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NATIONAL ADVISORY COMMITTEE FOB AERONAUTICS 

RESEARCH MEMORANDUM 

IFJKTS OF COMPRESSIBILITY ON THE CHARACTERISTICS 

OP FIVE AIRFOILS 

By Bernard N. Daley 

SUMMARY 

Pressure-distribution tents wore made for determination of the 
effects of conmreflBlMltt." on the characteristics of the following 
"5-lnch-chord airfnUs: the NACA 66,2-21% the NACA 66,2-01:5, and 
the NACA ß'ifSlßJ-lilS sections representing the l.ow-dran eections; 
the NACV 16-212 section, typical of the type desJ.-faed for high 
critical speeds; and the NACA 23015 section, one of the older 
conventional airfoils. Schlloren photographs of the air flow and 
Halted data concerning the wake character! ntlct; wore also obtained 
for the conventional airfoil. Data are presented for an approximate 
Mach number ranpe from 0.3k to 0.75; the corresponding Reynold« 
number raaqe  Is from 700,000 to 1,800,000. 

The results Illustrate the general naturo of the effects of 
comprensibllitj on the flow. The schlloren photographs showed that 
for constant moderate ancles of attack pronouncct" ueparation of the 
flow occurred from only one surface of the NACA 23015 airfoil at 
supercritical speeds• The data from the wake surveys showed that 
this separation produced large variations with Mach number of the 
location of the center of the wt»ke. It wan shown that the camber 
of the win*; section should be carefully selected to Insure hiph 
values of tho critical speed of the wing flection at any design 
condition. The Mach number increment between the critical Mach 
number and the Mach number of the normal-force break is shown to bo 
closely related to the location of the low-cpeed maximum negative 
pressure coefficient. At email ;ui.-lea of attack this Increment was 
approximately 0.13 for the NACA r>3015 airfoil and 0.03 rbr the newer 
type airfoil sections. A shift in the an-le of zero lift was shown 
to occur at high Mach numbers for all the newer cambered airfoils 
tested. This shift lo attributed to flow separation and to the 
decreased influence of any disturbance on the oncoming stream. A 
positive trend for the chw:e of pitchin-- moment coefficient with 
normal-force coefficient was found for all the nower airfoils teote'd 
with Increasing Mach number, whereas the trend for the NACA 23015 air- 
foil with Increasing Mach number wan negative. 
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INTROroCTTOH 

I 

As a consoquenco of the »any uncertainties in U10 nature of 
air flow at hi^i opc-eds, theoretical concidoi^aliona of the offocts 
of ccmpreooibility on bodlea have been United la 000110 to several 
basic shapes and SUborltlcal Mach number«.   XsparlMUtOl d-ita are 
beinß relied upon plaoot oCBpletely to debezriiio the naijnitude ruid 
cfi'ect of shock phenomena.   BJO noed.for ojnorliientEO data therefore 
ia greet«   References l, S, and 3 rao representative of previous 
experimental data«   Force measurements, «fato-turrey data, {twnn- 
dietribution diaf^ams, and schlieren photograpbfl obtained undor olniJter 
teot conditions are presentod in reference i.   Hieee data wore 
obtained fron older convontion.il cilrfolls and oinilcr data are needed 
for tho newer low-dray and hlfifb -speed type airfoils. 

OTie purpooo of this investigation v«s to provide data to 
illustrate the effecte of compressibility en tho characteristics of 
airfoils of tho newer low-drag typo, tho hi#1 -critical-3pood type, 
and the older conventional typo. 

.*" 

fJYMBOIS 

°n 

<=m lcA 
N 

*r 

MZb 

AM 

? 

angle of attack, dafllW 

airfoil section nonaal-foreo coefficient 

airfoil section quarter-chord pltching-ncmnt coefficient 

stream Mach roraber 

stream Mach numbor at which the local velocity of sound 
is attained 

stream Mach number at which a rapid BhßBße in tho normal- 
force characterietic originates 

increment in Mac!: number 

local static pressure 

streaia static preemire 

pressure coefficient 

(MZb " Mcr) 
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i 

*cr 

max 

K c/k 
dcn 

dc_ 
\/k 

pressure coefficient corresponding to the local velocity 
of sound 

BEixiiaion pressure coefficient 

streaii dynamic pressure 

rate of change of moment coefficient with nomal-i"orce 
coefficient 

rate of change of moment coefficient with angle of attack 

rate of change Of normal.-forco coefficient with angle of 
attack 

APFAP.ATUS AND METEOEB 

' # 

i 

Tunnul.- All the testa \rere made in thJ Lar-sley rectangular 
hi^i-speed tunnel. This tunnel in of the clor.od-th^oat, nonreturn, 
induction type, which utilises air at hi,--ji pressure in an annular 
nozzle downstream of the test uection to induce an air flow through 
the tunnel. The height of the teat section ia 13 lichen ami the 
width k  Inches, for cciplete description of this typ» wind tainel 
see figure 1 and reference 1. 

Flexible steel walle k  inches wide constitute two of the 
•boundaries and heavy fixed 3tool ;ol?.tee fo_.in tiie other boundaries. 
Although tho flexible walle poraiit an adjustment of the longitudinal 
static-pressure gradient cf the tunnel ao that • Mach number up to 
approximately XA is possible, the flexible «alia for the present 
tests were set to jnaintain a faii-ly uniform longitudinal static- 
preceure gradient through the test section at any Maoh number below 
0.8^ with tunnel empty. 

The airfoil modols completely apunned the If-inch dljjen3ion of 
the tunnel and were supported by ond iilaiea in the fixed walls. This 
arrangement eliminated strut interference .md end-gap effects. 

I 
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Models.- The following airfoil sections ware used in this in- 
vestigation: 

NACA 83015     an older convontiotv-l flection in wide uso 

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

NACA 66,2-215   a low-drag typo ooction for use in a pursuit 
airplane 

NACA 66,2-015   a low-drag section for possible use in a 
pursuit airplvjie 

NACA 65(216)-MS a low-drag section for possible use in a 
botiber 

*   l: 

Each model of U-inch span and 5-inch chori was fitted with about 
thirty-five 0.00>'j-inch-diameter orifices All'farlbuted ovor the surface 
in a region within l/k inch from the semiapon or center lino of the 
tunnel.   About 20 of these orifices wero on the ttpptr surface.    In 
order to eliminate interference, ".11 pratwira loads vore taken from 
the ends of the model Uirou^i tie end plates. 

Optical equiraiont.- A description of the optical Sßtup for 
obtaining schlieran photographs is presented in roi'eronce 1.   This 
method of photoryaphy utilizes the principle oi" Sbngs In index 
of refraction of air with change in donsit;'.    Shoe]; vavos .und other 
similar disturbpneos r.re accompanied by a change in density at the 
position of the disturbance and a earraspondlag li^it or dark rollen 
therefore appears on the photo,rapii.   When schlieren photorA'aphs 
were taken, ttie airfoil model wno supported by ine^ine of doi/ols la 
glass end platoo.   In this way, any interference to U10 air stream 
or obstructions in the photographic field were oliraäne.tod. 

TESIS 
ji 

Airfoil sections were tested which are representative of those 
either in uso or considered for use. In tills group are included the 
KA.CA 230-series, the HACA 15-sories, and'the MM ö-series type of 
airfoil. Profiles and ordinateß of theso airfoils ai<e presented in 
fi3uro 2 and table 1, respectively. Pressure-disiviT>ution tests 
were made on each of the 5-inch-chord models pioviously mentioned. 
Schlieren photoeraphs were made of the HACA 23015 profile at super- 
critical speeds. 
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All tests were made at constant an,c;lea of attacl: over the speed 
range.    Bie aii-foil models were mounted with the q-.uxter-chord 
location coinciding with the Mater of tjio and plate«    Bio angle- 
of-attack range was from -U° to 6°.    The teat roaulta are presented 
for a Mach musiber range extending frcci 0.3^ to approximately 0.75» 
Bie Mach number vae determined from the pressure measured at a 

3 
calibrated static-nresouro orifice "5r inches unatrocui of the leading 

edge of the model.    Bio Reynolds numbers corrooponding to this Mach 
number range vary from 700,OCX) to 1,800,000. 

PRBCI3I0B 

- 

Constriction »»nd rtiokin,-...- Experimental dato, fror.: both the 
Laaiiley S^-inch high-speed tunnel (reference -i-)  and, the Lan&ley 
rectangular hifji-speed tunnel indicate the precence of tunnel-vail 
constriction, The nature of this conotriciicn. is best lllustratod 
at the choked condition, the maximum apood of any model-tvrjiel 
caribination. At this Choked condition Uie followin;? of foots occur: 
first, the restriction of tiie flow by tho model baa cnuaod * hi.i'iar 
offoctlve strerii velocity thai indicated; second, fcu longitudinal 
pressure gradients elon/j the flexible tunnel walls have been altered 
greatly; thirl, for all airfoils operating at lift, tho ratio of 
the mass flow over the upper ourfacc to that over Che lower surfaoo 
has been Changed.; and, fourth, an sngLe-QP-attack change, noceositatod 
by the aajmnetrlcal characterisMcs of the BMB flow, has been incurred. 
Because of tho seriously altered flow conditions» ohe data at tho 
choking Mach r.'.vniber are of qi-est,ion!'.ble value and have no known 
si(jnificanca in relation to airplJne design. 

At opeodo botvoeii the critical and choId.ii,:; conditions tho 
data are subject, to variable e;vors in Mach nuribcr, dynamic »iroscure, 
and. ancle of attack. MeasurementJ of the pressures along the Iraivjley 
2^-inch high-speed tunas! wells in the plane of Byamstry of the model 
(reference h)  wars «sod to detemine tlie longl fcudirial velocity ;;ru&iont 
over a chord length of the test, section opposite t';e nodal location. 
Bie velocity variation over this length was a.wroxiijatoly ü percent 
of the free-strewn Mach number at a Mach number of 0.0" below choking 
condition. Limited data from the tffngl^T reotangular high Spaed 
tunnel, which has a slightly omailer effective tunnel height than the 
Langley £t-inch hi<2i-speed tunnel, are In agreement with the roaults 
of reforence U. Biis 2-pcrcent gradient is not believed to .affect 
dato seriously and therefore, the cffoct3 of oonatrlotlon en dr.+a at 
Mach numbers of more than 0.03 below choking conditions are not expected 
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to he of groat Importance. Die approximate magnitude of the 
constriction effect, as shown in roforenco '*, appear« email at the 
critical «peed for loir lift coefficients rad for ratio« of model 
Hiickneso to tunnel height leas thon 0.03« 

In 1lii3 paaer the pro33i're diagrams and the data «hewing the 
variation of normal-force and moni3nt coefficients wltti Mach numbor 
are presented for the complete attainable speed rang«} all cross» 
jlots include only data at Mach nuribora up to 0.C3 below ctokinc 
condition. No constriction correction haa been applied to the data. 
Tho theoretically derived corrections (reference Jjj however, based 
on the assumption of email Induced velocitleo at oubcritical Mach 
numbers, should provido ;ai indication of tho maiitude of the tunnel- 
wall effects. rihe following relations>  determined fcgr the method 
of reference % are approximately correct at tho oubcvltical speeds 
for all airfoils tested: 

Corrected M 

Corrected c, n 

• 1.010 X Test M 

a O.sß X Test c„ 

Corrected 0«,/^ «• O.OOJ + Toot c_   . 

. f 

1 
( 

IjurH.dltjr. - Uhpublirihed data from the tancle- C^-inch hi;ii-speod 
tunnci. indicate that the aerodynamic oharaoteiiatlca of en airfo.ll 
at high Mach numbers nay vary with the ha&idlty of  i:e air at the 
tunnel entrance.    Humidity ef.Cects have been found to Tie ainlnisad 
by ma^ns all toate whc^i tiw relativ« humidity of ataoapbexla air at 
the tunnel entrance its below j'O percent,    'Ulla prooeduro was followed 
for the present tc3tsj therefore, the«« d.vba are nob e:cpoeted to ha 
considerably affeetoO. hy atcioojiherlc humidity« 

Teat section Mach nvr.iber rrar'icr.ta.- At Mach BUBAMM below a 
value of O.ttJ  the longitudinal gradlont varied not more titan tCj per- 
cent of tiie Indicated stream Mach number.   Balov a Much number of 0.6, 
cross -tunnel (*radient3 over too   percent of the tunnel, cejaihei^it, 
wore about to.*1 percent of the stream Mac!, number.   At a «troam Mach 
number of 0.&5 the crosa-tunnel gradient Increased to tX«7 percent 
of the stream Mach nurbor. 

i        i 
Alr-etrean alineii^nt.- Inoccuraulos lr. aline;nsnt of the model 

with the air stream can introduce a possible error of 0.2* at tho 0° 
Betting of tho modal.   Incrotnontal angle changes should, howover, be 
within 0.1° of the ancles Indicated! 

Tunnel-oeood calibration.- Tranol-speed calibration can bo checked 
to within ±0.o porcont of free-stream M&eh nuabar trough the Mach 

CCCJTIENriAL 
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number ranee of 0.95 to 0.6?. The effect of tt» moael on th» pressure 
at the calibrated static plates Is small, never exceeding 1 percent. 

Telocity fluctuations.- At times short-perloäP fluctuations of 
the tunnol speed were noticed. These fluctuations were possibly 
associated with a chordwise oscillating motion of the shrck wave 
over the surface of the model. All measurements, however, were 
taken under steady conditions. T!:e manometer used for pressure- 
distribution measurements Is incapable of responding to rapid pressure 
fluctuations and, therefore, pressure-distribution diagrams cannot 
be expected to correspond accurately to true instantaneous pressure la 
the neighborhood of the shock wave. 

The results of the pressure-distribution tests are presented In 
graphical form. The basic curves are plotted as nondlmensional 
pressure coefficient P against percent-chord location to show the 
load distribution of the normal forces. The area of this typo of 
curve is proportional to the normal-force coefficient cn while the 
distribution of the area determines täic moment coefficient o• ,.. 

The normal-force and moment coefficients presented herein have been 
obtained by integration of the pressure-distribution diagrams. For 
the angular range covorod in those toots, no appi^oclablo difference 
exists between the normal-force coefficient and lift coefficient or 
between the moment coefficient based on normal farces and the moment 
coefficient based on trae lift components. 

Schlieren photographs have been included for visualisation of 
the flow phenomena. Compression shocks are indicated by appro:cinately 
straight lines, either dark or licht, generally oxtending perpendicularly 
from the surface of the airfoil model. The severity of the shock 
cannot be compared botween photographs because of the changes in 
sensitivity of the schlieren system- Flow separation shown on these 
photographs appears tlie same way on low-spaod smoke-flow photoijraphs. 
Imperfections in the glass end plates, which appear in figures 31 
and 32 as wavy lines extending from the edge of the photograph above 
the upper surface toward the leading edge, should not be confused as 
stream disturbances. 

2 
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DISCIESIOH 

r 

Pressure Distributions end Schlieren Photographs 

The chordwl3e tiressure distributions of the models are 
presented in figures 3 to 50.   Each fitfxrei shows the effect of 
cooipresoibility on Hie prascure distribution fort." a civcn BBS** °f 
attack   a«   Hie critical-pressure coefficient, tne line labeled   Pcr 

on each of the highe.' speed presauro-distribution föajjraas, denotes 
the pressure coefficient corresponding to tho local velocity of sound. 

Subcritlcal.- Tho pressure-distribution flares corresponding to 
subcritlcal speeds for the low anglos of attack and small normal- 
forco coefficients BKOW that increases in Mach number in the suboritical 
range ore accamper.ied by increases la the maximum negati ve presnure 
coefficients.   These increaeoo are in agreement wi 'd: theory and 
previous experijnental wor': (reference 1) • 

A comparison of tho presnure-distribution dia^aias for tho 
conventional and low-dreg types of airfoil (figa. h and iC) lllustx-ates 
the fundamental difference between thoue oectiouB.   Sie looatioo of 
tiie low-eposd peak'JH—IMP» coefficient, end, consui.mer.tly, the 
position of early shock formation, are considerably farther back on 
the low-drug modul as a result of the rearward locution of th3 amiman 
ttiictoouB. 

Supercritical. - Ccupresoion shock in the supercritical speed range 
is shown on tho pi a:jsu:"o -distribution dio^rwaD by 'i.o comparatively 
rcpid compression wl.ich occurs tit soar» ] ocation n-omvard of the location 
of the low-speed maximum iiegatlvt;-prejcu*,e coefficient.   The locction 
of this region of discontinuity moves rearward with increasing Mach 
nuriber.   A better understanding oi the supercritical pressure diagrams 
can be had by comparing figure k with the schlieren photofjraphs of 
figure 31 which show the general caBe of shook movement over a surface. 
The consolidation of the shock disturbs; :UDB on t!ie lower surface iVcm 
the incipient condition at a Mach number of 0.7U& (ii:;. 31(b))  ;o a 
single well-defined shock disturbance at a Mach number of 0«7fi9 
(fig. 31(c)) is also shown.   Diaeysioetry of flow ove?.' the upper and 
lower Burfaces as a result of attitude is evident in figures 32 and 7; 
this dicsynmetry is indicated in fifmre 31 to a lesser degree as a 
result of camber.   These data agree with the results oi' reference 1. 
Such movtixjnto of shock waves over the surface near the trailing edge, 
and the subsequent pressure changes, suajost large changes in control- 
surface characteristics. 

/ H 
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The supercritical flow photoprapha (figo. 31 to 33) «öK»
W
 that 

flow separation occurs from the nwfece havlnc. the higher Induced 
velocity and that separation from 'b'th surfaces is possible. The 
location of the separation point slso appears to be generally upstrean 
of the west rearward p.irt of tho eh.-ck fornir-tlon at the hifjh super- 
critical Mach r.unifcoi-s. The v^.Bt majority of schlieren photographs 
of various type airfoils taken in the Lanr.ley rectangular hlfrh-speed 
tunnel are In agreement with thnne observations. High-speed schlieren 
movies of the air flow ovov module in tho Lanfley rectanf*ular lii••;ii- 
speed tvmnol at constant-ntrorsm Mach number have shown that rapid 
otcillations of the chuck wave, peyaratlon point, and separated wake 
also occur for many airfoils at some supercritical speed ran»"c 
(reforonco 6). Flow separation cr these oscillations could seriously 
alter the characteristics of tho main flow and would tend to roduce 
any chordviso-proseuve gradients which may ce present in flow at 
supercritical speeds. 

•Effects of Mach TIumo*r on VTake 

FiCWe 3':- shown the variation of tho location of the woko ~ontor 
nehind the UACA 2301*5 airfoil with normal-force corff-cient uping 
Mach numcer and anrle of attack as pareme+ora. The intersection of 
the chord line of the model at 0° wie of attack With thp survey 
plane 0.r; chord downetrcam of the trailin.' edfiB fixes the reference 
lino. The location of the center of wttke (location of maximum total» 
pressure IOSB) below thin reference line rtctenninoa the wake crter 
location shown in figure ^U. The choree in the location of tho wake 
center in thane two-<*1.Mj?nulotiel tests Is conridorer1 an indication 
of Tonrsihle flow direction clisnne. 

1 
f 

Srihcrltioal.- A üecrease in walw-center displacotiient for any 
constant positive nr-rmal-force coefficient is seen to MOOT a3 Mach 
number is increaced. Host of the Indicated dlfferanoe between the 
curves at PubcriticJ. speeds la (to 'Uroct result of cheving the 
ancle of attack aa the reference Xlaa rnnalliurt fire."1; therefor», no 
chanpe In down-i'low arvlo at constant anr,le of attack is inferred. 
Theoretical studies (reference 7) indicate that the field of influence 
of the model in the subcritical speed ran(^e inrrecsei with M»ch number 
at the Bane rate as given for the lift coefficient In reference 8. 
At a constent ancle of attack, therefore, compressibilit;.' sho\-J.& have 
little or no effect on the angle of lown flow at subcrltical speeds. 

Supercrltlcel.- At supercritical opeodo Jhere Is a definite 
Indication that large changes In lownflov may he expected. In 
figures 3, 33, and 3U, as well as k,  31, and Jh,  are presented com- 
parative data for low-lift conditions of the TJACA 03015 airfoil. Shock 
location as determined "by the schlieren photographs IK oomp'.*rable with 

CCHITMÜTTAI. 
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that Shown on the preaBure-dtetrlhution diagrams« Only email 
differences in flow conditions for the upper and lower surfaces 
pan he noticed from the photographs. The wake-center location at 
low lift coefficients at any Mach number, consequently, does not 
Tary appreciably from that at low speeds. On the other hand, at 
high lift conditions, pressure distributions (fig. 7) indicate and 
the schlieren photographs (fig. 32) reveal a large separated region 
over the upper surface which results in n large chance in wake-center 
location with nach number (fig. 31*) • In this speed ranpe, therefore, 
the unsymmetrlcal nature of the accompanying violent separation of 
flow appears to he the factor which conti^ols the wake-center location. 
These data indicate that the present theoretical estimations of down- 
wash are probably inaccurate at supercritical speeds as a result of 
separation. These data also indicate the possibility of radical 
changes in airplane longitudinal trim characteristics at supercritical 
speeds. 

»W 

Prediction of Pressure Coefficients 

For comparative purposes the experimental variation with Mach 
number of the peak negative pressure coefficient is plotted on 
figure 35 with tho pressure-coefficient variation predicted by two 
theoretical methods (references 8 and 9). The value of pressure 
coefficients used in this figure are the maximum negative pressure 
ooefficlente attained over a surface without regard of chordwiee 
location. 

The Glauei-t approximation, reference 5, Is the simplest 
correction to apply. The approximation worked nut by Kaplan, 
reference 9,  Is nr>re exact than that by Glauert and io of approxi- 
mately the aamn magnitude as that obtained by von Karmin from the 
hodograph method (reference 10). As a general rule, the Glauert 
approximation tends to undereatlmate the ohan-jes, and It appears 
from figure 35 that better results for an average value of the peak 
negative-pressure coefficient could be obtained by use of Kaplan's 
approximation. 

Critical Mach Number 

Since the critical Mach number la a criterion for determining 
the spaed at which changes in the character of the flow are to be 
expected, the critical Mach number Is of great importance In the 
•election of a wing section. For high-speed operation at low drag 
coefficient the critical speed of an airfoil section, or any body, 
Should not be exceeded. 
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nie variation of the critical Mach mmJber viU» naraal-foro« 
coefficient la presented for each airfoil in flgnro 36 • It la 
evident that, regardless of thickness, the HACA 23015 airfoil has 
a lower critical speed them any of the other alrfoilB. The forward 
location of majttamm thickness and camber on tills airfoil produce 
high preeoure peaks at relatively lew lifts and, therefore, lowor 
critical 3peods are to be expected. Both the NACA £3015 end the 
SAGA. 65(216) -1+13 sections harre r. very large range of normal -force 
coefficient where tho critical Mach number is slowly decreasing. 

Three effects of tin increase in camber are illustrated by a 
comparison cf the curves of the NACA 66,2-015 nnd HACA 66,2 -C15 
airfoils: a decrease of the critical Mr»ch number which Is in agree- 
ment with the results of reference 11; a shift of the range of high 
critical Maoh number to higher noraal-force coofflcicnts; and, a 
alight increase in the normal-force coefficient rwige for high ' 
critical Mach number. The latter effect is probably caused by a 
reduction of the pressure peak at high Mach nuriber en tho loading 
edge for the cambered section (figs, lb and 22). These results 
indicate that tho effects of compressibility should be carefully 
considered in determining the camber of a wins for high-speed aircraft. 

Normal Force 

The variation with Mach number of the normal-force coefficient 
for each airfoil at all angles of attack toe tod la presented in 
figures 37 to Ul. The critical Mach number V^.   for each angle is 
Indicated by tho dashed curve. 

A general increase In the slope of these curves (figs. 37 to kl) 
with increasing Mach number or ancle of attack is tvpparent in the 

' Mach number range below the peak normal-force coefficient. At sub- 
critical speeds, tliis Increase lb slope with Mach number for each 
of the airfoils teeted follows the general trend predicted by theory 
(aee fig. 37 and reference 6) and shown by experiment (references 1, 2, 
and 3). At supercritical speeds the development and rearward motion 
of the compression shock over one surface, while the velocities over 
the opposite surface are still subsonic (see fig. 13) tend to cause 
the increase in slope with Mach number. The rapid decrease in the 
normal forces at the highest Mach numbers (flge. 37 to hi)  probably 
results from two cauBes: first, flow separation fron the upper 
surface which has been aggravated by the ini'luenco of the shock wave; 
and, second, the more rapidly Increasing negative pressures corre- 
sponding to local supersonic velocities near the trailing edge on the 
lower Burface where the flow is less inclined to separate. (Curves 
for data within 0.03 of choking Mach number are dotted on these figure« 
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An increase in the angle of attack generally increases the 
absolute pressure difference between the upper and lover surfaces, 
moves the location of the m-ucimum negative pressures rearward over 
the lower surface and forward over the upper surface, and decreases 
the critical speed of the upper surface (figs. 3 to 30). The result 
of these changes is an increase in the slope of the curves at the 
higher anwies of attack (fi^s. 37 to hi)  in the BW>ed range below 
the region of decreasing noTual-force coefficients. 

Normal-force coefficient data are ulotted against anrle of attack 
Scn 

on figures U2 to U6. The slopes   of these curveB continue to 
5a 

Increase up to that Mich number where the normal forces of fi/inreo 37 
toUl decrease rapidly; this behavior is expected from the preceding 
discussion. The variation in nor.oal-force cui*ve slope with Mnch 
number for the airfoils investigated in Bumsarized in fif.uve K'f.   A 
comparison of the slopes for the conventional and lov-drae-type air- 
foils shows no marked differences. The NACA 2.3015 airfoil and the 
NACA 16-212 airfoil have more gradual variations of normal-force 
curve slope with Mich number than the other airfoils; t]ii3 fact 
Indicates that these airfoils should produce less change in airplane 
longitudinal trim as a result of lift chnnßes. The NAOA l6-series 
airfoil, however, has a low normal-force curve slope; testa in the 
Langlcy 8-foot hifjh-speed tunnel have aloe indicated a low lirt-curve 
slope of the NACA 16-212 airfoil. 

The normal-force-coeffSclent data for the NACA 23015 airfoil at 
the higher angles of att'ick, fi/iire 77, do not increase as expected. 
At supercritical velocities violent separation occurs well forward 
on the chord and restricts any decrease in pressure over the rejr 
portion of the uppor surface. Thn ma^n'tude of the negative pressure 
peak near the leading ed(:;o which produces a large portion of the 
normal force at low speeds is also decreased considerably with 
Increasing Mach number. 

Belay of nrrnnal-force break.- The increment fH   between the. 
critical Mach number and the Mich number at which a rapid chanee in 
the no-mal-ferce characteristic (force break) o^i.-rinates VL.     is 

presented in figure u8. At low angles of athack a Mach number increment 
from 0.03 to O.Oli is shown for all the newer airfoils; the conventional 
NACA 2301 "3 airfoil exhibits a Mach number inc-ement of about 0.13 at 
these low anrles. As the an?le of attack is increased to apuroximately 
•»•, however, the Mach number lncr>ement for the newer «odels of 0.15 
thickness ratio or less i-apidly «reproaches the value for the conventional 
"o1*011 wlalc'1 k*8 ro"'ainsd almost constant. At an an,"le of attack of 
»° pressure distributions at suboritioal speeds for the newer airfoils 
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£        ..... 

(fige. 12, 18, and £2) approach the general shape of toe pressure 
distributions for the KACA K3OI5 airfoil (fig?• h  to 6); that Is, the 
maximum pressure coefficient la located well forward at low speed3 
ond a considerable rearward latitude of shuck motion is thereby 
allowed. As the critical speed is exceeded ant' the Bhock wave moves 
reijvird, pressures corresponding to supersonic Breeds are thus 
maintained over an increasingly large p->rt of the upper surface. A 
considerable Mach number range with relatively regular variation of 
lift is then possible • 

At an angle of attack of 6° for the !IACA 23OI5 airfoil the flow 
has been civingod by pronounced separation und oblique shock waves 
(fig. 3£)j the pressure distribution (fig. 7) an* the delay of the 
force break (fig. 48) are therefore effected. An angle of attack of 
k° was not sufficient to encnge tha baale ahipe of the pressure 
distribution for the thicker N/.CA 65(£l6)-4l8 airfoil (fig. S9)j at 6°, 
however, the fimlliir peak due to angle of at ack is evident (fig- 30) 
and a considerably increased delay of the force break (flg. 48) is 
apparent. From a coiiai.iention of these data, the increment between 
the critical a»»d Ihe Mach number for norm.il-force break there!' :-e 
appears closely related to the location of the maximum, ne^ttive 
pressure coefficient. 

Although conclusions concerning the optimum proflie of an airfoil 
cannot be drawn from these data, it la indicated that estima'.es of 
airfoil section characteristics at supercritical speeds b.'>3e? on the 
critical Mach number must be qualified somewhat when working with 
sections of various types. In order to Obtain dusii-'.ble control 
characteristics at a-peedu in excess of tho hAjjhest critical Mach number 
possible by the u.~.e cf my practicable airfoil, it may be advianble 
to select that airfoil Laving the normal*fore« break at the highest 
Mach nuniter possible even though Its critical Mich number may be some- 
what lower th\n that of ether sections. 

Shift of yero lift angle.- For the N".CA 16-£1£ airfoil (fig. 38) 
all noi-mul-force curve* in tae higher Mach number range, including 
those at negative .mfcles of attack, tend to slope In a negative direction. 
The pregsure-diatributton diagrams for the KACA 16-21.? all-foil at angles 
of attack from -4C to 0° (fi^s. 8, 9, and 10) show that tie negatl.-e 
loading ne.tr the leading edge increase:* rapidly with Mach number. The 
resulting orop in normal force w3 th Mach number for all -angular con- 
figurations indicates an increase In the angle of attack for zero lift 
as the Mach number la increased. This angular shift or decrease In 
the effective camber cf the section (which can contribute to catastro- 
phic diving tendencies) Is clearly illustrated for ee-'eral airf. Ua 
in figures 43, 44, and 46. Thia angular shift can be caused ty one or 
both of the following factors, increased flow separation or tho decreased 

, 
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Influence of the model an the approaching flsw as the Mach number 
ia increased.   Flov aepdraLioj direct!/ affects the pressures o^er 
the rear of the -nods!; al3o aa the MUCH nuiiiber i:-. increased to 
Viluas approaching and beyond  the critical, the treasure Impulsen 
from the variuus parts cf the tody encounter ir.creiaed difficulty- in 
prcgro3ai.ng upstream teusi their origins.   As a retult of these effe'.t. •%, 
the oiiCoiuing air is act effected as far ahead of tne model or KB 
greatly at these speech ea at low apoeda and the wacle Chiraci'     :.t 
the flew field 13 transformed. 

The NACA P3ÜI5 ?.irfoil (fig. 42) is the only cambered airfoil 
tested which does not present this angular shift.    Inspection of 
the prostsurc-disu-ibution uiagraju* for *hl3 model (figs. 3 ami '0 
reveal3 a, -narked ai*»ilarity of tne prsasure distribution over the 
upper and lower aurfices near zero lift;  therefore, an Bp^recJabie 
shift iii the angle of zero lift 3a not expected. 

• .   .« - 

Quarter-Chord Moment 

The basis data fcr the ao&ent coefficient, obtained by intergr.itlon 
of tlie uoraal-force preauare-diatributlen dliaraiiw, are presented in 
figures 49 to 53.   The arrows indicate tha critical Mach nuiibcr for 
each angle of attack.   A comparison of thase figuros indicates com- 
paratively low valuer of Ticniont coefficient, for both the 
HACA £3015 airfoil, tur.d the NACA 66,C-ül5 airfoil. 

From the results of reference 11 for a thicknea:; ratio of 0.1|j, a 
negative ohift of 0.05 In moment co-ifficlont occurs z.1 medium speeds 
for a camber ir.crsise of ajjproXiJiateiy 1 percent. The difference In 
moment coefficients for the NACA 66,f-0I3 «nd the KACA oojfe-Pl'j airfolla 
(for which a cimber difference of alighily over 1 peroe t exists) is 
indicated at low angles of attack by figures '.X and 52 to be ia good 
agreement w.'tn tho results cf reference 11. 

The variation of moment eceffieJent wits normsJ-r.rce coefficient 
is shown in figures 42 to 46.    The rates of change of the morse,     and 
ncrm:l-force coefficients with angle of attack are plated  t^inst 
Mach nuuber on fifurea 47 and 54.    Ifeta from fi,guro:j k'( and |j4 were 
combined to shew the rate of change of moment coefficient with ncrmfcl- 

bo 
force coefficient ÖV 

">c/4 
—   at several Mach numbers. Poirta calculated 

by this method, aa well as the actual aiopea of the curves on figures 42 
to 46, were used to determine the curve? on figure 55.   The alo^ea of 
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the jaewent curves   — 
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should not become more negati^ 

at hiGh Ifecfc munbors.   A positive t; end of the rao.io of tt>o raerant 
curve (fie- 55) (corres;jond:!ntä to a decrease in stability), is 
desired since aivpjaneo hvra exhibited greatly ino..'ep.ecd stability 
at hie*i speeds (reforence 12).   All of the newer aiifoils tested had 

a positive trend of   ^ 
^n 

at th-j hitjfcer Mach nuri^err j the con- 

vontlonal HACA £3015 airfoil had a ne^-tlve trcrd. 

CQi.ChTJBIOin 

• 

Tho results of the tests of tie five airfoils censidored herein 
have shown that: 

1.   For constant Moderate noiranl-force coefficients, pronounced 
separation of tin flew occurred l'rcw only cno surface of the 
M.A.CA £3015 airfoil at supercritical speeds.   Thr's sc^nration produced 
large variations vith Mr.ch nurber of tl:o location oi' wo conter «f 
the wr.he. 

£.   The camber of the wins section should bo carefully selected 
to insure hi(#i VCIUOD of the critical speed of the vine section at 
any design ceiio'ition. 

3 •   Die I<tech nuriber inereaent betveen. the critical soeod rod the 
Mach nunber of the ncnrcJ-fc i-e break, which otxeo'^r oontrol chP.racter- 
lGtirs at supercritical speeds, appoars to bo closely relcted to t!i» 
IrcatiTi of the icv-opored lasximaii negative-pressure coefficient.   At 
Irw angles cf attrck, this increment w?.e approximatel," 0.13 for the 
NACA £3015 airfoil end approximately 0.03 for ti.e never typo airfoil 
sections. 

k.   A shift in tho anrlo of zero lift occurred Ft h1(;h !"•.:'.   niaAaxl 
for all the ncw«5i- c-wbored airfoils tested.    This a'.ift Was uw-ributod 
tf flmr separation and to tho docrersed influence of r-iy äistu -buice 
MI tlie onccminc stream. 

5«   Since airplanes have e:-,dbitcd greatly i?:c:,'C-y?od stability 
at hi^h speeds, tlie positive trend for the chan-fl of pitching monent 
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J  T 

•t**> 

coefficient with norm!-force coefficient found, for ell tie newer 
airfoils tested with increasing Mo.ci: master ia deoii-able ; tlie trend 
for the NACA 23015 airfoil witii laerossins Mach nrüdbe? vaa negative 
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TABU I. 

I Stations a 

CONFIDENTIAL 
. CREmATB OF AIRFOILS • Ocnclu&ed 

d ordlnatas In percent of wing chart J 

MCA 66,2-015 

Station Upper or lower 
surface ordlnata 

0 0 
.500 1.110 
.750 1.329 

1.250 1.61*5 
a .500 £.229 
5.000 3.086 
7-500 3-757 

10.000 U.337 
15.000 5.255 
80.000 5.9ft 
25.000 6.516 
30.000 6.933 
35.000 7.230 
1*0*00 7.H5 
1*5*00 7.U95 
50.000 7.U60 
55.000 7-29>* 
60.000 6.961 
65.000 6.1*05 
70.000 5.597 
75.000 U.652 
80.000 3.616 
85.000 2.5"*5 
90.000 1.1*68 
95.000 .560 

100.000 0 

L.I. radlul 1:    1.3» 

HACA 65(216) 4l6 

Upper eurface Lower warfaca 

Station Ordinate Station Ordlnata 

0 0 0 0 
.275 1A33 .725 -1.233 
.50U 1.722 .996 -1.1)1*2 
•972 2.216 

2.827 
-I.788 

2.173 3.173 -2.1*29 
U.6e8 l*.601 5 'S? 

7.887 
-3-337 

7.113 5.689 -3-993 
9 -611 6-593 10.389 -»-525 

lb.630 8.039 15.370 -5-31*7 
19.668 9-121* 20.332 -5-91*0 
2* .715 9-9"* 25.285 -6.361* 
29.768 
3U.8P5 

10.51*2 30.232 -6.6JI* 
10-937 35.175 -6.817 

39.681* 11.135 1*0.116 -6.851 
1A .91*3 11.120 1*5*57 -6.71*0 
50*00 IO.837 50*00 -6.*25 
55.052 10.272 5*.9i*a -5.892 
60*91* 9.ui*e 59.906 •5.16b 
65J25 8.1*12 6*,075 •4.292 
70 1*3 7.21*1* 69.857 -3.356 
75JA7 5.992 7^-853 -2.1*12 
aoj.37 ».693 79.863 -I.509 
85.113 3.387 ».887 -*£ 
90*77 2.136 89.923 -.068 
95*36 1.013 ol*.96t* «.250 

100*00 0 100*00 0 

LJt. redlui 1:   1.960.   Slow of radiua tl irough 
L.I.:   0.] L66 
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(a)   M = 0.524. (b)   M = 0.731. 

(c)   M = 0.756. 
(d)   M = 0.762 (choked). 
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Fig. 47 NACA RM No. L6L16 
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