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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CGOLTTDENTIAL REPORT

COMPLETED TABULATION IXN THE UNITED STATES
OF TESTS OF 2l AIRFOILS AT HIGH MACH NUMBERS
(Derived from Interrupted Work at Guidonia, Italy
in the 1.31- by 1.7L-Foot High-Speed Tunnel)
By Antonio Ferri

SUMMARY

Two-dimensional data for 2l airfoil sections tested
in the 1.31- by 1.74-foot high-speed tunnel at Guidonia,
Ttaly, are presented. The test Mach numbers ranged
from 0.40 to 0.9} and the test Reynolds numbers from 340,000
to [j20,000. The results indicate that thickness ratio 1s
the dominating shape paremeter at very high Mach numbers
and that important aerodynamic advantages are to be galned
by using the thinnest possible sections.

The results of preliminary tests made to investigate
the effects of jet boundaries, Reynolds number, and
humidity at very high speeds are also presented. It was
found that the jet-boundary effects became very large at
high Mach numbers when models large with respect to the
tunnel height were used. In the absence of sultable
correction factors for large models it was considered
essential to use models small enough to make the jet-
boundary effects n=gligible. It was indicated that the
data presented for the 2l airfoils tested are essentlally
free from jet-boundary and humidity effects.

INTRODUCTION

The rapid increase in alrplane speeds during
the past 5 years has greatly accentuated the need for
experimental date in the subsonic Mach number range
above 0.7. Experimental aerodynamic data in this speed
range, however, ar<¢ still very scarce. There are two
principal reasons for the lack of data. PFirst, the
experimental equipment required to obtain data at high
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speeds on models of significant size is extremely costly
to construct and operute. Second, the prsblems of tech-
nigue involved in obtaining data at these speedz ure very
complex and are not yet fully understood. The tuunel-
wall-effect vhenomena occurring at very high Mach numbers
with the presence of =hock waves becorie so complex that
there seems little hope at present of obtaining correc-
tionas for these effects by analytical methods.

The principal purposo of this report i1s to present
aerodynamic data for 15 reluted airfoils ard for §5
miscellaneous airfoils at Mach numbers in the range 0.40
to 0.94. The duta were obtalned on models of 1.575-inch
and 1.965-inch chord In the 1.3%1- by 1.74-foot high-speed
tunnel at Cuidonia, Ttaly. Before the presentation of
tho test resulta, a description 1s given of the equipment
used and the findings of preliminary tests made in un
attempt to develop a sultable testing technique and to
determine the isolated effects of such experimentul varia-
bies as Reynolds number, ratio of the slze of the model
to the size of tho tunnel, and humldity.

The results presented hercin rebresent the completed

part of a broad high-speed research program at Guldonia,
which was Interrupted by the war.

I. EFPECTS? OF REYNOLDS NUMBER, JET BOUNDARIES, ARD
MMIDITY IN TESTS OF AIRFOILS AT HIGH SPEEDS

A systematic study of the effects of Reynolds number,
alr-stream boundaries, and humidity at high sneeds was
made prior %o %tiie main part of the present ilnvestigation.
It 1s not certaln, of course, that these are the only
factors affecting the results, but they are considered
the most lmportant.

WIND TUNNEL

All the tests were made 1n the high-speed tunnel at
Guidonia (reference 1), a single-return tunnel that could
function at a pressure below atmospheric. The pressure
In the test section of the tunnel could be varied
from 1.0 atmosphore to 0.1 atmosphere. The tunnel had a

CONFIDENTIAL
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system of refrigeration by which the temperature at low
sz6eds could be held constant at &s low a value as

15° Centigrade. The temperature of the alr as it left
the compressor was very verlable, depending on the
velocity und the pressure of the jet,

The tunnel was powered by a 3000-horsepower fourteen-
stage axinl-flow comoressor, which could produce a
velocity ranging from 0.4 to 2.9 times the speed of sound
when one minimum retungular sectlon of the jJet 1.31 by
1.7, feet in size was used. Tn tests at subsonlc speeds
the test section of the Jet was kept constant at these
dimensions.

The Jjet was enclosed between two straight, parallel
side walls, which were perpendicular toc the axis of the
model. The jet was not resatrained by top and bettom
walls. (See fig. 1.) The effuser A-A wus shaped in
such & way as to give a uniform flow at the plune a-a.
This uniform flow was attained in a serles of preliminary
teats by increasing the length of the parallel-sided
effuser until satisfactory flow distribution was obtalned.
The diffuser B-B was pluced in & position to give uniform
flow and to elimirnate the vibrations that tended to ocour.
With the diffuser shape &nd location finally determined,
the velocity was constant along the plane b-b in the
test section of the tunnel even at the hlghest speeds.

By varving the pcsition and the dimensions of the diffuser
a stable and uniform flow could be obtalned even in the
Mach number range upproaching and exceedlng the speed of
sound (Mach numbers of 0.9 to 1.2). The present test
program included measurements made at Mach numbers up

to 0.94. Information on the shupe and location of the
diffuser has been lost; therefore, the exact dimensions

of thils setup are not avallable.

The velocity and the Mach number were determlned
from a tunnel calibration based on measurements of the
total pressure in the large section of the tunnel ahead
of the entrance cone and on measurements of the statlc
preasure at the wall near the exit of the entrance cone.
In order to check ghe veloclty measured in this manner,
pltot-static tubesiwere installed at the top and bottom
of the jet just downstream of the exit of the entrance
cone. These tubcs gave u qualitative indlcation of the
Jet-boundary interference effects. When the velocitles
measured by these tubes were appreclably different from
the velocity indicated by the entrance-cone pressure

CONFIDENTIAL
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calidration, it was usually found that the interference

effects were so large that they appreclably altered the

aerodynamiec characteristics of the test mndels. No data
were taken when this conditlon existed.

EFFECT OF REYNOLDS NUMBER AND AIR-STREaM BOUNDARIES

Experimental methods.- In the study of Reynolds
number eilecta at Llgh aspeed, preliminary tests wers
made first on cylinders and spheres of wvarilous dimensions
{(reference 2). An analogous series of preliminary tests
was then made for alrfolls. Models.of alrfolls of con-
atant profile vt nf varying chord were tested.

For the study of the effect of the alr-atream
boundaries, tests were made with varying ratio of model
chord to tunnel helght over a range of Nach numbers.

The ratics used were: 0.0755, 0.09L2, 0.113, snd 0.151.
The Reynolds number at each Mach number was held approxi-
mately ccnstant by varying the density.

Test models.- A profile was chosen having an arc
for the upper surface and a stralght line for the lower
surface because this profile c¢culd be exactly renroduced
In various sizes. The 'pnoer surface could he made by
use of a lathe and the lower surface could be formed by
uae of a shaper. The leading edge and the tralling edge
were sharp, The maximum thickness chasen was 8 percent,
and the profile was deslgnated C-8 (fig. 2). Four models
were constructed with such a profile; three with chorda
of 1.575, 1.969, and 2.%262 inches (4, 5, and é cu) for
force tests and one with a chord of 3.19 inches (8 om)
for determining the pressure distribution along the pro-
file.

Tests and resultd.- At Mach numbers of 0.4, 0.5,
0.6, 0.7, 0.C, and 0.9, the 1ift coefficient, the drag
coefflcient, and the pltching-moment coefficlent about
the quarter-chord point of the airfoll were determined
for the three profiles having thords of 1.575, 1.%69,
and 2.%62 inches. All the models were tested at two
Reynolds numbers: approximutely 250,000 anc L80,000.
The model with the 1.575-inch chord was alsc tested at a
Reynolds number of 150,000, For the profile having a
ehord of 3.15 !n~rcs, pressure readings were made at
angles of attack between ~3.5% and L.59° for Mach numbers
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coincide at high Mach numbers with the values found by
the force teats. This agreement indicates that the
boundaries of the alr stroeam probably did not interfere
appreciably with the dlstributlion of the pressures. For
a Mach numver of 0.94 the effect of the alr-stresm
boundaries is important for the model of 3.15-inch chord
but 1s not imvortant for the models of 1.575- und
1.969-inch chord. For hjigher Mach numbers the boundaries
also affected the results obtained with the two smaller
models. .

It is interesting to note that the phenomenon of
choking of the air stream, which occurs in closed-throat
wind tunnels at high speeds (reference 3). did not occur
in the tunnel in which the present tests were mude. For
exmuple, for model C-8&, which had a chord of 3.15 inches,
it is estimated thaut choking ln a closed-tirout tunnel
would occur at & Mach number of 0.80 or lower. The
choking Wach number for the 2.352-~inch-chord model is
estimated to be 0.90 or lower. These choking Mach num-
bers were calculated from one-dimensional theory for the
zero-~1ift condlitlon. They are therefore somewhat higher
than the choikking Yuch numbers that would actually be
obtaulned, esvecially for angles of attack other than that
for zero 1lift. 1In the present tests 1t wuas possible to
obtain data for these models at Mach numbers as high
as 0.9}, and the results of the jet-boundary-effect tests
indicate that the data are essentlally free from tunnel-
wall effects at this Mach number.

EFFECT OF HUMIDITY AND CONDENSATION

The (: . ~ccmes very cold in the expansion that
occurs in vne tunnel at high speeds. (The process 1is
very nearly adlavatic.) Total condensation may occur in
the whole Jet at high speeds if the dew point 1s passed.
Even if condensation does not occur in the Jjet, there 1is
a2 possibility of its occurring in the low preasure

eglons over the test model where an additlonul e.pansion
and temperature drop occur. Very low local temperatures,
which are uwsually smaller than the local dew polnt, are
found at high subsonic speeds; local condensation there-
fore could occur and could procduce a “condensation shock"
or a localized region in which condensation occurs.

CONFIDENTIAL
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Condensation complicates and modifies the flow over
the body because it alters the values of the temperature,
the pressure, and the speed in the air stream and, hence,
modifies the values of the resultant aerodynamic forces.
h complete examination of the effects of the phenomenon
of condensation shock 1s very complicated. The varilables
involved include the value of the local humidity, the
speed of the condensatlon, the possibility of the exist-
ence of supersaturated msir, and the scale of the model.

The condensation orocess is nol instantaneous but
regquires = Iinite time and 1ts beginning may depend on
such factors us the nuclel of condensation. (The super=-
saturated air may sometimes exlst for a time at a tem-
verature much lower than the critical.) 1If the tests are
made at small scale, the alr can pass through the low
temperature region in so short a time that appreclable
condensatlon does not occur. Condensation 1s therefore

‘less likely to occur in small-scale tests than in large-
scale tests. In flight, for example, when appreclable
relative humidity 1s present, condensation normally
occurs and 1s easlly seen on propellers and wings in
high-speed dives. Since the characteristics of the con-
densation vary with scsle, 1t would appeur to be practi-
cally impossible to simulate full-scale e~nditions in
tests in which small models are employed. The problem 1s
further comnlicasted because the degrees of supersaturation
existing In the tests in a wind tunnel muy be different
from in flight and the beginning of the condensatilon
depends on certaln variable conditions of the air. The
condenaation characteristics of different wind tunnels,
even with the same setun, have in several instances been
noted to be wicely different. 1In the subsonic tunnel of
the Aerodynamische Versuchsunstalt (the AVA} at Gottingen,
for example, it i1s normally necessary to éry the alr
before 1t converges 1in the test sectlon to prevent con-
densation; however, in the Lungley 2l-inch high-speed
tunnel, which has a comnarable entrance-cone shape und
which operates under similar conditions, it is not nec-
essery to dry the air, and complete condensation seldom
oceurs for relative humidities below 60 percent.

All the test data obtalned up to the present time
tend to indicate that even for large-scule models the
effects of humidity are of secondary importance provided
that the percentage of humidity 1s low. 1In the Guldonia
high-soeed tunnel previously described, 1t was very dif-
flcult to study humidity effects because of an automatic
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drying up of the air which took place. A small quantity
of water was removed from the tunnel air by the pump which
was used to evacuate the tunnel to the low 1lnitiul pres-
sure. The condensation that occurred when the tunnel was
started was belleved to cause water to collect behind the
test section and to adhere to the tunnel walla. As &
result »f this automatiec water removal, fog did not occur
in the test section even at supersonle velocltles and no
alr-drying equipment was necessary. Because the humldity
became less during the progress of a test in thls tunnel,
1t was Impossible to glve preclse results as to the effect
nf humidity, but the general indication of the data that
have been obtalned wus that the humidlty effects were not
appreclable, at least not for the small-scale models
tested.

Tests to study the effects of humidlty have been
conducted 1n the B,B6-foot high-speed tunnel of the DVL
in Germany using an NACa 0015-6L airfoll section with
a 1.6h~foot chord. TIn this wind tunnel the amount of
condensation exlsting in the test sectlion can be con-
trolled by varying the cooling of the tunnel and thus
regulating the temperature of the air in the test section.
For very high velues of relutive humidity, 1t 1s necessary
to eliminate the coonling entirely in order to ruise the
temperature enough to zvnld condensation. The results of
the humldlty-effect investigation in the DVL tunnel dem-
onstrated that, even for the relatively lurge-scale model
emnloyed, the humldity effects were of sccondary impor-
tunce when the relative humldity was small.

In order to indicute the conditions under which con-
densatlon might occur in flight, figure 13 is presented
showlng the local Mach number as u functlon of the flight
Mach number for which the conditions required for satura-
tion are reached, (idisbatle expansina of the alr from
lts statle condition to the eonditlions corresmonding to
local Much number is assumed.) Also shown in figure 12
are the values of maximum local Mach number that ure
attained locally on two typleual airfolls., The data cal-
culated for the NACA 23015 alrfoll (unpublished) were
obtained from tests made in the Langley 2li-inch high-
speed tunnel. The data for the NACA 0015-6l airfoil wure
obtalned from the DVL tests mentioned previously. Plg-
ure 13 1ndicates thut, even for very low values of the
relative humidity, local Mach numbers are obtulned at
which condensatlon 1s possible when the flight Mach num-
ber is 0.6 or greater.

CORFIDENTTAL
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The discussion in the preceding paragraphs has shown
thet humidity effects are likely to be most pronounced
under large-scale conditions. Systematic tests to deter-
mine humidity effects could best be made in & large-scale
wind tunnel in which the temperature of the circulsting
air could be varied by regulating the cooling. The tests
in such a wind tunnel could be macde at various periods in
order to cover a wide runge of relative humlditles. Fig-
ure 1l has been prepared to indicate the conditions for
saturation in the teat section of a wind tunnel for thnree
values of relstive humidity and for varlous temperutures
of the air in the entrance cone of the wind tunnel where
the airspeed 13 low. Aalso shown in figure 1, 1s & com-
parison of the maximum local Mech numbers of the NACA 23015
and 0015-€4 airfoills as functions of the stream Mach num-
ber to determine at whut Mach number the conditlons for
saturation are lncally reached. The figure shows that,
for high relautive humidity, 1t 18 necessary to huve a
high temperature of the tunnel air stream in order to
eliminate condensation in the test sectlon. It 1s also
shown that, even 1f condensation is eliminated in the
test section, the necessary conditions for the formation
of local condensation osver the test model will normally
be attained.

COMPARISON OF TEST RESULTS FROM VARIOUS
WIND TUNNELS AND FROM FLIGHT

Alrfoll tests.- For a thorough examination of the
@ccuracy cnd significance of the test results obtained
in a given wind tunnel, it 1s essential that the results
be compared with those obtained in nther wind tunnels
&nd in free flight on models of similar nroflle. As &
step in this direction, tests were conducted on the
NACA 0015-6l airfoil in both the Guldoniu 1.31- by
1.7l-foot rectangular high-speed tunnel uand in the
VL £.86-foot-dlameter hlgh-speed tunnel, which has
closed circular walls. The model used had a rectangular
plen form enclosed between two e¢ni nlates. The chord of
the model was 1.633 feet (50 eu), the span was L.5 feet,
and the end plates were 23.6 by L3.2 inchsa. The ratio
of the model chord to the tunnel diumeter was 0.185.
With this setup, the choking Mach number was about 0.86,
which 1s considerably higher than the choking Much number
that would have been obtained with the mndel completely

CONFIDENTIAL




10 CONFIDENTIAL NACA ACR No. 1L5E21

spanning the tunnel jet. The data obtalned in these
testa c¢onsisted of pressure distributions and wake sur-
veys,

The test conditions were adjusted to produce an
equivalent relative humldity of the uir of 20 percent at
sea level. The Reynolds number varied with the Mach num=-
ber from about 5,800,000 to 6,400,000 1n the high-speed
range of the tests.

The model tested at Guldonla haé the same profile
but-was of much smaller scale, the model chord belng
1.575 inches (L cm) and the ratio of model chord to tun-
nel depth belng 0.0755. The relative humidity in the
Guldonla tests was always very low. The Reynolds num-
bers were, of course, very much lower than those of the
DVL tests and virled around a value of about 500,000.
Force measurements of 1ift, drag, and moment were made
in the Guldonia tests; pressure-distribution and wake-
drag measurenents were made 1ln the DVL tests. The
results obtalned wre compared in figures 15 teo 17.
Flgure 18 shows pressure-distributlion measurements made
at the DVL for one ungle of attack, a = -0.25°. 71t may
be noted that the results from the two tunnels are at
vurlance, especlally at high speeds. This lack of agree-
ment incdicates that tne testing technique and the pro-
portions of the tusting system are of great importance
in high-speed wind-tunnel work.

The differences 1n the drag-coefficlent values at
low Mach numbers are probably due to the difference in
Reynolds numbers. The largest differences between the
results from the two tunnels ure in the drag und pitching-
moment coeffliclents at high Mach numbers. The abrupt
changes in the cnefficlents from the DVL tests at Mach
numbers in the vicinity of 0.8 are rrobably associuated
with the phenomenon of czhoking, and the results obtalned
in thls range are therefore consldered extremely ques-
tlonable. Because of the much smaller relative slze of
the model in the Guldnnia tests und also becuuse of the
fact that the jet was not restralned by top und bottom
walls, simllar effects did not occur. PFurther tests were
made at the DVL tumnel of a smaller model of the sume
profile having a chord of 1.1L,8 feet, tke mcdel-chord to
tunnel-dlameter ratls being 0.1%2. The results obtulned
with the smaller model are shown in figure 16. It will
be noted that the rate of drag rise past the critical
speed 1s appreclably less than with the lurger model and
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thus is in better agreement with the results of the
Guldonia tests.

Free-f1ight teats were in the general research pro-
gram at Guldonia, but they were interrupted by the war.
The few flight tests made, however, indicated that the
drag-coefficlent curves had about the same slopes at
supercritical speeds as were obtained in the Guidonla
wind-tunnel tests.

Bomb tests.- Additional comparisons between high-
speed wind-tunnel and flight data were obtained in tests
of an airplane bomb of conventicnal shape. The approxi-
mate shape of the bomb 1s indlcated in figures 19 and 20,
which show the results of the tests. The bomb was
launched in flight at an altitude of 39,300 feet, and
its trajJectory as a function of time was recorded with a
phototheodolite. The speed, the Mach number, the accel-
eration, and the drag coefficlent were obtained from the
trajectory data. A one-third scale model of this bomb
was tested in the DVL £.86-foot-diameter high-speed tun-
nel (the ratio of bomb dlameter to tunnel diameter
was 0.0L55, much lower than that normally used). A one-
tenth scale model of the same bomb was tested in the
Guidonia 1.31- by l.7L-foot rectangular high-speed tun-
nel using a ratio of model diameter to air-stream height
of about 0.071lL. Similur tests were made 1n a wind tun-
nel at the AVA in Gottingen, which has a partly free alr
stream similar to that at Guidonia but }7 inches high,
The size of the model used in these tests is not known,
but 1t 1s belleved that the ratio of model diameter to
tunnel alr-stream helght was considerably higher than
that used in the tests in the other wind tunnels. The
results shown 1n figure 19 indicate reasonably good
agreement 1n the form of the drag curves obtalned. as
might be expected, however, the drag-coefficlent values
obtained at very high Mach numbers in the closed DVL tun-
nel are higher than those found at Guidonla in the
relatively unrestricted jet. The results obtained in a
subsequent launching of the bomb, with reinforcements to
the tall structure, in flight tests at the DVL are shown
in figure 20.

CONFIDENRTIAL
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CONCLUSIONS

The following conclusions were drawn from the investi-
gation of the effects of Reynolds number, air-stream
boundaries, and humidity in tests of airfolls at high
speeds:

1. It has been shown that the ratio of tunnel height
to model size, the form of the test section, and the
testing technique have a very great bearing on the
results obtained at subsonic Mach numbers above 0.7.

2. Raynolds number effects were of secondary impor-
tance at very high ldach numbers for the range lnvesti-
gated.

3. In the ubsence of suitable correction factors,
the only sufe experimental technique consists in keeping
the scale of the model small enough so that the correc-
tions required are negligible.

L. ITn a closed alr stream, the model must be small
enough that the higheat deslred test Mach number is below
the choking Mach number of the tunnel, szt which the
effects of the tunnel walls on the flow over the model
become extremely large.

5. By use of a Jet which is not restrained by top
and bottom walls the maximum Much number that can be used
for a given value of the ratin of Jet height to mndel
chord 13 appreciably higher than the value that can be
obtained in a closed jet.

6. The conslderations of condensstion phenomena that
have been discussed have brought out the fact that the
conditions under which condensation occurs depend on many
variables and that only with great difficulty could
flight conditions be simulated in wind-tunnel tests in
which small-scale models are used. Vilnd-tunnel tests
should be conducted with low values of the relutive
humidity, because under such conditions the effects of
condensation are known to be negligibly small,
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IT. ST RESULTS FOR 2L ATRFOILS TN THE MACH
YOMBFR RANGE OF 0.0 T0 0.9

APPARATIS AYD METHODS

Twenty-four profiles vere tested in the 1.%1 by
1.7-foot high-speed tunnsel at Cuidonia with the purtly
free teat section previcously described. Tor every pro-
file the 1ift, the cdrag, and the pitching moment at the
guarter-chord pcint vere measared vy vse of the three=-
componant semirutemailc bolancs des~ribed in refercnce .
The exnrerities cf the models were iined &t the balance
supports, and the model s were checkad curing the tests to
verifly thuat the aerodynamic loals did not bend them
appreciably, All the testa were reneated with the :model
inverted. For some rndels, th? tests were repented later
when the static etmospheriec convitions were completely
ai ffcrent and with differenrt hurilditleus in the test sec-
tion. (The valnes of the relative aumidi ty were always
low.) The differences in the rueults obtained were not
apprecisablo.

K1 the mndels were macde uf well=rolished steel and
rad chorla c¢f 1.575 inches for thickrees ~atios of 3 per-
cent or mreater. Tn order to nrevent excesesivo tending,
tho mofcls with thickness ratios of less than 3 percent
hed chords of 1.969 inches.

Tre profiles of small medels seldom correspond .
exactly with the profile dosired., Fecr nurposes el acecu=
_racy, trereferc, an optlcal device wa2s constructed that
perattted photosrephing v th extrere precision the true
section of each model un 23 [;reaily increascd scnle. For
each meagl two end sectiona were photorrapned and ths
true nrefileo was projected on the photograph to nrovide
the desired comparison. Becavss the 2irfoll s were coni=
atructed by mechine, the prafile srape dld not very azroas
the model svmen. This fuct was confirmed bty superinmposing
draviags of the tvo end sectlons., It vcs verifled that
the surtfece was adequately cmontlh Ly obeerving the tan-
gential 1lluminated surface undir greut magnification.

Picurc 21 shows the speclificd chapes of the profiles
tested. In figure 22 the asztual shapss of the nreiiles
tosted are ccmpared with tho specified shepes. In order
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that the difference between the ectual and the specified
profiles may be clearly seen, the ordinate scale used in
figure 22 has been enlarged. Teble I shows the ordinates
of the profliles tested.

All the tests were performed at an approximatel
constant Reynolds nurber varying in the range from 3E0,000
to L20,000. The density, and consequently the Reynolds
number, had to be kept low for the thinner airfoils in
order to prevent excesslve loads.

ATRFOILS TESTED

The profiles listed in the followlng table were
tested:

Alrfoil Reference Airfoll Referance

o

NACA 0006-€l
NACA 0009-6)
NACA 0012-6L
NACA 0015-6l;
FACA 0006-3L
NACA 0008-3L
NACA 0012-3L
NACA 0006-€3

wn

NACA 2315
NACA 2,06
NAcA 2409
NacA 2)12

'U.S.N.F.S. 1
(L percent thiek)
U.8.N.P.5. 2
{8 percent thick)
U.S.N.P.S. 3
(10 percent thick)
NACA Wl
(6 percent thick)
NACA O006T

0N =) ) =1 =N O8N O

NACA 0069-63

o

NACA 2306
NACA 2309
NACA 2212

NACA 2509

Davis
(9 percent thick)
ETH3609

O O O WU AW W WU N oW

8Peveloped at Zurich University.
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RESULTS

In figures 23 to L6 the results of the tests of the
2l sirfoils are shown in the form of the usual coeffi=
olents: C; and Cp &are plotted sgainst the test Mach

number at the same angles of attack, and cmc/h is

plotted against the Mach number at values of Cj corre-
sponding to the given engles of attack. Figures I7 to 70
show a, Cp, and cmc/h plotted against the corre-

sponding Cp for each alrfolil at the same Mach numbers.
In figure 71 the angle of zero 1lift i1s plotted against
Mach number for representative airfoils of the group.
Figure 72 gives the maximum lift-drag ratio {L/D)max,

¢ for (L/C)pgy, 8nd Cp for (L/Dlpgx 4as functions
of Mach nurmber for all the airfoils tested. PFigures 73
and T4 present CDpypn @nd (L/Dlpax 8s functions of the

maximum percentage thickness for all the airfoils at
various Mach numbers, and figures 79 and 76 show CDmin

and (L/D)max plotted against Mach number for several
groups of sirfrnils having the same maximum thickness.

It ocan be observed from the teat results that:

The lift-coefficlent curve as a function of Maoh
numbey presents a maximum and lster a minirmum value.
The Mach numbers at these values can be defined as the
first and the second critical Mach numbers for the 1ift.
The Mach number at which the drag-coefflcient curve
abruptly bends upward i3 defined herein as the critical
Mach number for the drag. It will be noted that the
critioal Mach numbers as defined herein are dlfferent
for the 1ift rnd for the drag data. The critical Mach
numbers used, furthermore, do not necessarily correspond
to the stream Mach number at which local sonic velocity
13 reached.

The rate of drag rise past the critiesl HMach number
inoreases as the 11ft coefficient, the angle of sttack,
and the thickness ratio are inoreased.

The first eritical Mach number for Cp and the
oritical Mach number for Cp for each airfoil is lowered
with the increasse in angle of attack.

CONFIDENTIAL
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For each series of airfolls at the same angles of
attack, these critical Mach numbers decrease as the
thickneas increases.

The critical Mach numbers st the same thickness and
the same angle of attack are much lower for the oambered
profiles than for the symmetrical profiles tested at the
same angle of attack. At egual thiokness and equal
camber, the critical Mach numbers are higher where the
maximum thickness was at the liO-percent-chord station
than where 1t was at the 30-percent~chord station.

Above the critical Mach nurbers, the drag lncreases
and the 11ft decreases very rapidly; for a profile with
a larger thicimess and sherper curvature, the increase
in drag and the decrease in 1ift is sharper.

These general phenomena agree with results of other
laboratories. (See, for example, reference l..

Iift.- At subsonic Mach numbers the increase in 1lift
coefficiont with Mach number follows approximately the

theorsticul relation VT_E—EE,

thickness ratios, After the first critical Mach number
is reached, the 1lift coefficlent decreases very rapidly
until 1t reaches a minirum at the second critical Mach
number when it again starts to increase. This second
oritical Mach number 1s lowered with the decrease in the
first critical Mach number. Airfoils with larger csmber
had greater decreases in 1ift. For these alrfolls,
generally, the angle of ettack for gzero 1ift changed
greatly and tended toward positive values (fig. 71). At
the hipghest test Mech numbers all the wings functioned
in a manner very similar to symmetrical profiles. This
phenomoncn agrees wlth the fasct thet the value of the
angle of zero 1lift for en unsymmetrical profile ohanges
sign and becomes conslderably reduced in magnitude in
passing from a subsonic to a sup=2rsonlc velocity.

especlally for the low

The lift-curve slope dCr/da 1increases up to the
first criticsl Mach number after which there 1s a con-
siderable decrease up to the sscond critizal Maech number.
(See figs. L7 to 70.) The second critical Mach number
is greatly affected by the value of the maximum per-
centage thickneas. For the lower thiclmesses tested,

CONFIDENTTAL
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the second critical Mach number was resched only at the
maximum sneed of tha test.

Momant.~ The carve of pltohing-roment coefficiant
against Mach nunbter has a feirly regular form {flgs. 33
to 46). Generally, the value of Cmc/h remaing constant

up to the first criticel Mech nurber snd then tends to
decrease. For the larger thic%acss ratios thero is an
inerease in Cing at the first crltlical Jach number,

and it appeers thet the center of pressure moves forward.

When the Mack numter is 1ncreased beyond the sritical
vslua, cmc/b decresases until 1t reaches a minimum ond

then terids to tncreasna,

The center of pressure moves appreciebly at low
velues of Cy for profiles cf large cembar, For sym-
metrical profiles the variations of Gmc A at low values

of Cp are small, especlnlly if the maximum thickness
1s about )0 percernt of the chord.

Drag and 1ift-drag ratis.- The value of (L/D)pax

decreased rapidly beyond the first critlisal Mach number
for the 1lift and continued to decrease until the second
eritical Mach number wass reached. It then varied very
slowly with further increase in Msch nurbzr (fiz. 72).
The larger tbicknessea suffer more pronounzod rslative
changss in (L/D)yg4. The angle of attecic and the 1ift
coefficient corresponiing to the (L/D)pe, (fig. T72)
decrease as far as the sezond critical polnt and then
begin to increase ravldly. The variaticns are anprecicbly
influenced by the valne of maximum thickness ratio and
by the mean camber.

In order to emphasize the importance of maxinmum per=
centage thickness on the values of Oy, und (L/D)maxs

figures 73 snd T, were prepared to show the valuss of

chesc fectors as ¢ function of meximum rercentace thickness
at constant !Mach rurber for each seriss consldered. These
figures show that the cffect ¢f the maximun percentaze
thlckness becomes greater as tas Moch number incrcascs

for all profilss tested. For Nach numbers around 0.8,

the effects of thiclmesas ratio are vary large. At low

test speeds, for example, when the maximur thiclmess is

CORNFIDENTIAL
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varied from 6 to 12 percént, CDpy LROTESSES about

30 peroent; at Mach numbers sround 0.8 or greater, the
inorease beoomes 200 to .00 percent. The ratio
of the values of (L/D)pax for the KiacA 0006-34 sirfoll

to those for the NACA 0012-3) alrfoll changes from

about 1.18 st a Mach number of 0.65 to 4.5 at & Mach
number of 0.85 and to 2.2 at a Mach number of 0.94. It
is slso interesting to compare the serodynamic character=
istios of various profilea at equal maeximum percentage
thioknesses. (See figs, 75 and 76.)

The larger incrementa in cDmin occur for the pro-

files with larger camber, for which the critical Mach
number ia lower. With increase in the vslue of the maxi-
mum percentage thleckmess, the value of dGDmin,dM

inoresses and even at very high Mach numbers this diffep-
ence between various profiles is considerabls.

The profile shape has considerable effect on (L/D)pax
{rig. 76); the unsymmetricsl profiles have larger (I/D)max
values at low Maoh numbers. it higher speeds, the symmet-
rical profiles with the meximum thickness at about O per-
cent of the chord had higher efficiencies than those with
the maximum thickneaa at 30 percent of the chord. The
difference between the various profile types ia consid-
erable for low Mach numbers: however, 1t decreasss with
inorease in Mach number and is small for Msch numbers
around 0.%4.

CONCLUSIONS

The following oonclusions may be drawn from the
results obtained from tests of 2!, amall~scale airfoils
in the Guidnnis high-speed tunnel:

1. At subsonic Mach numbers both the profile shape
and the thickness ratio had a large effect on the minimum
drag ooefficient,

2. Reducing the thickness ratio, moving the point
of maximum thickness from 30 to 4O percent of the chord,
and reduoing the camber all tended to increase the
critiosl Mach number.
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Z. Airfolls of lsrgs percentage thickness should not
be used at high ¥ach numnbers becsuse of the radiecal
adverse changes Iin their characteristics at supercritical
speeds.

L. When the eritical spsed was exceeded, the drsg
coefficlents increased rapidly. Abrupt decreases in lift
and changes 1n moment occurred et somewhat higher critiecal
Mach numbers,

5. The 11t coefflislent eontinued to decrense as the
speed was odvanced beyond tha first critical Mach nurber
untll a secend criticel Muck number wcs reschad, beyond
which the 1lift coefficlient ineresssd in valus,

6. At very high sunercritical ¥ach numbers the
thickness ratlo is the dominating varieble, the drag
coeffloient bailng aimost directly proportional to the
thickness at a lisch number of 0.9,

Nationel Advlisory Comrittee for Aeronsutics
Lanigley Memorial Aeroneutiosl Lsboratory
Langley Field, Va,
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