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NATTONAL ADVISORY COMMITTEE FOR AFRONAUTICS

RESEARCH MEMORANTATA

EFFECTS OF COMPRESSIBILITY ON THE CHARACTFRISTICS
OF FIVE AIRFOILS
By Bernard N. Daley

SUMMARY

Preseure-distridbution teste were male for determination of the
effects of compreasibilitr on the characterietics of tho following
5-inch-chord airfoils: the NACA 66,2-215, the NACA 66,2-015, and
the NACA 65(216)-k18 sections representins the low-drag sections;
the NACA 16-212 eection, typlcal of the type desicned for high
critical speeds; and the NACA 23015 section, one of the older
conventional airfoils. Schlioren photograpne of ths air flow and
limited data concerning the wake characteriastics wore aleo ohtained
for the conventional airfoll. Data are presented for an approzimate

Mach number range from O.3: to 0.75; the ccrresponding Reynolds
nunber range is from 700,000 to 1,800,000,

The results i1llustrate the general naturo of tho effeeto of
comprensibllity on the flow. The schlierven photogrrphc ehowed that
for constant mederate angles of attack pronounced ueparaticn of the
flow occvrred from only cne surface of the NACA 23015 airfoil at
suporeritical speeds. The data from the wake surveys chowed that
this sepnration produced large variatione with Mach number of the
location of the center of the wske, Yt was shown that the camber
of the wing eection should be carefully selected to insure high
values of the critical speedl of the wing section at any desim
condition., The Mach nmmber increment between the criticsl Mach
number and the Mach number of the normel-ferce brenk is shown to be
closely related to the location of the low-cpeed maximum nepative
presoure coefficient, At small ansles of attack thie increment was
approximately 0.13 for the NACA 23015 airfoll ad 0,03 for the newer
typo alrfoil sections. A shift in the snle of zero 1ift waes shown
to occur at high Mach numbers for all the newer cambered airfoils
testod. This shift is attributed to flow separation and to the
decreaned influence of any disturbance on the oncoming etremm., A
vositive trend for the chance of pitchin~ moment coefficient with
normal-force coefficient was found for 21l the nower atrfoile teeted
with increasine Mach number, whereas the treni for the FACA 23015 air-
foll with increasing Mach number wan nerative,
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INTRODUCTION

As a congsequence of the many unceytainties 1n tho natwre of
air flow et high speeds, theorotical conzciderations of the offects
of compressibility on bodies have been limited in scope to several

[ beaic chapos end subcritical Mach numbore. Exporsimental data are
being relied upon elmost complelely to determino the mpgnitudo and
cffoct of shock phenamenn. The nged Tor esporiuential dota therefore
1s grozt. Roferences 1, 2, and 3 ere represcatative of previous

[ oxperimental data. Force mwasurements, wale-surver date, precsure=-
1 > dietridution dlagrams, and schiloeren photozanhs obteinsd und.er oinider
test conditions aro presentod in rcferenco . Thecso data wore
obtained Irom oldor conventional 2irfoils and similer data sre needed
for the newer low-drasg aud high-speod type al:folla.

| : The purpcsv of this investigation was to provile date to
{ 1 i1llustrate tho effects of compressibility on the choracteristica of

airfoils of the newer low-dragz tymeo, tho hi';;'r.-cri'hi-cui-ap60d typo,
end the older conventional typo.

SYMBOLS

angle of attack, demreos

airfoll section nomal-force cooefficient

e

Cm m airfoll section quarter-chord pltching-moment coefficiont
c
atreem Mach mubor

stroam Mach number at whic‘x the locel velocity of so
is attainod

_ streeanm Mach number at which a rapld chzngo in tho norml-
forco characteristic originatos

increment in Moch nvmber (MZb -M )
local static prossure ;

stroan static precsuro

pz L Pﬂ
pressure coofficient --q—--

P
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NACA RM No. LEL16
pressure coefficient corresponding to ihe local velocity
of sound
maximm pressuro coefficient

strean dynamic prossure

rate of change of mament coefficient with normal-force
coefficient

rate of change of mament coefiicient wiith angle of attack

rate of chanpge of normal-forco ceoefficiont with angle of
attack

APPARATUS AND METLODS

Tunnel.- All the tests vere mede in tho Langley rectangulor
high-ppeed tunnel. This twnel is of the clossd-throat, nonreturn,
induction type, which utilizes eir at higi pressure in an enmular
nozzle downctream of the test soction to Induce cn air flow through
the turnel. The helght of the test section is 17 faches and the
width U4 inches. Tor complete description of this type wind timnel
see fipure 1 and reference L.

Flexible eteol walls & inchec wide constituie two of the
boundairies and heavy fixed steel plates fom the other boundaries.
Although tho flexible walls vormit an sdjustment of the longitudinal
static-~pressure gradient cf the tmmmel so that a Mach number up to
approximately 1.4 is possible, the flexiblo walls Tor tho present
tests were set to maintain o feirly wniform longitvdinel stetic-
preessure gradient through the test section at any liach mumbor below
0.85 with turmel empty.

The airfoil modols conplotely spanmed tho 4-inch dlmension of
the tunnel and were supnorted by ond plates In tho Tixed walls. This
arrangement eliminated strut inteiference and end-zun cffects.
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Models.- The following airfoil sections were used in this in-
vestigation:

NACA 23015 an older conventiomal section in wide uso

NACA 16-212 one of 2 type designed for high critical speeds

NACA 66,2-215 & low-drsg typo section for use in & pursuit
airplane

NACA 66,2-015 a low-drag section for possibvle uso in a
pursuit eirplune

HACA 65(216)-418 a low-dreg section for pcosidble use in a
borber

Each model of M-inch span and S-inch chord was fitted with about
thirty-five 0.000-inch.diameter orifices distsibutel over the surface
in a yegion within 1/4 inch from the semispan o center line of the
tunnel. About 20 of these orifices wers on the upper surfaco. In
order to eliminate interfersnce, 211 preosuce leads wore taken from
the ends of the model through the end plates.

Optical eaquivment.- A description of the optical sotup for
obteining schilieren photographs is nrooented in referonce 1. This
mathed of photogsraphy utilizos the principle of change In index
of rofraction of air with change in densiiy. Shock waves and othep
gimilar disturbencos 2re accumpanied by a chenge in density at the
position of the disturbance and a corresvonding lisht or dark rogion
therefore appears on the photograpn. When schlieven photogrephs
were taken, the airfoil model wng supported by means of dowels in
glaso end platcs. In this way, any interference te the air sirean
or cbotructions in the photogrophic field were climinatod.

AirToll sectiona were tested which cro representative of those
either in usc or considered for use. In this group ere included the
KACA 230-geries, the NACA 18-sories, end the NACA G-ssries tyme of
airfoil. Profiles end ordinates of these cirfoils axe presented in
figuro 2 end table 1, respectively. Pressure-distrilution tests
wvere made on each of the H-inche-chord models mreviously mentioned.
Schlieren photographs were mede cf the NACA 23015 profile at super-
critical speedo.
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All tests wore nnde at constant angles of attacl: ovor the opeced
range. The sirfoil models were mounted with the quayter-chord
location coinciding with the center of the end plate. The angle-
of -attack ranze was frem =4° to 6°. The test results are precented
for a Mech mumber range extending from 0.3k to aporoximately 0.75.
The Mack number was determined Trom the nroesure mensured at a

calibratod static-preasure orilico 5% inches upstroom of the leading

edge of the model. Tho Reynolds mwbors corrosponding to this Mach
nuhor range vary from 700,000 to 1,800,C00.

FRECISION

Constriction snd chokinz.- Experimental date Zrom both the
Langley 2%-inch high-speod twmel (referenco }) snd the langley
rectangular high-speed tunnel indicate the presence of twnnel-wall
constriction. The natwre of this constriction is best illustrated
at the chokod condition, the maximum epood of any model -tunnel
combination. At this choked condition the follewing effocts occur:
Tirst, the restriction of the flow by tho model hwva cansed o hifiox
offective strerm velocity thon indicated; sccond, the longitudinal
prossure gradients along the flexlble tummel walls have been altered
greatly; third, for all airfoils operating et 1ift, tho ratio of
the mase Tlow over the umver surface to that over the lower eurfaco
hae been changed; and, fourth, an anglo-of~atiack change, nocessitated
by the asymaetrical characteristics of tho maana {low, has been incurred.
Because of tho meriously mltered flow conditioms, the datm at the
choking Mach mumber aro of questionsble "mlue ané have no lmom
significance in relation to airplane design.

At cpecds botwoen the critical and choldng confitions the
data are subjoct to varisble eivors in Mach nmunher, dynunic nrescure,
and angle of sttack. Measuroments of the nreesurce along the Langley
2k-inch high-speed ‘unnel wolls in the plene of ¢yimetry of the modol
(reference U4) wore used te determine the langitudinal veloelty grudient
over & chord length of the test section opsosilte the modesl location.
The velocity variation over this length wea aoproximately 2 norcent
of the free-etream Mach nunber at o Mach number of 0.0 below choliing
condition. Limited date from tho Tangley rectangnlar high-speed
tumnel, which hesg a elightly emmller effoctive twumel height than the
Langley 2k-inch hich-spesd tunnel, sre in egreement with the rosults
of reforence 4. This 2-percent gredtent it not believed to affect
date soriously and therefore, the effecte of canstriction on dsta at
Mach nuxbers of more than 0.03 below cholidng conditione srs not expocted

CONFIDENTIAL
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to be of great importanco. The approximste mamitude of the
constriction effect, 28 shawn in reforence %, mppeors small at the
critical mpeod for low 1if't coofficisnts snd for ratlos of modol
thickness to tunnel height less thon 0.03.

In this paver the pressrre dlzgrams and the date showing the
variation of normal-forco and moment coefficients with Mach murber
ere presentcd for tho complote attainable mecd ranse; all crosse
rlotea include oinly data at Mech nurbers up 1o 0.03 bolow choking:
condition. No conastricticn corroction has becn applied to the data.
The theoretically derived correcticne (reference 5), however, based
on tho essumption of smnll inducod velocities at cubcrltical Mach
numbors, should provido mn indica%ion of the megnitude of the tunnel-
wall effects. The following roletione, dctermined by the mothod
of roference 5, tre apnroximetely correct at tho suberitlcal opoedd
for all airfolls tested:

Correctod M = 1,010 X Test M

Corrected cp = 0.56 X Tent ¢

Corrected °mc/!+ = 0.003 + Tost c

Tig [t

Hpidity.~ Unpubliched data from tho Lengle;: Sh-inch Ligh-opeed
tumnel indicato that the aeyodynmmic characherlcilcs of en cirfoll
at high Mach numbors nay vary with the humidity of die air at tie
tunnel entrance. Ewnldity offects heve been found to be minbaized
by meidng all tesis whea the rolative umility of almosphoric alr at
the tumnel. entrance is below 70 aorcent. 'Trio procedure was followed
for the prosent teste; thercfoie, ihicce data ure not expected to be
considerably affected by etmconheric hwmidity.

Test section Mach number ;radients.- At kach mmibore below a
value of 0.2 the 1on§1tud1nal grmder'u vaylod not more then 0.5 per-
cent of the indicated stream Mach muber. Balow o Mech nmurbor of 0.6,
crosg-turmol. gmdienta over +8& percent of the tunncl seaihoihit,
were ebout 10.9 percent of the stream Mach number. At & sirocum Mach
nunber of 0. 8‘5 the crosz-tummol gradient 1ncrce.zf,>d. to ¥1.7 percent
of the siream Nach nurbexr.

Alr-stream alinement.- Inaccuracics in allnemsat of the modol
with the alr stresm can introduce & possible eiwor of 0.2° et tho 0°
setting of tho model. Incremontal angle chanzes siould, howover, be
within 0.1° of tho engles indlceted:

calibration.~ Tunmol -spood calibration can bo chockoed
to within 'to rccnt of freo-stream Mach muber “rough the Mach
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ruxber range of 0.2% to0 0.85. The effact of the molel on the preesure
at the calibrated static plates is small, never exceeding 1l percent.

Yolocity fluctuations.- At times shorteperiod:fluctuations of
the tunnel speed woere noticed. These fluctuations were possibly
asgociated with a chordwlse cascillating motion of the sheck wave
over the surface of the model. All measurements, however, were
taken under steady conditions. Thie manometer used for preassure=
dietribution measurements 18 incapeble of reeponding to rapid pressure
fluctuations and, therefore, pressure-distridution diagrams cannot
be expected to correspond accurately to true instantencous pressure in
the neighberhood of the shock wave.

RESULIS

The results of the pressure-distribution teets are presented in
graphical form. The basic curves are plotted es nadimensionel
pressure coefficient P ageinst percent~chord location to show the
load distribution of the normal forces. The aea of this type of

curve 18 proportional to the normal-force coefficlemnt cn while the
distribution of the area determines thc moment coefficient Cmy i

The normal-force and moment coefficionts presented l.erein have been
obtained by integration of Lhe pressure-distribuiio: diagrems. For
the engular range covored in those tests, no apprecizblc difference
exists between the normal-force coefficlent and 1ift coefficient or
between the moment coeff'icient basod on normal forcee and the moment
coefficiont based on true lift compomeuts.

Schlieren photographe have been included for visuelization of
the flow phenomens. Compression shocks aro indiceied by approximately
straight lines, eilther dark or llght, genernlly oxtending verpendicwlarly
fram the surface of the airfoil model. The severi:y of the shock
camot be compared bhotween photographs because of the changes in
sensitivity of the schlieren system. Fiow separation shown on these
photographs appears the same way on low-speod smoke-flow photomraphe.
Imperfections in the glaass end plates, which appeer in figures 31
end 32 as wavy lines extending from the edge of the photograph above
the upper surface toward the leading edge, should not be confused ae
strean diasturbances.
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DISCUSSION

Pressure Distribvtions and Schlieren Photogrephs

The chordwise pressure distributions of the models aro
presented in figmes 3 to 30. Each figure showa the offect of
conprensibility on the pressure distribution for & given angle of
attack a. The critical-preseure coefficient, the linc lubelod P,
on each of tho higher speed pressure~distribution disgrams, denotos
the pressure coefficient corresponding to tho local velodi.ty of acund.

Suberitical .~ The pressure-distribution figures corresponding to
subcritical speeds for the low anglee of attack and small normal-
forco coefiiciente show that increeses in Mach mwshor in the eubcritical
range are accompenied by increnscs in the maximm negative presaure
coefficients. These incressec are in sgroement wiih theory snd
previous experimental work (reference 1).

A comparison of tho preasuwre-distribution dlageme for tho
conventionel and low-dxeg types of edrfoil {figs. & end 16) 1llustrntes
the fundemental difference botween thove cectiaus. Wie locntion of
the lcw-spesd penk~pressurc coefiicient, tnd, consoquenrtly, tho
position of early shiock formation, are considerably farthor back on
the low-drug model as & rosult of the rearward locailion of the noximum
thicknecs.

Suvercritical.- Coampression shock in tho suporcritical speed rngo
in ehown on tho pressure-iistribution dlagrwmeas by ihe comparatively -
repid compression wihiich occurs at somo locetion resiward of the location
of the low-speed maximum negative-pressure coofficicnt. The locetion
of this roglon of diccontinuity moves rearward with increasing Mach
murber. A better understending of the supercritical pressure diagrams
con be had by comparing figure & with the schlieren photographs cf
figure 31 which show the general cese of shock mevement over a gurface.
The consolldation of the shock disturbaiices on the lower surface fiom
the incipient condition et & Mach muber of O.7h2 (fis. 31(b)) to e
single well-dofined chock dieturbance et o Mach number of 0.76%

(fig. 31(c)) is also shown. Dissymetry of Tlow over the upper end
lower eurfoces as a result of attitude is ovident in figures 32 end 7;
this diceymmetry ia indicated in figwre 31 to a loszer degree an o
result of crmber. These data agree with the resulte of roference 1.
Such movemunts of shock waves over the surfece near the trailing edge,
and the subrequent pressure chengss, suggest large chengea in control-
surface charocteristics.
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The suporcritical flow photographs (figs. 31 to 33) show that
flow peparation occurs from the surfece having tho higher induced
velocity and that separation from bdoth surfaces is poasible. The
lecation of the separation point =lso appears to be gencrally upstream
of the mest reerward part of tho shock formetion at the high super-
critical Mach numbsrs. Tho vast majority of schlicren photographs

of various type airfoile teken in the Lansley rectengular high-spoed
tunnel are in agzreement with these cbsorvations. High-speed schlioren
noviee of the air flow over modele in the Langley rectangvler hish-
speed tinnol ot constant-streem Mach number have shown that rapid
ogcillations of tho shock wave, reparation point, and separated wake
aleo occur for many airfoils st some supercritical speed rance
(reforenco 6). Ilow separation cr theco oscillaticns could seriously
alter the characteristics of the main flow and would tend to reduce
any chordvigo-pressure gradionts which may be present in flows at

supercritical speeds.

Effocts of Mach Nnucber on Wake

Ficure 3! shows the varlation of the lecation of the wnko center

behind the INACA 23015 ajr?oll with normal-forco coefificient uring
Mach nwber and ancle of attack as paremetors. The Intorsection of
the chord line of the model at 0° an~lo of attack with the curvey

plane 0.5 chord Aowmgtream of the trailinc, edre Plxen the reference
line. The location of the center of wake (location of maximm total-
pressure loss) below this reference line determines the wake certer
locaticn shown in fimmroe 3k, The chanis In the location of the wake
center in thene two-?inensions). toste ia coneidered an indication

of noanible fllow directi~n change.

Suberitical .- A decresse in wnke-center displacement for any
congtant positive normel-force coefficient igs meen to occur as Mach
nunber is increased. Most of the inilcated dilference between tho
ecurves at subcritical speeds 12 the direct result of chancing the
angle of attack as the reference line remained fixed; thereforc, no
change in down-Ilow anrlo at constant annle of stinck 1g inferred,
Thooretical stuiies (reference 7) indlcate that the Tisld of influcnce
of the model in the suberitical sperd rance increcsel with Mach awmber
at the same rate ar given for the 1lif% coefiiclent in referenco 8.

At a constent anglo of attack, therefore, compresaibility should Lave
1ittle or no effect ca the angle of dowa flow at subcritical spoeds.

Supercriticel.- At pupercritical speeds there is a definito
indication that large changes In lownflow may be oxpectsi. In
figures 3, 33, and 34, as well as &, 31, smi 34, are precented com-
paretive data for low-lift conlitions of ithe NACA 23015 airfoil. Shock
location as determined by the schlieren photozraphs iz compurable with
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that shown on the pressure-distribution disgrems. Only emall
aiffsrences in flow conditions for the upper and lower surfaces

gan be noticed from the photosrephs. The weke-center location at

lov 1lif+ coefficionts at any Mach numter, consequently, does not

vary appreciably from that at low speede. On the other hand, at

high 11ft conditions, pressure distributions (fig. 7) indicate and
the schlieren photographe (fig. 32) revenl a large separated region
over the upper surface which results in s large chanpe in wake-center
location with Mach number (fig. 34). 1In this speed range, therefors,
the uneymmetrical nature of the accompanying violent separation of
flow appears to be the factor which controle the wake-center location.
Thess data indicate that the present thcoretical estimations of down-
‘wash are probably inaccurate at supercritical speeds am a result of
separation. Thess data also indicate the possibility of radicel
changes in airplane lonzitudinal trim characteristics at eupercritical
aspeeds,

Prediction of Pressure Ccefficienta

For comparative purposes the experimental variation with Mach
number of the peak necative pressure coefficient is plotted on
figurs 35 with tho presauvre-coefficient variaticn predicted by two
theoretical methods (references 8 and 9). The value of pressure
coefficierts used in this figure are the maximm ncgative pressure
coofficients attained over a surface wiihout rezurd cf chordwise
location.

The Glauwert approximation, reference 8, is the simplest
correction tc avply. The approximation worked cut by Kaplan,
reference 9, is more exuct than that by Glauwert and is of approxi-
mately the same meagnitule as that obtained by von Karman from the
hodograph method {vefercnce 10). As a genersal rule, the Glauert
approximation tends to undereutimate the chan7es, and i1t apnears
from £i-ure 35 that better results for an average vilue of the peak
negative-pressure coefficient conld be cbtained by use of Kaplen's
approximation.

Critical Mach Number

8ince the ¢ritical Mach number is a criterion for determining
the apeed at which changes In the charactsr of the flow are to be
oxpected, the critical Mach number is of great importance in the
selection of a vwing section. For high-speed operation at low drag
coefficient the critical epesd of an airfoil section, or any body,
should not be sxceeded.
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The veriation of the criticel Mach nunber with ncrmal-foros
coefficient is presented for each airfoil in figuro 36. It is
evident thet, rogardless of thickness, tl:e NACA 23015 airfoil has
e lower critical speed than any of the other sirfoils. The forward
location of maxinum thicknees and camber on this airfsil produce
high pressure peuks at reletively lcw 1ifts and, therofore, lower
critical spends are to be expected. Dot the NACA 23015 and the
NACA 65(216)-413 sections have © very large range of norrel-force
coefficient where tho criticel Mach mumber i3 alowly decreasing.

Three cffects of an increase in cember ere illustrated by &
camparison cf the curves of the NACA 66,2-015 and NACA 66,2-015
airfoils: a decrease of the critical Mach number which 18 in agree-
ment with the results of referonce 11; & shift of ihe range of high
eritical Mach mmber to higher norumal-force coofflcionts; and, a
8light incresse in the normal-force coefficient runge for hish-
oritical Mach number. The latter effoct ism probably caused by a-

. reduction of the pressurc pesk at high Mach nurber cn the loading

odge for the cambered sectior (f'igs. 1Y and 22). These resulta
indicate that the effecte of campreseibility shonid be carefully

. cousidered in determining the camber of & wing for high-speed aircreft.

Normal Force

The variation with Mach number of tiie normel-force coefficlent
for each airfoll at all ansles of =tteck toeted 1s presented in -
figures 37 to k1. The critical Mach number Me, Ifor each engle 18
indicated by tho deshed curve. :

A genersal increecse in the slope of these curves (figs. 37 to 41)

~with increaeing Mach mwmber or enzle of attack is apparent in the
"Mach nmumber renge below the pealt noymul-force coeificient. At sube-
critical specdls, this increzse In alone with Mach nwber for each

of the airfolle tected followe the guner=l trond predicted by theory
(ese fig. 37 and reference 5) and shown by experiment. (reforences 1, 2,
and 3). At supercritical specds the develonment snd rearwari motion
of the campreseion shock over ome Burfuce, while the velocitles over
the oppositc surface are etill subscnic (seo fig. 13) tend to cause
the increase in slope with Mach mumbor. The rapld decrense in the
normal forces at the highest Mach mumbers (fige. 37 to 4l) probably
results fram two causes: first, flow separation from the upper

surface vhich has been aggravated by the iniluence ol the shock wave;
and, second, the more rapidly increasing negative preassures correw
spanding to locel supersomic velocitles nesx the trailing on the
lower surface where the flow is less inclined to scparate. (Curves
for data within 0.03 of choking Mich nuibe: are dotited on these figuree.)
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An inoreasse in the angle of attack generally increases the
absolute pressure difference tetween tho upper end lower surfaces,
moves the location of the miximum negative prescuree rearvard over
the lower surface and forvard over the upper surface, and decreases
the oritical eveed of the upper eurface (figs. 3 to 30). The result
of these changes is an increcse in the slope of the curves at the
higher annlee of attack (firs. 37 to k1) in the sveed rangc below
the rerion of decreasing no-mal-force coefficlents.

Normal-force coefficient data are vlotted egainst angle of attack

on figures 42 to 46, The slopes gn of these curvee continue to

increnre up to that Mach number where the normal forces cf firures 37
to k1l decrease rapidly; this tehavior 1s expected from the preceding
diacussion., The variation in norwal-force cuwzve elnpe with Mnch’
number for the airfoils investirated in mumerized in firuve W7, A
comperieon of the slopes for the conventional and low-drag-type air-
foils shows no marked differences. The NACA 23015 airfoil and the
NACA 16-212 airfoil have more rradual variatione of nermel-force
curve slope with Mach number than the other airfoils; this fact
indicates that theme airfoils should produce less chanze in sirplane
longitudinal trim as a result of 11ft changes. The NATA 16-geries

" airfoll, however, has a low normal-force cmrve slope; testa in the
Langley 8-foot hinh-epeed tunnel have alse indicatcd a low lift-curve
slope of the NACA 16-212 airfoill,

The normal-force-coefficient data for the NATA 23015 airfoil at
the higher ancles of attack, fisure 17, do not increaee as expected.
At supercritical velocitien violent separation occure well forward
on the chordl and restricts any decrease in preesure over the rear
portion of the upper surface. Tha mam?tude of the negative pressure
psak near the leadinsg edie which produces a large portion of the
normal force at low apeads ie aleo dccreased considerably with
inoreasing Mach number.

Delay of normal-force break.- The increment AM between the.
criltical Mach nvmber ani the Mach mumber et which a ravid chansce in
the no-mal-force characteristic (force bresk) ori~inates Ml'b in

presented in Pisure 48, At low ansles of attack a Mach number increment
from 0.03 to 0.04 is shown for all the newer airfoils; the conventional
NACA 23015 airfoil exhibits a Mach number incvement of about 0,13 at
these low anrlee. As the ansle of attack is incremssed to aporoximately
49, however, the Mach number Increment for the newer models of 0.15
thicknees ratio or lees rapidly aunrcaches the value for the conventional
airfoil vwhich has remained almost constant. At an anrle of attack of

4° pressure d1stributions at suboritical speede for the newer airfoils




PAC. RM No. L6L16 CCNFIDENTIAL

(fige. 12, 18, and 22) approach the general shepe of the pressure
distributicae fcr the KACA 23015 airfoil (fige. b to 6); that ie, the
maximum prescura ccefficient is located well forward at low speeds
end a considerable reacrwsrd latitude of shuck motioca is thoreby
sllowed. As the critical apeed is exceeded zun? the shock wave moves
rearwnrd, preesurce corresponding to euverscnic syeede are thus
maintained over an increseingly large part of the upper aurface. A
consideratle Mach number range with relatively regulu.r veriation of
1if't is then poasitle.

At an sngle of attack of 6° for the NACA £3015 airfoil the flow
haa been changod by pronounced eeparation =nd cbligue shock wavead
(fig. 32); the proesure diatridbution (fig. 7) and the celyy of the
force bresk (fig. 48) are therefore afrfected. An angle of stiack of
LY wae not sufricient to chenge the taeic shupe of the pressure
distribution for the thicker N.CA 65(216)-k18 airfoil (tig. 29); at 6°,
however, the familar peuk due to angle of at:ack is evilent (fig- 30)
and a consldersbly increased delay of the fcrce break (fig. 48) is
apperent. From a coneideratiocn of these 2ata, the incremsut between
the critical aund the Mach number for normil-force break tierei' e

appears closely related to the locaticn of the maxitmm negitive
pressure ccefficient. 1

Althcugh conclusions concerning the optimum profile of an airfoll
carnot be drawn from these data, it ie indlicated thot ‘estimales of
airfoil eecticn charucteristics at supercritical speeds based on the
critical Mach number pust be gualified ccmewhat when working with
goctions of varioua typesa. In order to obi2in desiicble control
characteristics at aspeeds in excess of the higneet criticul Mach number
possible by the use cf :ny practicadle alrfoil, it may be zdviealle
to select that airfoll having the normul-force breik at the highest
Mach number possible even though ita critical Mach rumber may be some-
what lower then that cf cther sections.

Shift of zero Lift ansle.- For the NACA 16-2172 efrfoil (fig. 38)
2ll normal-force curvea in tne highcr Mach number range, including
those at nagative angles of attack, tend to 3lope in a negative dlrection.
The pressure-distribution diagrams for the NACA 16-212 airfoil at angles
of attack from -4° to 0° (figs. 8, 9, end 10) show thal tle negative
lcading neur the leading edge iacreases rapidly with Mach number. The
resulting ¢rop in norml force with Mach number for all angulac con-
figuratione indicutes an increase in the angle of attack for zero lift
as the Mach nurbor is increased. This angular shift or decreass In
the etfective camber cf the aecticn (which can contribute to catastro-
phic diving tendencies) i3 clearly illustrated for several airfoils
in figures 43, b4, and 46. This angulor shift can be caused by cne or
buth of the following factors, increased flow eeparation or the decreased

CONFIIENTTIAL
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influence of the model on the epproaching flow as the Much mmmber
18 increaged. Flov separation directly alfects the pressures over
the rear of the model; also as tho Mich nuuber increagad t
viluss approacining ané beyond tha criticsl, the yrescure impul
from the various parts of the body encounter increased ¢ifficulty
progressing upatream from their orlgins. As recult of thesc effe
the oncouing air is not efrlecied as far anced of tihe andel cr aa
greatly at these speed3 £s at low spreds and the wacle charac ig
the flcw field i3 tranafcrmed.

The MACA 23015 =irfoil (fig. 42) is the only cambered a2irfoil
tected which doea not piresunt this angulmr shift. Inspectlion ot
the prescure-distributiun diagraas for this model (figs. 3 and &)
reveals a marked similarity of tne preasure distribution over the
upper and lower surfaces near ferc lift; thercfore, an appreciable
suift in the angle of zero 1ift 1s not expected.

Quarter-Chord Momen

The basnic data for the moment cceflinient, obtulned by intergration
cf the normal-force pressure-distribution dlagrains, ere presentod (n
figures 49 to 53. The arrows indicate the criticsl Mach nuaber for
each angle of attack. A comparison of those figures Indicates cem-
paratively low valuss of momont coeff'icient for both the
N2CA €3015 airfoil, ard the NACA 66,2-015 airfoil.

From the results of refereace 11 for & thicknsan ratio of 0.1%, a
negative shift of 0.05 !n meament coufficient occurs et medium speeds
for a camber increase c approximatsly 1 percent. The dlifference in
moment coefficlentas for the NACA €6,7-015 =nd tne KACA 66,2-715 airfolls

foer whlch a camber difference of sligiily over 1 porce.t exists) is
Indicated at low angles of attack by figures 51 and 52 to te in goud
agrecment wlth tho results cf referonce 11l.

The variation of moment coefficlent witn normil-force coefflcient
ia showa in figures 42 to 46. The rates of change o«f the mone and
nerm:l-force coefficients with angle of atteck are glotted agaluat
Mach nuuber ou figures 47 and 5%. Tata from figures 4¥f and 54 were
combined to show theamte of change of moment coefficlent with ncrmal-

Crme /b

force coefficient 3 = at several Mach numbera. Polnts calculated
Il

by this method, as well as the actual alopes of the curves on figures 42
to 46, were used to determine the curvea on figure 55. The slopes of

CONFIDENTIAL
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An -

dc,
| l}lfh mc /l
l the moment curveg —===— 0F = 8horld not dbrecome nere neg xti"a
' ey da b
|

at high Mach mumbers. A pesitive tiend of the nloje of the momont
curve (fig. 55) (cerresponding to 2 decreass in stahility), 1s
decired since alrplanes have exhiblied groatly inc e 1 stability
et high epoeds (reforeace 12). ALl of the nower aiifoils tected hed

) :
a positivo itrend of —‘—-!—‘ et ths higher Much nrbers; the ©
QC,
9 vontional NACA 235015 eixfoil hod a neygntiv

COLCLUB IO

Tho rosults cf the toets of the fivo sirfolls considored herein 4
have shown thut:

1. For constant moderate normal-erce cozllicients, prencinced

aoparation of thn flow ocsurred ircm only one s noe of the
HACA 23015 ailrfoll at superciiticsl spreda. Thio sopuration produced
|' large varlations with Mecn nurber of the loc tion of %ic conley of
]

the wale.

| [ £. The camber of the wing socilon alienld Ho
to inswre high voluas of tho critical snee
any deaign coudition.

i 3. The Mech nader insvement botween th:e eriltical mycol and the
Mach number of the ncrmal-Tervce lrenk, wilch offecis cenirol cheracter-

carefvily selected
of e wing sectlion at

i istlics at supercritical speela, apnears to 3o closely relcted to the

I 1locatim ol the low-cpoed main e 2tive-preamoo coefilelent. At
lew angies cf atiecl:, thile increreat voe opororinate 0.13 for the

I NACA 23015 elrfoll erd appreximatoly 0.03 o the newver tipe airfoil

pectiono.

k. A ehift in the engle of zerc 14t occurred £t high M-ch numbars
' fer 21l the nowar combored mirfoils tocted. Taitc s.ifl wea ullributed
| te flew separation ard to the docrersed 1nflnence of ray distu:bonce
en tho cncoming astrenm.

5. Sinco alrplanes have e:xliibtited moatly increascd stadbllity
at high spoeds, the pooitive trond Icx the chanro af nitclilng, mepent
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coefficient with normrl~force coefficient found for all thne newer
aixfoils tested with increasing Mach: muber is desizadle; the trend
for the NACA 23C15 airfoll with fucrorsing Mach mwmber was nesntive.

Langloy Memorizl Aeronmutical Iaboratory
Wetlonal) Advieory Ceman!ttee for Asronantics
Langley Fiold, Va. ot
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TABLE I.- CRDINATES OF AIRFOILS « Concluded

[ﬂhtim and ordinates in percent of wing ohq:d.]

NACA 66,2-015

BACA €5(216) 418

Upper or lower
surface ordinate

[}

1.110
1.329
1.64%
2.229
3.086
3.757
b.337
5429

L.E. radius:

1.38

Upper surface

Lower surface

Station

EE

323

¥ o
X

oMW f‘uﬂ fo.lVe]
oM
588

LE.: 0,168

L&E. redius: 1.960. Slope of radius through
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HIGH=-PRESS! JRE AIR

FLEXIBLE WAL
CONDENSING LENS

CAMERA
KNIFE EDGE

WAL ~ADJUSTING
SCREWS

SCREENS OVER
TUNNEL ENTRANCE

AR FLOW
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FIGURE 1.~ SCHEMATIC DIAGRAM OF THE LANGLEY RECTANGULAR
HIGH-SPEED TUNNEL AND OPTICAL EQUIPMENT,
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(a) M = 0.577. (b) M = 0.742.

(d) M = 0.774. () M =0.780 (choked).

Figure 31.- Schlieren photographs of the NACA 23015 airfoil, a = 0°.
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