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TESTS OF AIRFOILS DESIGNED TO DELAY THE
COMPRESSIBILITY BURBLE

By John Stack
INTRODUCTIHN

Development of airfoil sections suitable for high-
speed applications has generally been difficult because
little was known of the flow phenomenon that occurs at
high speeds. A definite critical speed had been found at
which serious detrimental flow changes occur that lead to
gserious losses in lift and large increases in drag. This
f@ow phencomenon, called the compressibility durdle, was:
originally a propeller problem, but with the development
of higher speed aircraft serious consideration must be _
given other parts of the airplane. It is important.to re-
alize, however, that the propeller will continue to offer
the most serious compressibility problems for two reasons:
first, because its speed is higher than the speed of the
airplane, and second, because structural requirements lead
to thicker sectiong near the root.

Fundamental investigations of high-speed aigsflow
phenomenon recently completed (references 1, 2, and 3)
have provided mueh new information., From the practical’
standpoint an important conclusion of this work hasg been ,
the determination of the critical speed, that is, the speed
, 2t which the compressibility burbdle occurs. The critical

speed was shown to be the translational velocity at which
the sum of the translational velocity and the maximum lo-
cal induced velocity at the surface of the airfoil or
other body equals the local speed of sound. Obviously
then higher critical speeds can be attained through the de-
velopment of airfoils that have minimum induced veloeity
- for any given value of the 1ift coefficient.

Pregumadbly, the highest eritical speed will be at-
tained by an airfoil that has uniform chordwise distridu-
tion of induced velocity or, in other words, &4 flat pressure-
digtribution curve. Normal airfeils all tend to have high
~negative pressures and correspondingly high induced velogi-
ties near the nose, gradually tavering off to the air-
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 induced velocity
over the after 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 air~
foil for any given high-speed application is, then, that

form which at its operating 1ift coefficient has uniform

chordwise distribution of induced velocity, Accordingly,
an analytical search for such airfoil forms has been con-
ducted by members of the Laboratory staff and these forms
are now being investigated experimentally in the 24-~inch

highegpeed wind tunnel,

The first airfoils investigated showed marked im-
provement over those forms already availadble, not only as
to critical speed dut also the drag at low speeds is de-
creased considerably. Because of the marked improvement
immediately achieved, it was considered desiradble to ex~
tend the thickness and 1ift coefficient ranges for which
the original forms had been designed to obtain data of
immediate practical value before extending further the in-
vestigation of the fundamental aspects of the problem.

DEVELOPMENT OF AIRFOIL FORMS

.

The aerodynamic characteristics of any airfoil are in
general dependent upon the airfoil camber line and the
thickness form., PFor thisgs series of airfoils, camber lines
were derived analytically to obtain a uniform chordwise

.. distridution of induced velocity or pressure for certain

designated 1ift coefficients, and then an analytical search
-for a thickness form that likewise has low and uniform
chordwise induced velocity distribution was undertaken.

Derivation of the camber line.~ Glauert (reference 4)
has derived expressions for the local induced velocity at
a point on an airfoil (zero thickness assumed) in terms of
the circulation arocund an airfoil, corresponding to a cer=
tain distribution of vorticity along the airfoil surface.
By assuming the distridution of vorticity to be constant,
a line airfoll is determined that gives uniform chordwise

pressure distribution. The form of the equation so derived
is .

Ly . ‘ ‘
e _ L 1 - 1 - x
Op = am Llog’l =St x log _
where Y, 'is the ordinate of the camber line, x 1is the
abscissa, and the chord length is taken as unity. This
ideal form leads to discontinuities at the nose and tail



in the theoretical example., This difficulty is circum-
vented by assuming slight gradient in the chordwise load
grading immediately at the nose and tail. This form de-
rived by A. E. von Doenhoff of the Laboratory staff, using
the Fourier serieg method, is given by the equation

T, ¢ :
= [0.3838 - 0.3333 cos 20 - 0.0333 cos 48 - 0.0095

cos 68 -~ 00,0040 cos 89 - 00,0020 cos 108
- 0,0012 cos 126]

where % = %r(l - cog 8) and ¢ is the airfoil chord.
This latter equation expresses the camber line chosen for
airfoils of this series. Actually load or induced veloc-
ity gradings derived from both equations are identical
for all practical purposes. Camber~line ordinates are
g2iven in table I for the value of O = 1,0. To obtain

the camber line, giving uniform chordwise distribution of
induced velocity for other values of the 1ift coefficient,
the values given in table I are multiplied by the wvalue of
the desired lift coefficienk.

Derivation of the thicknesgs form.~ The derivation of
the thickness form is not as simple or direct as the deri-
vation of the camber line. Theoretical pressure distribu-
tion was computed by the methods of reference 5 for each
of the several formg investigated in reference 6.  Some of
these forms approached the desired form dut further modi-
fications were investigated analytically and finally two
forms were chosen for tests, These formg and the pressure
distridbution for each are shown in figure 1. The complete
airfoil profile is derived by first calculating the camber
line for the desired 1ift coefficient and then in the usu~
al manner lay out the thickness ordinates given in table
II from the camber line,

Airfoil designation.~ Because the ideal series of
airfoils requires an extremely large variation of shape, it
becomes 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 designated by a new series of numbers that
are related to the flow and operating characteristics of
the airfoil, The first digit represents a serial number
that describes the class of pressure distribution, the



second number gives the location of the maximum negative
pressure, and the numbers following the dash give the 1ift
coefficient for which the airfoil was designed to operate s
and the airfoil thickness. Thus the 18-~509 has the sghape

16~009 disposed about the uniform chordwise load camber

line designed for 1ift coefficient 0.5 and 1s 9 percent

thick.

Airfoils investiggted.~ Two basic airfoil forms were
investigated. These forms and the corresponding theoreti-
cal pressure~distribution diagrams are shown in figure 1l.
Theoretically the form N.A.C.A. 07-009 should give the
higher critical speed but earlier investigation (reference .
3) indicated that for pressures occurring near the leading
edge, the increase in the pressure coefficient as a result
of compressibility effects was greater than that for pres-
sures oceurring farther back on the airfoil, Consequently,
it was believed that at speeds as high asgs the critical
speed, the ghape designated 07-009 might have as a result
of compressibility effects a pressure peak near the leads-
ing edge. The form N.A.C.A. 16~009 was. therefore developed

as an attempt to achieve the uniform chordwise load distrie .
bution at high spesds. Both forms were tested and the re- .
sults showed higher drag and lower critical speed for the

N.A.C.A. 07-009 form., Accordingly, the form N,A.C.,A. 16-009 @

was chosen as the basic form for a series of airfoils de- y-
signed to operate at various 1lift coefficients. For one ‘
value of the 1ift coefficient the effect of thickness var-
iation was also investigated, The airfoils tested are

given in the following table and profiles are shown in

figure 2,

N.A.C.A. 16-009 ¥.A.C.,A. 16=-506

N.A.C.A. 16-109 F.L.Cod. 16-512
N.A.C.A. 16~209 N.A.C.A. 16-515
Neh.C.A. 16-509 Nuh.0.A. 16-521
HeA.C.Ae 16-709 Neh.C.A. 16-530

N.A.C.A. 16-1009 N.A.C.A., 16-106

N.A.C.A. 07-009 N.A.C.A. 07~509
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APPARATUS AND METHOD

The tests are being conducted in the N.A.C.A. 24~inch
high~speed wing tunnel in which velocities approaching the
speed of sound can be obtained. A Dbrief deseription of
this tunnd is given in reference 3. The balance measures
1ift drag and pitching moment and, except for improvements
that permit a more accurate determination of the forces,
is similar in principle to the one used in the ll-inch
high~speed wind tunnel. The methods of operation are like-
wise similar to those employed in the oneration of the 1ll=-
inch tunnel (reference 7).

The models are of 5-ingch.chord and 30-inch span and
are made of duralumin. A complete description of the
method of constructing the models is given in reference 8.
The model mounting is similar %o that used in the ll-inch
tunne 1 (reference 7)., The model extends across the tunnel
and thrqugh holes, which are of the same shape as but
sllghtly 'larger than the model, cut in flexidble drass end

Pplates that preserve the contour of the tunnel walls. The

model ends are secured in the balance which extends half
around the test section and is enclosed in the airtight
tunnel chamber similar to the ll-inch tunnel installation
(reference 7).

The speed range over which measurements were made eX-
tended, in general, from 25 percent of the speed of sound
to values in excess of the critical speed. The correspond-
ing Reynolds Number range was from approximately 700,000
to nearly 2,000,000, The 1ift coefficient range for which
tests were made extends from zero lift for each alrfoil to
values approaching maximum 1ift. In making tests over
such a large speed range, the range of forces becomes very
large and, in order to preserve a high order of accuracy,
the models are first tested over as wide a range as possi-
ble with the balance set for maximum sensitivity and then,

by resetting the balance sensitivity, extending the range

of forces measurable sufficiently to obtain the data cor-
responding to the laree forces occurring at maximum 1ift.
Magxinum 1ift data are, therefore, not included in this
preliminary report because the time reguired to obtain the
data would materially delay the presentation of the data
already available.




PRECISION

-Acecidental errors are indicated by the point scatter
on the plots showing the measured test data. These are in
general rather small and affect neither the application
nor the conmparigon of the data. Tunnel effects arising
from end leakage, restriction, and the usual type of tunnel-
wall effect are important. ZExact knowledge of these vari-
ous effects is incomplete at the present time. The larg-
est effeets appear to arigse from air leakage through the
clearance between the model and the dbrass cnd plates in
the tunnel wall through which the model passes. Investiga-
tions of the leakage effects have been made for the N.A.C.A.
0012 with a special type of internal gap or clearance that
permitted wide variation of the gap, Data obtained with
various gap settings from 0.01 inch up extrapolated to zero
gap were used to evaluate the leakage correctiom for the
standard-type mounting. These corrected data were then
checked by means of wake survey drag meagsurements with end
leakage eliminated by rubber seals., Becauge the balance .
chamber is airtight, the end leakx condition is related to
the pressure digtributiom around the model. It was there~
fore considered advisable to check the method of correcs-
tion for end leak by wake survey tests with end leakage
eliminated by rubber seals for these new airfoils which
have radically different pressure distribution than the
older forms like the N.A.C.A. 0012. Some of these data
arc shown in figure 3. In general, tho agreement is ex=-

- cellent. Accordingly, the data have been. corrected for
end leakage effects.

Other tunnel effects have not been completely inve%tin
gated and the data have not been corrected for: such-effects
as restxiction Qx.the..more nsual type of wall effect. As
presented the data are therefore coiservative inasmuch as
-investigations so far made indicate that the coefficients
as presented in the figures are high and the critical
speeds may be low, Strictly comparable data for two older
airfoils are, however, 1ncluded g0 that comparisons can be
madeo :

DISCUSSION

Airfoil characteristics for several of the W.A.C.A.
series 16 airfoils are given in figures 4 to 18, Exami-
nation of these figures indicates two important discropan—



cies between the theoretical design conditions and the data
obtained from the tests, PFirst, none of the airfoils at-
tain the design 1lift coefficient at the design angle (zero
degrees) and second, the departure increases markedly with
the 1ift coefficient.‘ The departures may be important if
variation from the ideal pressure distribution is rapid
with change in 1ift coefficient. This effect, if great,
would tend to cause lower drag and later critical speed

for a narrow region near the design condition than is shown
by these data. Similarly these departures also increase
with the airfoil thickness.

Thegse differences between the design conditioﬁs and
the actual test results may be expected because of the
simplifying assumptions of the thin airfeil theory. The-

oretically it is asgumed that the induced velocities are ;
negligi . small as compared with the stream veloclty. i

or thin alrf01ls at. 1l "thls approximatlon is val- (
igd, Witk increases..of

“induced velocities apyroach and sometimes ‘exceed the stream
ve1001ty. Study of these effects appears to be very im-
po“%ant in order to obtain the proper airfoil shapes for
high 1ift coefficients and large thickness ratioss Devia-
tions shown by the high 1ift and high thickness ratio air-
foils in this series appear to indicate that the use of a
single basic form is unwarranted if it is desired to ob-
tain optimum airfoils for a wide range of 1lift coefficients
and thickness distribution, . -

Theoretical pressure-distribution: diagrams for the
thicker airfoils show much zreater slope of the pressure
curve than is shown by the basic 16-009 form, - Preliminary
study indicates that (Ificreasing the leadinguedge radius and jui0 was
the fullness of the airfoil between the leading edge and ong o
the maximum ordlnate)may lead to some considerable improve- "' 7"

ment over the thicker airfoils herein reported. Further ‘ o T

investigatiom is now being comducted.

, Comparison of airfoilg.~ Figures 19 and 20 illustrate
the differences in aerodynamic characteristics between
older propeller-blade sections and these new forms. A4t
lower speeds (M = 0,45) +the 308 airfoil appears to ate
tain much higher maximum 1ift coefficient than the new
airfoils, This is important in that the wider useful
angle~of-attack range may frequently be required to pre-~
vent stalling of a propeller during the take-off. Over the
normal flight range, however, and in most cases where ra-
tional choice of section can be made, the lower drag of



the new sections offers considerable opportunity to achieve
higher efficiencies. The low drag attained by the W.A.C.A.
2409«34 airfoil developed from earlier tests in the 1ll-
inch tunnel may appear surprising. Aectually the type of
flow for this airfoil approaches the flow that might be
expected for the NelAoC,Ae 18-309 airfoil.

The low drag 'common to most of the new alrfoils is as-
gociated 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 lames
inar separastion may appear so that some pressure drag )
might occur. The small differences in drag bétween the on-
velope polar for the new airfoils and the 2409=34 airfoil
are probably a result of this phenomenon. Actually the -
point of maximum negative pressure for the new airfoils is
considerably farther aft than the corresponding point for
the 2409-34. but, if laminar separation occurs early, near-
ly equal drag coefficients might be expected.

A detailed discussion of this phenomenon is given in
an advance confidential report by E. N. Jacobs based on
boundary-layer measurements for new airfoils tested in the
low=-turbulence wind tunnel.

At high speeds (M:=-0.75) (fig. 20), the region for
which the N.,A«C.A. series 16 was designed, the superiority
of the new airfoils is clear. The earlier onset of the
compressibility effects for the older airfoils leads to
early drag increasecs and lowered maximum 1ift coefficlent.
At speecds above M of 0,75 the use of thé older sections
appears unwarranted for any burnose.

Critical sgeed.~ The variation of the eritical speed
with 1ift coefficient and with thicknesgsg is given in fig-
ures 21 and 22, rewngetively., These curves indicate that
ecritical upeeds exceeding the theoretical values were at-
tained in the tests., . In picking the test critical gpeeds
the values were chosen on the bagls of earlier experience
that indicated some drag rise before shock occurred. If
these speeds were chosen as the highest values reached be-
fore any appreciable drag increment occurred, the asgreement
with the theoretical curves would be very good., .For com-
parison the critical speed of the 308 airfoil is. plotted
on figure 21, The difference between the new airfoils and
the older formg is greater than shown by the curves because
the 308 ig 8. percent thick or 1 percent of the chord: thin“
ner than the 16~009 geries.




Minimum drag.~ Coefficients of minimum drag plotted
against Reynolds Number are given in figures 23 and 24
The lowest drag coefficient was obtained for the 16-106
airfoil and is approximately 0.,0026 at lower speeds increas—
ing to approximately 00,0032 immediately below the critical
speed.s Of the 9 percent thick series designed to operate
at various lift coefficients, the 16-109 appears to have
the lowest drag. This is contrary to expectation because
the symmetrieal or basic form of the 16-~009 would normally
have the lowest minimum drag coefficient. The data were
carefully checked and it appears that the lower drag of the
16~109 is real though as yet unexplained.

Comparison of the minimum drag coefficients for the
308, 2409-34, and the 16~209 airfoils is shown in figure
25. The higher critical speed for the 16-209 is appalrent.
The comparison as given directly by the figure is a 1little
misleading because of the smaller thickness .ratio for the
3C08. For equal thickness ratios the differences bdetween
the C series airfoils and the NeAoC.A. 16 series will bde
greater than shown,

Use_of the data.~ The envelope polars that may be
drawn for the 16 series airfoils represent a new and much
lower drag as well as higher critical speed attainable
for the design of propeller=blade sections. ZEven though
the angle-~of-attack rangeé is less than for the older sec-
tions, there will be numerous designs for which sufficient
angle~of-attack range is given by the new .sections. For
high-speed, high-altitude aircraft, the advantages of the
low drag and higher critical speed are of paramount impor-
tance and in these designs rational choige of section isg
of increasing importance. In many designs the diameter is
fixed by considerations other than propeller efficiency.
Thus the induced losses are fixed and propellers of high~
est efficiency can be had only by operating and designing
the blade sections to work on the envelope polars. A fur-
ther and most important matter in using new blade sections
to achieve highest efficiency concerns the adaptation of
the sections to older propeller designs. Optimum efficien-
cy cannot be achieved by simply substituting the new sec-
tions for the old on a given design, The uso of better
blade sectiong permits the use of larger diameter and ne-
cessitates some plan~-form changes. All of these should be
congsidered in a design aimed at best efficiency using the
new blade sections,

Langley Memorial Aeronautical Laboratory, .
National Advigory Committee for Aeronautics,
Langley Field, Va., June 14, 1939,
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Table I, heading:

"Series & 07 Camber Line Ordinates" should read

"Series 16 & 07 Camber Line Ordinates"



A -

(7 TABLE I
Series g 07 Camber Line Ordinates
CL = 1.0

A1l values measured in percent chord
from chord line

Station Ordinate’ Slope
0. 0 . 0.62234
1.25 .535 ' 34771
2.5 R 930 29155
5 § 1.580 .23432
7.5 ) 2.120 | .19993

10 ' 2.587 .17486

15 3.364 .13804

20 3.982 .11032

25 : 4.475 .08743

30 4.861 .06743

40 “ 5.356 .03227

50 ; 5.516- 0

60 ; 5.356 .03227

70 4.861 .06743

80 | 3.982 . »11032

90 \ ,4 24587 .17486

95 1,580 ‘23432

L100 0 .62234




TABLE II

Thickness Ordinates for Thickness

of 9% Percegt of Chord

All values measured in percent of chord
from § perpendicular to.camber line

Station ~§eriﬁs"lﬁW%g 07-009
Ordinates .- Ordinates

0. N 0 |
1,25 ,969 7.¢7 1,23
2.5 1,354 3,7¢ 1.67
5 1,882 77 2.19

- 7.5 2.274 7 7 2.58
10 2,598 “&f 2.90
15 3.101 3.4l
20 3.498 7 3.79
25 4.07
20 4,063 7/« 4.27
40 4.391 /277 4.46
50 4.50047.%7 4,50
60 4.376“;‘ 4,37
70 3.952 /07 ¢ 4,00
80 3,149 717 3434
90 1,688 | 1,91
95 1,061 2.7 1,00
100 .090.7 %7 .09

Slope of radius = 0.62234 Oy,
through end of chord .
Series 16 L.E. radius = 0,396 (t/.09)°

*For other thicknesses (t, in percent)
multiply series 16 ordinates by t/.09




Figure

Figure 2.~ Profileg for high critical

FIGURE LEGENDS

l.~ Basic airfoil formse.

13

speeds.

Figure 3.~ Comparison of minimum drag obtained.by various
methods.

() Polar plots.

(p) Lift.and moment data.
4.~ Airfoil characterigtics.
0,30, :

(a) Polar plots.
(b)) Lift and moment data.
Bs~ Airfoil characteristics.
0.45.

(a) Polar plots. 4
(D) Lift and moment data.
Be= Airfoil characteristicse.
0.60.

(2) Polar plots.

(b) Lift and moment data.
7e= Airfoil characteristics.
0.70.

(a) Polar plots.
~ (b).Lift and moment data.
Bew= Airfoil characteristics.
0.75.

(a) Polar plots.
(b)) Lift and moment data.
9e~ Alirfoil characteristics.
0e30.

(a) Polar plots.
~ (p) Lift and moment data.
104~ Airfoil characteristics.

0.45.

(a) Polar plots.

(p) Lift and moment data.
11,- Airfoil characteristics.
0.60,

N.A.C.A. series 16-009.
Ne.A.C.A. series }6-009.
N.A.C;A. series 16-009.
N.A;C.A,'series‘16~009.
N.A.C.A, series 16-009.
N.A.C.A. serieg 16~500,
N.A.C.A.‘series 16-500,

N.A.C.A.’series 16500,
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Figure 12.~ Airfoil characteristics. N.A.C.A. serics
M = 0,70, . '
(a) Polar plots.
(v) Lift and moment data. : 5
Figure 13.~ Airfoil chatacteristics. NehoC.A. geries 16-500,
M = 0,75, :
(a) Polar plots.
(b) Lift and nmoment data.
Figure 14.,« Airfoil characteristics. N.A.C.A., series 16-000,.
M = O.ZO' ‘
() Polar plots.
(b) Lift and moment data. )
FPigure %545 Airfoil characteristics., ¥Y.A.C.A. series 163000.
(a) Polar plots
(b) Lift and moment data,
Figure 16.-« Airfoil characteristics. N.A.C.A. series 156-000,
M = 04600- '
(a) Polar plots.
(b) Lift and moment data.
Figure 17.~ Airfoil characterlstics.= NeAsCJAe series 16-000,
M = O 70.
(a) Polar vlots.
(b) Lift and moment data., - - .
Figure 18.,~ Airfoil characterlstlcs. NA.C.A. serieg 15-000.
M = O 75. . . M .
Figure 19.~ Conmparison of N.A.C.A, airfoils, = 0,45,
Figure 20.~Comparison.of NeA.Ce A« airfoils. = 0,75,
Figure 21.~Airfoil>critical speed, Variation‘with 1ift,.
Figure 22,.,- Airfoil critical speed. Variation with thick-
negsgs -
Figure 23,- Minimum dfag for the M.A.C.A. aiffoi;s, sgriés
16-009,
Figure 24.~ Minimum dracg for the N.A.C.de airfoils, series
Figure 25,-Comparigon o6f airfoil drag coefficients.

(a) Polar plots.
(p) Lift and moment data.

16500,
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Figure 2
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