.0
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Derivation of the thiokness form,—l%e derivation of the
thickness form is not so-simple or direct as the derivation of
the mean camber line. The theoretical pressure distribution
was m“mputedby the methods of reference 5 for each of the
several thiclmess forms investigated in reference 6, Some
of these forms approached the desired shape but fur~her
moditlcations were investigated analytically and, finally, two
shapes were chosen for teats. These shapes, the NAOA
07-009 and the NACA 16-009, and the theoretical prmsure
distribution for each are shown in figure 1. The complete
airfoil profile is derived by &t calculating the mean cam-
ber line for the desired lift coefficient and then laying out
the thic~ess ordinates given in table 11 from the camber
line along perpendiculars to this line.

Airfoil designation,-Because the ideal series of airfoils
requires an estremely large variation of shape, it becomm
practically impossible to use previous numbering systems
and, further, because this new series of airfoils is designed to
obtain a specific pressure diagram, these airfoils are desig-
nated by a new series of numbers that is related to the flow
and the operating characteristics of the airfoil. The first
number is a serialnumber that describes the class of pressure
distribution, the second number gives the location of tho
mtium negative pressure in percent of chord from the
leading edge, the first number following the dash gives the
lift coefficient for which the airfoil wa.adesigned to operate,
and the last two numbers give the airfoil thickness in percent
of chord. Thus the NACA 16-509 airfoil has the shape of
the NACA 16-009 disposed about the uniform chordwise
load camber line designed for a lift coefficient of 0.6,
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TABLE II

THICKNESS:ORDINATES FOR AIRFOILS WITH THICKNESS

9 PERCENT OF CHORD 1 -

[. Allvnlnmmmsurrdh fxawmtchordfromandpeq.mdIcnloIto rank lfnol

APPARATUSAND METHOD

The tests were conducted in the Langley M-inch high
speed tunnel, in which velocities approaching the speed of
sound can be obtained. A brief description of this tunnel
is given in reference 3. The balance measures lift, drag,
and pitching moment and, except for improvements that
permit a more accurate determination of the forces, is
similar in principle to the balance used in the Langley 11-
inch high-speed tunnel. The methods of operation are like-
wise similar to those employed in the operation of the
Langley n-inch high-speed tunnel (reference 7).

The models were of 5-inch chord and 30-inch spm and
were made of duralumin. A complete description of the
method of constructing the models is given in reference 8.
The model mounting is similar to that used in the Langley
n-inch high-speed tunnel (reference 7). The model ex-
tends across the tunnel and through holes cut in flexible
brass end plates that preserve the contour of the tunnel
walls. The holes are of the same shape as the model but are
slightly larger than it is. The model ends are secured in
the balance, which extends halfway around the test section
and is enclosed in the airtight tunnel chamber similar to the
installation in the Langley 1l-inch high-speed tunnel
(reference 7).

The speed range over which measurement...were made
extended, in general, horn 25 percent of the speed of sound
to valu~ in excess of the critical speed. The corresponding
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Airfoils investigated,-& previously stated, two basic air-
foils were investigated. (See fig. 1.) The NACA 07-009
airfoil should, theoretically, give higher critical speed than
the NACA 10-009 but an earlier investigation (reference 3)
indicakd that, for pressuresoccurring near the lead@ edge,
the increase in the pressurecoefficient as a result of compressi-
bility effects was greater than that for pressures occurring
farther back on the airfoil. Consequently, it was believed
that, at speeds as high as the critical speed, the NACA
07-009 airfoil might have, as a result of compressibility
dfocts, a pressure peak near the leading edge. The NACA
16-009 airfoil was therefore developed in an attempt to
achieve the uniform chordwise load distribution at high
speeds. Both forms were tested and the results showed
higher drag and lower critical speed for the N~CA 07-009
airfoil. Accordingly, the NACA 10-009 airfoil was chosen
as the basic form for a series of airfoils designed to operate
at various lift coefficients. For one value of the lift coeffi-
cient the effect of thickness variation was also investigated.
The airfoils tested, of which profiles are shown in figure 2,
me as follows:

NACA LW12N A C A 2409-34 .

c
IVA CA 07-cM(3

< -

N A C A /6-106

N A C A 16-009
/

N A C A 16-506

r

N A C A 16-109

N A C A 16-512
< >

N A C A 16-20.9

N A CA 16-515

NA CA 07-509

N A C A 16-509
N A C A f6-521

NACA 16-009 NACA l&506

NACA 16-109 NACA 16-512

NACA 16-209 NACA 16-515

NACA 16-509 NACA 16-521
NACA 16-709 NACA 16-530
NACA 16-1009 NACA 16-106
NACA 07-009 NACA 07-509

NACA 16-709

N A CA 16-1009 IVA. C A 16-5.50

FIGURE2—PIOIik fOrdrfofh h)- hfgh dtfd s@&
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Reynolds number range was from approximately 700,000
to nearly 2,000,000. The lift-coeilicient range for which
teata were made extended from zero lift for each airfoil to
valuea approaching maximum lift.

.

PRECISION

Accidental errors are indicated by the scatter on the plots
showing the measured test data (figs. 3 and 23 to 25). These
errors me, in general, rather small and a.ilect neither the
application nor the comparison of the data. Tunnel eflecb
arising from end leakage, restriction, and the usual type of
tunnel-wall eflect are important. Exact lmowledge of these
various effects iaincomplete at the present time. The largest
effects appear to arise horn air leakage through the clearance
between the model and the brass end plates in the tunnel
wall through which the model passes. Investigations of
the leakage eifects have been made for the NACA 0012 air-
foil with a special type of internal gap or clearance that per-
mits wide variation of the gap. Data obtained with various
gap settings of 0.01 inch and larger imtrapolated to zero gap
were used to evaluate the leakage correction for the stsnd-
md type of mounting. These corrected data were thim
checked by means of wake-survey drag measurements with
end leakage eliminated by rubber seals. Because the balance
chamber is airtight, the end-leakage condition is related to
the pressure distribution mound the model. It was there-
fore considered advisable to check the method of correction
for end leakage by wake-survey tests with end leakage elim-
inated by rubber seals for these new airfoils, which have ra&
tally diihrent pressure distributions horn the older airfoils
such as the NACA 0012. Some of these data are shown in

. figure 3. Ii general, the agreement is excellent. The data
have accordingly been corrected for end-leakage effects.

.%+ !’+‘-‘~ 1IVA -&i ooi2-
XI , W -,
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.0L24 .-! . ff% 0. ~o A ~b

I I I, , , , I I I I 1 ! I ! I

“o, ~ .3 .4 -5 .6 -7 .8

Mach numb=, M

~Gum 3.-Campdscmofxnfnhmndragobtafncdbyvarfonsmethls.

Other tunnel eilects have not been completely investigated
and the data have not been corrected for such effects as
restriction or the more usual type of wall effect. As pre-

sented, the data axe therefore conservative, inasmuch rts
i.nveatigations made thus far indicate that the coefficients
exe high and the critical speeds may be low. Strictly com-
parable data for two older airfoils, the 3C8 and the NACA
2409-34, for two Mach numbers axe included so that com-
parisons can be made.

DISCUSSION

Aerodynamic characteristics for seyeral of the NACA 16-
series airfoils are given in figures 4 to 18. Examinationof
these figures indicates ‘two important discrepancies between
the theoretiezddesign conditions and the data obtained from
the tests: First, none of the airfoils attains the design lift
coefficient at the design angle of attack (0°) and, second, the
departure increases markedly with the design lift coefficient.
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The departures may be important if variation from the ideal
pressure distribution is rapid with change in lift coefficient.
This effect, if great, -would tend to cause lower drag and
higher critical speed for a narrow region near the de-signcon-
dition than are shown by thwe data. These depati=
also increase with the airfoil thicknes.
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The differences between the design conditions and the
actual test results may be expected because of the simplify-
ing assumptions of the thin-airfoil theory. Theoretically,
it is assumed that the induced mlocitiii are negligibly small
as compared with the stream velocity. For thin aikfoils at
low lifts, this approximation is valid, With increases of
lift or thickness, however, the induced velocities approach
and sometimes exceed the stream velocity. Study of these
effects appears to be very important in order to obtain the
proper airfoils for high lift coefficients and large thickness
ratios. Deviations shown by the airfoils in this serieshaving
high lift and high thickness ratios appear to indicate that
the use of a single basic shape is unwarranted if it is desired
to obtain optimum airfoils for a wide range of lift coefficient
and thiclmess distribution.

Theoretical prewm-distribution diagrams for the thicker
airfoils showed much greater slope of the pressure curve
than is shown by the basic NACA 16-009 airfoil. Prelimin-
ary study indicatid that increasing the leading-edge radius
and the fullness of the airfoil between the leading edge and
the maximum ordinate by lead to considerable improve-
ment over the thicker airfoils herein reported.

Comparison of airfoils.-Figures 19 and 20 ilhstrate the
differences in rmrodynamic characteristics between older
propeller-blade sections and the NACA 16-serie5airfoils. At
lower speeds (iW=O.45, & 19) the 3C8 airfoil appeam to
attain a much higher mtium lift coefficient than the new
airfoils. This result is important in that the wider useful
angle-of-attack range may frequently be required to prevent
stalling of a propeller during take-off. Over the normal
fight range, however, and in most cases for which rational
choice of section can be made, the lower drag of the new
sections offers considerable opporti,ty to achieve higher
efficiencies. The low drag attained by the NACA 2409-34
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airfoil developed ikom earlier tests in the Langley 1l-i.ncli
high-speed tunnel may appem surprising. Actually tho
type of flow for this airfoil approached the flow that might
be expected for the NACA 16-309 airfoil.

The low drag common to most of the NACA 16-seriesair-
foils is associated with more extensive regions of laminar flow
in the boundary layer resulting from the rearward position
of the point of maximum negative pressure. Unfortunately,
however, the Reynolds number is so low that effects of
huni.nar sepamtion may appear and some pressuro drag
might occur. The small differences in drag betw-eeu tho
envelope polar for the new airfoils and for the NAOA 2409-34
airfoil are probably a result of this phenomenon. Actunlly
the point of maximum negative pressure for the new airfoils
-is considerably farther back than the corresponding point
for the NACA 2409-34 airfoil but, if laminar separdion
occurs ~ly, nearly equal drag coefficients might be espected.

At high speeds (M= 0.75, fig. 20), the region for which tho
NACA 16-seriesairfoils were designed, the superiority of the
new airfoils is clear. The earlieronset of the compressibility
effects for the older airfoils leads to eai-ly drag incmnscs nncl
lower maximum lift coefficients. At speeds above M=0,76
the use of the older sections appears umvarrantcd for any
purpose.

Critical speed.—The variation of the oritical speed with
lift coef6cient and with thickness is given in figures 21 nnd 22,
respectively. These curves indicate that critical speeds
exceeding the theoretical valuea were attained in the tests.
In the choice of the teat critical speeds, the values were
selected on the basis of earlier experience that indicated somo
rise in drag before large flow disturbances occurrod. If
these speeds were chosen aa the highe-stivalues reached before
say appreciable drag increment occurred, the ngreementwith
the theoretical curves would be very good. For comprtrison
the critical speed of the 3C8 airfoil is plotted in figuro 21.
The ditTerencebetween the new and the older airfoils is
greater than shown by the curves because the 3C8 is S per-
cent thick, or 1 percent of the chord thinner than the nirfoils
of the NACA 16-009 series.
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Minimum drag.-Coefficients of minimum drag plotted
against Reynolds number me given in figures 23 and 24.
The lowest drag coefficient was obtained for the NACA
16-106 airfoil; this cocfhcient is approximately 0.0026 at
low speeds and increasesto approximately 0.0032 immediately
below the critical speed. Of the 9-percent-thick airfoil
series designed. to operate at various lift coefficients, the
NACA 16-109 airfoil appearq to have the lowest drag. This
result is contrary to expectation because the symmetrical
~r basic form of the NACA 16-009 would normally have the
lowest minimum drag cmdlicient. The diilerence may bc
duo to some irregularity of the airfoil surface.

Tho compafion of the minimum drag coefiicicmtsfor the
3C8 and the NACA 2409+4 and 16–209 nirfoils is shown in
figure 25. The high critical speed for the NACA 16-209
airfoil is apparent. The compmison as given directly by
figure 25 is a little misleading because of the smaller thickna<
ratio for the 3C8 airfoil. For equal thicluwss ratios, the
differences between the c-series and the NACA 16-series
airfoils will be greater than shown.

Use of the data,—The envelope polars that maybe drawn
for the NACA 16-series airfoils represent a new and much
Iowor drag rMwell as higher citical speed attainable for the
design of propeller-blade sections. Even though the angle-
of-attnck mnge is less than for the older sections, there will
bo numerous designs for which sufficient angle-of-attack
range is given b.y the new sections. For high-speed, high-
rdtitude aircraft, the advantages of the low drag and high
critical speed are of paramount importance and, in them
designs, rational choice of section is of increasing importance.

“ In many dwigns the diameter.is iixed by considerations other
than propeller efficiency. Thus the induced 10SSWare iixecl
and propdlem of highest efficiency can be developed only
by opornting and designing the blade sections to operate
on the envelope polars. Another important consideration
in using new blade sections to achieve highest efficiency
concerns the adaptation of the sections to older propellor
designs. Optimum efficiency cannot be achieved by simply
substituting the new sections for the old on a given. design.
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The use of better blade sections permits the use of larger
diameter and necessitates some plan-form changes. All
these factors should be considered in a design for best
efficiency with the new blade sections.

CONCLUSION

By a new approach to airfoil design based upon findkgs
of fundamental flow studies, a new series of airfoils, the

NACA 16 series; has been developed which has increaaed
critical Mach number and at low speeds reduced drag.

LAIWLEY MEMORIAL AERONAUTICAL LABORATORY.

NATIONALADVISORY Co
#

AIMIIKCEIIFOR AERONAUTICS,
LANGLEY ~LD, VA., JW Id, lg~g.
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